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Abstract
Fieldwork provided well-preserved Laevaptychus sp. ex gr. hoplisus–obliquus specimens from the lower Kimmeridgian of 
Zengővárkony (Mecsek Mountains, south Hungary). This study presents the stable isotope analysis of these aptychi and 
control samples from brachiopods (Nucleata and Pygope) derived from the Zengővárkony section bed 3. Rarely observed 
structures in the upper lamellar layers of the studied laevaptychi revealed 24–32 concentric lamellae that represent primary 
textural features and indicate excellent preservation. After careful screening for diagenetic effects, stable oxygen isotope 
compositions yielded seawater temperatures between 20 and 26 °C in good agreement with earlier studies on Jurassic for-
mations, with improved precision. Our research presents for the first time that well-preserved laevaptychi may be a reliable 
data source for paleoclimate and paleotemperature reconstructions.
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Introduction

The Jurassic period was characterized by a greenhouse 
Earth (e.g., Sellwood and Valdes 2006), although climate 
fluctuations have been detected (e.g., Dera et  al. 2011; 
Colombié et al. 2018). Jurassic seawater temperatures can 

be determined using geochemical data, like the distribu-
tion of organic compounds yielding TEX86 temperatures, 
clumped isotope compositions of carbonate materials of 
marine organisms such as bivalves and belemnites (Vickers 
et al. 2019, 2020, 2021; Wierzbowski et al. 2018), and stable 
oxygen isotope compositions (δ18O values) of such samples 
(e.g., Alberti et al. 2022a, b). Oxygen isotope thermometry 
is based on the temperature dependence of carbonate–water 
oxygen isotope fractionation (18O and 16O partitioning 
between the two compounds). Using an appropriate frac-
tionation equation and an estimated δ18O value of seawater, 
the seawater temperature can be calculated. Although the 
oxygen isotope paleothermometry method appears straight-
forward, it suffers from several problems. The first is select-
ing the appropriate equation that describes the temperature 
dependence of the carbonate–water oxygen isotope system 
for the given carbonate type. Equations were established as 
early as the 1950s and 1960s (McCrea 1950; O’Neil et al. 
1969), after which several experimental, theoretical, and 
empirical equations were established (Johnston et al. 2013; 
Jautzy et al. 2020). For some deposits, the governing fac-
tors are so numerous and stochastic that empirical equa-
tions containing all the effects that influence stable isotope 
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compositions without the exact knowledge of influences 
can be used. The empirical fractionation relationships are 
calibrated using measured temperatures and compositions of 
recently forming carbonates to determine paleotemperatures 
(e.g., Tremaine et al. 2011). Another problem is that cali-
bration with known temperature and oxygen isotope com-
positions of carbonate and water is not possible for extinct 
organisms, like Jurassic ammonites and belemnites. Vickers 
et al. (2020) presented an alternative approach with inde-
pendent seawater temperature determination. They measured 
clumped isotope compositions of belemnite rostra, which 
yielded seawater temperatures without the need for water 
composition, leading them to suggest that the belemnite cal-
cite follows the calcite-water oxygen isotope fractionation 
determined by Daëron et al. (2019) for extremely slowly 
precipitating calcites. In the absence of independent tem-
perature data, δ18O measurements of coexisting carbonate-
secreting organisms (bivalves and cephalopods) can help 
to estimate seawater temperatures (e.g., Sadji et al. 2021; 
Alberti et al. 2022a, b). These temperature estimations are 
strengthened when similar data are obtained using differ-
ent carbonate formations and equations (e.g., Anderson and 
Arthur (1983) for marine calcites and Daëron et al. (2019) 
for belemnites).

Once the appropriate carbonate-water oxygen isotope 
fractionation equation is selected, the next variable is the 
oxygen isotope composition of seawater. The climate of the 
Late Jurassic was characterized by high atmospheric CO2 
levels and by a monsoonal rainfall pattern (Moore et al. 
1993; Weissert and Mohr 1996). Additionally, the global sta-
ble isotope composition of the ocean was slightly lower (by 
about –1‰, Shackleton and Kenneth 1975) than it is today 
(0‰). However, the δ18O of –1‰ is a global mean compo-
sition, but local values may depend on latitudinal position 
(Alberti et al. 2020) and local effects, like evaporation (e.g., 
Vickers et al. 2019). Knowing details of the formation site 
and organisms present (paleogeography, water depth, life 
habitat, neritic or sessile) allows researchers to estimate the 
water composition.

Late-stage alterations are also very important for the 
interpretation of oxygen isotope compositions. Although 
the thermal influence that is associated with significant 
fluid migration can sometimes be excluded on the basis of 
mineralogy (e.g., aragonite preservation), textural charac-
teristics (e.g., scanning electron microscopic analysis), and 
geochemistry (e.g., low Mn content and no cathodolumines-
cence of the calcite), re-crystallization and isotope exchange 
with ambient solutions may have occurred during the > 145 
million years since the sediments were deposited. It is dif-
ficult to identify carbonate formation that has not been dia-
genetically altered. Aragonite preservation and the presence 
of fine primary textures may indicate good preservation, but 
it is still important to measure as many samples as possible 

and to evaluate geochemical compositions with diagenesis 
as a possibility.

This study presents the analyses of calcite aptychi of 
ammonites and brachiopod shells to determine if they pre-
served the primary stable isotope signals. Ammonite shell is 
built of aragonite and is prone to alteration, calcitization, or 
dissolution, and aptychi (the lower mandible of ammonites) 
are secreted by the organism and are composed of a more 
refractory calcite. In this paper, we present the results of 
high-resolution stable isotope analyses of aptychi that pre-
served fine-scale lamination, whose unaltered parts could 
be selected, as well as the stable isotope compositions of 
brachiopod shells that may be used for comparison. This 
study also provides reliable seawater temperature data that 
fit existing estimations and demonstrates the high-resolution 
use of aptychus analysis on Laevaptychus samples to acquire 
reliable palaeotemperature data.

Materials and methods

Materials

The aptychus samples studied in this research were col-
lected and published by Bujtor and Albrecht (2021) and are 
housed in the Palaeontological Collection of the Mining 
and Geological Survey of Hungary, Budapest. The laevap-
tychi used in this research belong to Laevaptychus sp. ex gr. 
hoplisus–obliquus. Aptychus terminology follows Trauth 
(1927). The dimensions of the analysed aptychi are indi-
cated in Table 1.

The brachiopod samples were collected and published by 
Bujtor and Albrecht (2022) and are housed in the Palaeon-
tological Collection of the Mining and Geological Survey 
of Hungary, Budapest. The dimensions of the analysed bra-
chiopods are in Table 2.

Methods

Petrographic analysis was conducted using a Nikon Eclipse 
E600 POL optical microscope on thin, polished thin sec-
tions. Scanning electron microscope analyses were per-
formed on broken chips of aptychi and brachiopod shells 
using a JEOL JSM-IT700HR instrument operated at 3.0 kV 
acceleration voltage. Cathodoluminescence microscopic pic-
tures were taken with a Reliotron “cold-cathode” instrument 
mounted on a Nikon Eclipse E600 microscope with a Nikon 
Coolpix 4500 digital camera and operated at 6 to 10 keV 
acceleration voltage.

Calcite samples were drilled from the outer surface of 
aptychi or along a trench on a polished surface using a 
0.6 mm drill bit. The average resolution of trench drilling 
was about 0.1 mm. Brachiopod shell pieces of 1–2 mm in 
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size were peeled off using a box cutter and were powdered 
for analysis. Stable carbon and oxygen isotope compositions 
were determined with an automated carbonate preparation 
device (GASBENCH II) and a Thermo Finnigan delta plus 
XP continuous-flow mass spectrometer at the Institute for 
Geological and Geochemical Research, Research Centre for 
Astronomy and Earth Sciences (IGGR, Budapest, Hungary). 
Three laboratory standards, calibrated using the NBS-18, 
NBS-19, and LSVEC reference materials (provided by the 
International Atomic Energy Agency), were used for sample 
standardization. The isotope compositions are expressed as 
δ13C and δ18O values (in ‰) relative to V-PDB. To test 
external precision, the Harding Iceland Spar (Landis 1983) 
sample was measured as unknown in the period of 2019 to 
2023 and yielded δ13C and δ18O values of –4.84 ± 0.05‰ 
and –18.58 ± 0.06‰, respectively (n = 92). These values 
agree well with the published δ13C and δ18O values of –4.80 
and –18.56‰, respectively (Landis 1983); as such, the dif-
ferences between the measured (at IGGR) and published 
values indicate external accuracies.

Geological setting

The Mecsek Mountains are situated in southern Hungary 
(Fig. 1b). They are the northernmost unit of the Mecsek 
overthrust Nappe system (or Tisza Mega unit), which is 
considered a microplate (Vörös 1993; Csontos and Vörös 
2004; Haas and Péró 2004). Detachment of this lithosphere 

fragment from the southern margin of the European plate 
began in the middle Jurassic, but it remained near the stable 
European plate during the younger Mesozoic (van Hinsber-
gen et al. 2020).

The early Jurassic rocks (Hettangian and Sinemurian 
Ages) of the Mecsek Mountains are characterized by shal-
low, coal-bearing clastic and marly sedimentation, and a 
thick sandstone sequence, which suggest a rapidly subsiding 
sedimentary basin with cyclic, short-term paleoenvironmen-
tal changes from fluvial/deltaic to swampy conditions (Ruck-
wied et al. 2008). The Sinemurian and Toarcian rocks are 
characterized by marine sedimentary rocks including black 
shales. This basin is the northernmost piece of a greater tec-
tonic unit called the Tisza Mega unit (Haas and Péró 2004).

Detachment from the European plate brought remarkable 
changes in sedimentation, which are recorded around the 
Bathonian/Callovian boundary, when pelagic sedimenta-
tion occurred in the Mecsek Mountains (Galácz 1984). This 
phenomenon is supported by the recent tectonic results of 
Tari (2015). The separation ushered the area of the Mecsek 
Mountains into Tethyan conditions. The subsidence of this 
area resulted in pelagic sedimentation of typical ammonit-
ico rosso-type, dark red, nodular marly limestones (Raucsik 
in Főzy 2012), which were the most characteristic Middle 
Jurassic formation in the Mecsek Mountains (Óbánya Lime-
stone Fm.). Later, this pelagic limestone sedimentation con-
tinued into the late Middle and the entire Late Jurassic. The 
Bathonian, Oxfordian, and the early Kimmeridgian Ages 
are characterized by ammonitico rosso-type sedimentation; 

Table 1   Dimensions of the 
laevaptychi samples used in this 
study. Biometric data are from 
Bujtor and Albrecht (2021)

The data in parentheses refer to an estimated value due to poor preservation. Specimens J 2020.691.1, J 
2020.693.1, J 2020.699.1, J 2020.743.1, and J 2020.745.1 are not measured due to fragmentary status

Repository number L S Lat l G S/L Ana-
lysed 
sample

J 2020.692.1 48.6 38.2 38.9 (30) (6) 0.79 Yes
J 2020.696.1 (47) 36.8 38.3 (31) (7) 0.78 Yes
J 2020.698.1 (52) 45.0 44.7 (29) 7.2 0.86 Yes
J 2020.701.1 52.0 38.3 38.8 34.1 3.4 0.74 Yes
J 2020.702.1 45.9 38.6 36.7 28.2 4.0 0.84 Yes

Table 2   Dimensions of the brachiopod samples used in this study. Biometric data are from Bujtor and Albrecht (2022)

The data in parentheses refer to an estimated value due to poor preservation
L length, W width, T thickness, H height, vp length of the perforation on the ventral valve, dp length of the perforation on surface of the dorsal 
valve

Scientific name with repository number L W T W/L T/L

Nucleata bouei (Zejszner 1846) J.2020.592.1 23.1 27.2 15.9 1.18 0.69

Scientific name with repository L W H vp dp

Pygope catulloi (Pictet 1867) J.2020.593.1 43.1 41.7 22.2 (6) (11)
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typical Saccocoma microfacies; and thin, bedded layers with 
limited thickness. As the Upper Kimmeridgian lithology 
changes, ammonitico rosso facies disappear and Cadosina 
species appear in microfacies (Nagy 1964). The late Titho-
nian Age is represented by Maiolica-type sediments and rich 
calpionellid microfauna.

Maiolica-type sedimentation continued into the Berria-
sian Age. The sedimentary cycle was terminated by inten-
sified intraplate rifting that brought volcanic material and 
ended carbonate sedimentation by the Valanginian Age. The 
age of the sequence is based on the rich but poorly preserved 
ammonite fauna. Bujtor and Albrecht (2021) state that the 
ammonite fauna likely represents the Upper Oxfordian Age 
(mostly the Hypselum Zone) and the lowermost Kimmerid-
gian (Bimammatum Zone) Age of the sub-Mediterranean-
Mediterranean zonal schemes based on the recovered Trima-
rginites cf. trimarginatus and Euaspidoceras cf. radisense. 
Palaeogeographically the area was still situated close to the 
source origin, in the vicinity of the southern European shelf 
(Yilmaz et al. 1996; Dercourt et al. 2000).

Aptychi were first mentioned from the Jurassic of the 
Mecsek Mountains from Zengővárkony by Böckh (1880). 
Vadász (1935) mentioned Laevaptychus latus (Parkinson, 
1811) from the Kimmeridgian at the abandoned quarry in 
Zengővárkony, close to the locality studied in this paper. It 
is noteworthy that among the Jurassic Ammonitina fami-
lies, the morphologies of aptychus differ from each other 
(Lehmann 1976) and are related to their habitats, functions, 
and roles (Trauth 1927; Parent et al. 2014). Until this study, 
there were no attempts to analyse the stable isotope data of 
Jurassic aptychi from the Mecsek Mountains, Hungary.

Studied sections

The studied section (Fig. 2) is a natural outcrop discovered 
in a secluded erosional gully by the senior author (LB) and 
his BSc students in July 2020. The outcrop, which is not 
indicated on geological maps (Hetényi et al. 1968), is situ-
ated in the Eastern Mecsek Mountains, 4 km from Pécsvárad 
in a NE direction, close to the edge of the Zengővárkony 
forest, 200 m NE from the lime kilns in the shallow valley 
of the Vasbányavölgy Creek.

The section is 1 m thick and 5 m in length along strike. 
The strike and average dip are 305°/40°. The lower part is 
46 cm thick and composed of a thick, unstratified, massive, 
white limestone bank, with occasional red mottling. On aver-
age, there are three ammonite specimens per square meter 
on average on the upper weathered surface of the limestone 
bank. A nodular, unstratified marly red limestone with very 
rich but poorly preserved ammonite content (ca. 200 fossil 
specimens were collected during fieldwork) settled on top 
of the limestone. This bed is 40 cm thick. The megafauna of 
the limestone includes annelids, ammonites, aptychi, belem-
nites, brachiopods, and rarely bivalves and crinoids.

Thin sections revealed wackestone–packstone microfacies 
with prevailing Saccocoma fragments. Besides these plank-
tic elements, a Globuligerina sp. foraminifera test fragment 
was recorded (Bujtor and Albrecht 2021, pl. 1, Fig. 3). Ben-
thic faunal elements are also present: benthic foraminifera 
Lenticulina and Spirillina often present, as well as echino-
derm test particles, and unidentifiable mollusk or ostracod 
shell remains are there indicating the presence of a diverse 
bottom fauna. These results are in line with the macrofaunal 
composition, which shows the presence of bivalves, echino-
derms, and brachiopods with prevailing ammonites (89.2% 
of the collected specimens, see Bujtor and Albrecht 2021, 
p. 66, Table 1). The presumed upper and lower continuation 
of this sequence is obscured by soil and debris.

Results

Textural characteristics of aptychi and brachiopods

The optical microscopic pictures of the 10 aptychi analysed 
in this study are shown in Fig. 3. The aptychi are composed 
of two layers, a lower, tubular one and an upper, lamellar 
layer (cf. Farinacci et al. 1976). The tubular layer is strongly 
altered, and the chambers are filled with secondary carbon-
ate and silica. The lamellar layer is frequently eroded or 
dissolved and shows irregular, “cerebral convolution-like” 
patches of diagenetic carbonate and silica (best shown by 
specimen OxAM-1023 in Fig. 3). Growth lines are not vis-
ible on the outer surface. Eight specimens were drilled from 
the outside, yielding 4 sub-samples per aptychus, while two 
specimens (OxAM-1064 and OxAM-1066) were drilled at 
high resolution, where diagenetic alteration appeared to be 
less significant, and lamination was preserved. The optical 
microscopic picture of specimen OxAM-1066 shows the 
position of the trench.

Sample OxAM-1064 was also investigated by cathodo-
luminescence microscopy (Fig. 4). Cathodoluminescence 
microscopy is a powerful tool to detect the diagenetic influ-
ences that induce secondary carbonate precipitation or alter-
ation of primary carbonate components. Primary calcite or 

Fig. 1   Locality map modified from Bujtor and Albrecht (2021) and 
geological map simplified after Hetényi (et al. 1966). a Lithostrati-
graphic units of the Mecsek Mountains in the Upper Jurassic and 
Lower Cretaceous from Raucsik (in Főzy 2012). FOL: Fonyászó 
Limestone Fm; KIL: Kisújbánya Limestone Fm; MEB: Mecsekjánosi 
Basalt Fm; MÁL: Márévár Limestone Fm. b Map of Hungary, with 
the study area indicated by a rectangle. c Simplified map of the study 
area. d Geological map of the study area after Hetényi et al. (1966), 
simplified. Numeric ages from Cohen et al. (2013)

◂
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aragonite shell materials (e.g., belemnites, ammonites, bra-
chiopods, or mussels) are usually non-luminescent, whereas 
secondary calcites show orange or red luminescence (e.g., 
Lukeneder et al. 2010; Colombié et al. 2018; Zuo et al. 
2019). Luminescence is a result of the complex interplay of 
activator (mainly Mn) and quencher (mainly Fe) elements 
(Hiatt and Pufahl 2014).

Although the chemical composition of carbonate compo-
nents may indicate a diagenetic influence (Zuo et al. 2019), 
cathodoluminescence images can be used to select pristine, 
unaltered shell material on the basis of their non-lumi-
nescent character (Colombié et al. 2018). The host rock’s 
carbonate and the calcite cement filling the tubular layer’s 
chambers are strongly luminescent, indicating diagenetic 
calcite precipitation. Diagenetic calcite also infiltrated the 
lamellar layer of the aptychi, but the well-preserved part of 
the lamellar layer is dull. Fe and Mn contents were below 
detection limits (~ 0.2 wt%) in all carbonate components 
(lamellar and tubular layers, host limestone) using EDS-
SEM analyses. The yellow rectangles in Fig. 4 indicate the 
approximate position of the high-resolution drilling trench, 
situated in a non-luminescent part of the lamellar layer.

Chips were broken from the sampled area of the lamel-
lar layer of the OxAM-1064 aptychus specimen. Scanning 
electron microscopic (SEM) analyses show a well-preserved 
crystal structure (Fig. 5a), suggesting that the stable isotope 
compositions in this section may represent primary sig-
nals. The SEM images of sampled brachiopod shell pieces 

(Fig. 5) show textures of two major layers, in accordance 
with the shell structure described by Garbelli et al. (2012) 
for Permian brachiopods and by Roda et al. (2022) for mod-
ern brachiopods. The shell of the Pygope is well preserved, 
the texture is dense, and the boundary between the micro-
crystalline „primary” layer and the columnar “secondary” 
layer is barely visible (Fig. 5b, c). In contrast, the columnar 
“secondary “ layer of the Nucleata shows a granular, altered 
internal texture on the broken surfaces (Fig. 5d, e), whereas 
the “primary” layer has secondary carbonate films on the 
broken surfaces (Fig. 5d, f). Optical microscopic analysis 
revealed three layers, with one layer almost completely 
eroded (Fig. 6). The optical microscopic photo of Pygope 
catulloi (Fig. 6a) shows that the internal layer is well pre-
served. These observations will be compared with stable 
isotope data in the following subsections.

Stable isotope compositions

The stable isotope compositions obtained in this study are 
listed in Supplementary Table 1 and shown in Fig. 7, along 
with the microscope pictures of the samples. The δ13C val-
ues of aptychi sampled at low resolution (Fig. 7a) range from 
–0.1 to 1.8‰, whereas the δ18O values scatter in a larger 
range (from –3.9 to –0.3‰). Within this range, the isotope 
compositions have no relationship with textural characteris-
tics (e.g., lamellar, or tubular layer). On the other hand, the 
two specimens (OxAM-1064 and OxAM-1066) investigated 
at high-resolution display systematic variations. The inner-
most part of specimen OxAM-1064 sampled the tubular 
layer and the closest part of the lamellar layer and shows a 
strong negative δ18O shift starting from the isotope compo-
sitions of the laminated part (Fig. 7a). The δ13C and δ18O 
values of the laminated part scatter in narrow ranges from 
0.8 to 2.0‰ and from –1.0 to 0.2‰, respectively, including 
the outer rim, which shows diagenetic alteration. The least 
altered part has δ13C and δ18O values with narrow ranges 
(δ13C = 0.8 to 1.7‰, δ18O = –0.8 to –0.2‰). Interestingly, 
although the outer rim shows signs of diagenetic alteration, 
the δ13C and δ18O values define a positive trend that fits the 
compositions of the least altered part. Thus, these composi-
tions can be regarded as primary, and the visible diagenetic 
alteration produced only secondary silica precipitation. The 
tubular layer of specimen OxAM-1064 was also serially 
sampled. Its δ13C values are slightly higher than those of 
the other samples, and the δ18O values show a trend from the 
laminated samples toward negative δ18O values.

The specimen OxAM-1066 showed a slight δ18O dif-
ference between the samples from the entire laminated 
layer and the least altered part, depending on the alteration 
degree, whereas the δ13C values overlap (Fig. 7b). The 
least altered laminae have δ13C and δ18O values that plot 
within the least altered field of sample OxAM-1064. The 

Fig. 2   The studied uppermost Oxfordian–lowermost Kimmeridgian 
section at Zengővárkony (Mecsek Mountains, Hungary), modified 
from Bujtor and Albrecht (2021, Fig. 4). Bed 3 yielded the Laevapty-
chus assemblage
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Fig. 3   Optical microscopic 
images (one Nicol) of the stud-
ied aptychi (a–j). a–f Processed 
samples did not preserve the 
lamellar structure but only the 
tubular parts. g–i Processed 
samples reveal the lamel-
lar structures with variously 
preserved concentric structures. 
j Sampling track in the tubular 
layer. Abbreviations correspond 
to the following repository 
numbers: OxAM-1013: J 
2020.691.1; OxAM-1014: J 
2020.692.1; OxAM-1015: J 
2020.693.1; OxAM-1018: J 
2020.696.1; OxAM-1020: J 
2020.698.1; OxAM-1021: J 
2020.699.1; OxAM-1023: J 
2020.701.1; OxAM-1024: J 
2020.702.1; OxAM-1064: J 
2020.743.1; OxAM-1066: J 
2020.745.1. Scale bars indicate 
1 mm
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carbon and oxygen isotope compositions of brachiopod 
shells fit into the ranges of aptychi (Fig. 7b). Both brachio-
pods were sampled at two points, where the best-preserved 
shell pieces could be collected under the binocular micro-
scope. The δ18O values (–2.7 and –1.1‰) of brachiopod 
Nucleata bouei are significantly more negative than those 
of Pygope catulloi (δ18O = –0.8 and –0.4‰). The δ13C 
values (–1.8‰ for the Nucleata bouei and –2.0 and –1.7‰ 
for the Pygope catulloi) are practically the same for both 
brachiopods and fit in with the field of aptychi (Fig. 7b).

Discussion

Preservation vs. diagenesis

Primary compositions that are free of diagenetic effects 
should be selected when estimating paleoenvironmental 
conditions. This is possible using textural characteris-
tics (e.g., Kruta et al. 2014) or by evaluating stable iso-
tope trends. Diagenesis of carbonate sediments has been 

Fig. 4   a Binocular, b optical 
(crossed nicols), and c cathodo-
luminescence microscopic 
pictures of OxAM-1064. The 
yellow rectangles indicate the 
site of trench drilling

Fig. 5   Scanning electron microscopic images of a Laevaptychus OxAM-1064, b, c Pygope catulloi J 2020.593.1 sample, and d, e, f Nucleata 
bouei J 2020.592.1 shell samples
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extensively studied, with thousands of articles discussing 
stable isotope compositions that reflect diagenetic effects. 
As such, the reader is referred to one of the handbooks 
that reviews diagenetic influences (e.g., Hoefs 2009). 
Diagenesis of carbonate rocks may result in the precipita-
tion of secondary carbonate in voids or in the dissolution 
and reprecipitation of unstable carbonate (e.g., aragonite 
in the ammonite shells). Stable oxygen isotope composi-
tions of carbonate are determined by the δ18O value of the 
solution and the formation temperature (McCrea 1950). 
A temperature increase during diagenesis would result in 
a decrease in oxygen isotope fractionation between the 
marine carbonate material and the pore fluids, shifting 
the δ18O value toward the water’s composition, i.e., in a 
negative direction. In the case of meteoric water infiltra-
tion, the interaction with relatively 18O-depleted meteoric 
water again results in low δ18O values. A positive shift in 
the carbonate δ18O values might appear if 18O-enriched 

solutions react with the carbonate rock, or if the formation 
temperature of secondary, diagenetic carbonate is signifi-
cantly lower than the marine carbonate’s deposition tem-
perature. These cases are very rare, so it can be stated that 
diagenesis is generally reflected by lowered δ18O values 
(e.g., Hoefs 2009). Stable carbon isotope compositions 
are around 0‰ (relative to V-PDB) for marine carbon-
ate formations. Burial diagenesis may mobilize oxidized 
organic carbon with low 13C contents, i.e., low δ13C val-
ues. Infiltration of meteoric water containing soil-derived 
carbon may also carry a low δ13C signal. To summarize, 
if oxidized organic carbon is mobilized and involved in 
the formation of diagenetic carbonate, the δ13C value 
of the bulk carbonate is shifted in a negative direction, 
along with lower δ18O values, whereas if diagenesis was 
not associated with mobilization or organic carbon, it is 
reflected only by low δ18O values (Hoefs 2009).

The aptychi studied at low resolution show a negative 
δ18O shift from the δ13C–δ18O field of the least altered lami-
nae of OxAM-1064 and OxAM-1066, which may indicate 
diagenesis. The δ18O values (with an assumed global mean 
seawater δ18Osw value of –1‰, Shackleton and Kenneth 
1975) would correspond to temperatures reaching 30 °C 
if the equation of Anderson and Arthur (1983) is used 
(Fig. 7a). On the other hand, the OxAM-1064 and OxAM-
1066 aptychi showed thin (approximately 0.1 mm) lamina-
tion (Fig. 3) with a well-preserved internal crystal structure 
(Fig. 5a), suggesting preservation of primary textures and 
compositions. The well-preserved tubular layer of OxAM-
1064 has diagenetic oxygen isotope compositions, indicating 
that the δ18O values of calcites collected from the aptychus 
surface (e.g., Machalski et al. 2021) must be interpreted with 
caution.

The microscopic observations presented in this study may 
also provide information on the lamellar layer of Aspidocer-
atidae. The lamellar layer of OxAM-1064 contains about 
24 laminae, although it should be noted that the innermost 
part of the layer is altered, so some laminae may be missed. 
Another sample, OxAM-1023 (see Fig. 3), contains 32 lami-
nae, with the very thin ones in the innermost part. Although 
the exact meaning of lamination is not clear at present, it can 
be concluded that the laminae are primary features, whose 
appearance without secondary mineral precipitation can 
indicate preservation of primary isotope compositions.

Another approach for proving the non-diagenetic nature 
of stable isotope compositions is to analyse different car-
bonate-secreting organisms. The shell of Pygope catulloi 
examined in this study showed much fewer signs of altera-
tion by SEM analyses than the shell of Nucleata bouei. Its 
δ18O value (–0.6 ± 0.2‰) is close to the least altered lamina 
values (Fig. 7), supporting the unaltered state of the sample. 
The two pieces of the Nucleata bouei shell yielded identical 
δ13C (both 1.8‰) but very different δ18O values (–2.7 and 

Fig. 6   Optical microscopic photos of brachiopod shells. Sections are 
perpendicular to shell surfaces (with one nicol). a Pygope catulloi, 
sample J 2020.593.1; b Nucleata bouei, sample J 2020.592.1
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–1.1‰). The large δ18O variation and the negative shift are 
in accordance with the altered state of the shell.

Thus far, only a few stable isotope studies have been con-
ducted on aptychi, and these are not associated with careful 
petrographic analyses so as not to damage the specimens. 
Comparing the δ13C and δ18O values of aptychi analysed 

by Price and Sellwood (1994) (Fig. 8), their samples were 
likely diagenetically affected. It should be noted that they 
sampled the tubular layer (“honeycomb structure”), which 
may contain diagenetic calcite cement, as shown here. 
Although Kruta et al. (2014) conducted a careful textural 
analysis using SEM, even the samples with high degree of 

Fig. 7   Stable carbon and 
oxygen isotope compositions 
(in ‰ relative to V-PDB) of the 
OxAM-1064 (a), and OxAM-
1066 (b) aptychi, as well as 
the Pygope catulloi (specimen 
J 2020.593.1) and Nucleata 
bouei (specimen J 2020.592.1) 
brachiopod shells. Paleotem-
peratures were calculated using 
the equation of Anderson and 
Arthur (1983) and a δ18Osw 
value of –1‰ (Shackleton and 
Kenneth, 1975). The low-
resolution data obtained for 
aptychi are shown in Fig. 3. The 
sampling track in the tubular 
layer of sample OxAM-1064 is 
shown in Fig. 4a. The micro-
scopic images and sampled 
parts whose data are separately 
plotted are shown in the lower 
panels in a and b 

Fig. 8   Stable carbon and 
oxygen isotope compositions 
(in ‰ relative to V-PDB) of the 
aptychi studied in this paper, 
as well as published data on 
aptychus calcite
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preservation had low δ18O values (Fig. 8), which would cor-
respond to elevated ambient temperatures or to an influx of 
low δ18O water into the sea. They may also indicate cryptic 
diagenesis that was not revealed by the textural observations. 
Machalski et al. (2021) used a combination of cathodolumi-
nescence (CL) microscopic and SEM observations to select 
unaltered samples, and on the basis of the δ18O fluctuations 
in serial sub-samples, they excluded significant diagenetic 
effects. Although their δ13C and δ18O ranges are similar to 
compositions in this study (Fig. 8), their scatter is much 
larger. These observations indicate that SEM analysis may 
only detect strong diagenesis, while the effects of small 
amounts of secondary calcite or late-stage isotope exchange 
would not be revealed. However, the optical microscopic 
analysis, combined with CL and SEM measurements, as pre-
sented in this study, can be effectively used to select primary 
compositions.

Paleotemperatures during the late Jurassic

Oxygen isotope thermometry is based on the temperature-
dependent fractionation of the 18O and 16O isotopes between 
oxygen-bearing compounds, which in our case is between 
calcite and seawater. The fractionation is expressed as 
1000·lnα value, where α = (18O/16Ocalcite)/(18O/16Owater). 
Although the thermometric equation for aptychus calcite 
cannot be calibrated with modern data, as ammonites are 
extinct, the equation used for belemnites, another Mesozoic 
calcite-secreting cephalopod, can be applied. As Vickers 
et al. (2020) determined based on clumped isotope measure-
ments, the equation of Daëron et al. (2019) can be used for 
belemnites, so the same equation will be used in this paper 
for aptychus calcite:

where T is temperature in kelvin. In contrast to the belem-
nites, the fractionation equation for brachiopods can be cali-
brated with modern, living specimens. Brand et al. (2019) 
provided the equation:

where δc is the δ18O value of calcite relative to V-PDB, 
and δsw is the δ18O value of seawater relative to V-SMOW 
(Vienna Standard Mean Ocean Water).

Aspidoceratid ammonites, the host of laevaptychi, lived 
in a water column of at least 100 m deep, far from coastal 
regions (Gygi 2003). Our study area (the Mecsek Mountains, 
Tisza microcontinent) was within the Tethys Ocean realm, 
close to the northern shelf (Yilmaz et al. 1996; Dercourt 
et al. 2000). As a result, local influences, like freshwater 
influx or evaporation in a closed basin, can be excluded, and 
the global relationship of latitudinal δ18Osw variations can 

1000 ⋅ ln� = 17570∕T −29.13,

T (◦C) = 17.3750−4.2535 ⋅ (�c−�sw) + 0.1473 ⋅ (�c−�sw)2,

be applied following the procedure of Alberti et al. (2020). 
The paleogeographic position of the Mecsek Mountains has 
been estimated around 30–35°N by Yilmaz et al. (1996) and 
Márton (2000), about 25°N by Dercourt et al. (2000), and 
about 40°N by Hinsbergen et al. (2020), thus, a position of 
30 ± 5°N is assumed. This latitude would correspond to a 
δ18Osw value of –0.2‰ following Alberti et al. (2020).

The δ18O values of the laminated calcite of the OxAM-
1064 and OxAM-1066 aptychi cover the range of –1.0 to 
0.2‰, which corresponds to a temperature range of 20 to 
26 °C using the equation of Daëron et al. (2019) and the 
δ18Osw value of –0.2‰. As diagenesis would shift the δ18O 
value of the aptychus calcite in a negative direction, the 
highest δ18O value of the laminated calcite corresponds to 
a primary composition, as well as to the lowest temperature 
that the animal experienced, i.e., 20 °C. The lowest unal-
tered oxygen isotope composition would be –1.0 ‰, which 
corresponds to 26 °C. Thus, we can assume that the aspi-
doceratid ammonite containing the studied Laevaptychus 
either migrated into the water column with a temperature 
range of 20 to 26 °C, or the water temperature and/or water 
δ18O value fluctuated during the precipitation of the apty-
chus calcite. The latter value is closest to the sea surface 
temperature (SST) data of Lukeneder (2015), although the 
ammonites lived deeper in the water column. Lukeneder 
(2015) compared recently living cephalopods and Mesozoic 
(middle Jurassic and Cretaceous) ammonites and obtained 
seawater temperatures from 12 °C up to 29 °C, depending 
on the ammonite taxa, as well as its ontogenetic evolution 
and migrations. Jenkyns et al. (2012) reported even higher 
SSTs (26 to 30 °C) using TEX86 analyses of middle Jurassic 
to lower Cretaceous sediments from the southern Atlantic 
Ocean.

The studied brachiopods (Pygope catulloi and Nucleata 
bouei) lived on the seafloor, i.e., at a lower temperature than 
the ammonites did. The highest (least altered) δ18O value of 
P. catulloi is –0.4 ‰, which corresponds to 18.2 °C using 
the δ18Osw value of –0.2 ‰ and the equation of Brand et al. 
(2019). This is slightly lower than the lower limit of the 
aptychus-based temperature, in accordance with the differ-
ence in habitat (water column vs. seafloor water), although 
we must note that diagenesis may have affected even the 
shell of Pygope catulloi, making the temperature of 18 °C 
an upper limit.

These seawater temperature values can be compared with 
global data (Valdes et al. 2021), taking latitudinal temperature 
and seawater composition changes into account (Shea et al. 
1992; Alberti et al. 2020; Sadji et al. 2021; Alberti et al. 2022a, 
b). Alberti et al. (2022a) presented a global compilation of 
SST data based on belemnite, mollusc, and brachiopod δ18O 
analyses, as well as latitudinal variations of paleotemperatures 
during the Callovian. The Callovian latitude–temperature rela-
tionships follow the recent one (Shea et al. 1992), but with 
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temperatures that are 2–3 °C higher (Fig. 9). The Jurassic shell 
and belemnite data compiled by Alberti et al. (2022a) gener-
ally fit the Callovian curve, but the scatter reaches 10–20 °C. 
Although the global climate conditions may have been dif-
ferent in the Callovian than in the Oxfordian-Kimmeridgian 
(Dera et al. 2011), the Callovian latitude–temperature rela-
tionship presented by Alberti et al. (2022a) may serve as a 
reference for the present data, as well, especially consider-
ing the large scatter in paleotemperature data. The aptychus-
based seawater temperature range of 23 ± 3 °C is in good 
agreement with the Jurassic data shown in Fig. 9, as well as 
with the Jurassic and Cretaceous marine latitude–temperature 
relationships (based on belemnite-bivalve-TEX86 tempera-
tures and climate simulations) that were compiled by Letulle 
et al. (2022). These agreements and the small scatter of the 
reconstructed temperature range indicate that aptychus calcite 
potentially offers a good paleotemperature archive, provided 
that diagenetic effects can be excluded or filtered out using 
careful microtextural and petrographic analyses. Excellent 
Jurassic control samples may be collected from the pelagic 
zone, where aptychi are usually collected. Aptychi and ses-
sile discolioide brachiopods are usually preserved together, 
yielding good control samples in situ with which to verify the 
palaeotemperature data acquired from aptychi. However, the 
use of laevaptychi is time-restricted from the middle Callovian 
to the Berriasan Ages, when aspidoceratid ammonites lived 
(Engeser and Keupp 2002).

Conclusions

Well-preserved late Oxfordian to early Kimmeridgian lae-
vaptychi were examined using optical and cathodolumines-
cence microscopy, scanning electron microscopy (SEM), 

and stable isotope mass spectrometry to select pristine, 
unaltered calcite material and to calculate seawater tempera-
tures. Optical and SEM analyses revealed a well-expressed 
lamination in the upper lamellar layer of Laevaptychus that 
may indicate preservation of original structures and compo-
sitions. The combined evaluation of microscopic observa-
tions and stable carbon and oxygen isotope compositions 
allowed for the detection of diagenetic effects that modi-
fied the original isotopic compositions. Pristine, unaltered 
compositions were used to calculate seawater temperatures, 
yielding a range of 20 to 26 °C, which is in good agreement 
with published Jurassic seawater temperatures. Rare brachio-
pod samples were also investigated, and the least altered 
samples were selected for SEM analysis. The stable oxygen 
isotope composition of Pygope catulloi corresponds to a sea-
water temperature of 18 °C, which is slightly lower than the 
20 to 26 °C range obtained from the aptychi and is consistent 
with the benthic character of Pygope. This study shows that 
the well-preserved calcite material of aptychi represents a 
valuable paleotemperature archive.
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