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Radiolitid rudists: an underestimated archive for Cretaceous
climate reconstruction?

KATHARINA E. SCHMITT, STEFAN HUCK, MALTE KRUMMACKER, NIELS J. DE WINTER,
ALEXIS GODET, PHILIP CLAEYS AND ULRICH HEIMHOFER
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Rudist shells are important archives for palaecoenvironmental reconstructions in the
greenhouse world of the Cretaceous. Radiolitids, a family of rudists became very abun-
dant dwellers of the shallow marine carbonate platforms during the Cretaceous. Still,
due to the complex structure of their low-Mg calcite outer shell layer, radiolitids are
often deemed unsuitable for palaeoenvironmental reconstructions. The aim of this
study is to present a combination of petrographic (transmitted light microscopy and
cathodoluminescence microscopy) and elemental analyses (high-resolution pXRF and
stable isotope) to investigate radiolitid shells for diagenetic alteration and to make them
accessible as an archive for environmental conditions during the mid-Cretaceous. Four
Eoradiolitites shells were analysed in detail: two right valves (RV), a left valve (LV) with
an articulated RV and an isolated LV. Three shell structure types have been identified,
including a non-compact, compact and celluloprismatic types. The compact structure
type was identified in the LVs while the other two types were observed exclusively in the
RVs. Radiolitid shell material composed of the non-compact and the compact structure
types can be used as palaecoenvironmental archives as it preserved seasonal signals in
both, shell growth structure and isotopic records, while celluloprismatic shell structures
are less suitable for reconstructions due to diagenetic alteration. The alternation of dark
and light lamellae in both valves, RV and LV, provide information on the intertidal liv-
ing habitat of the shell-producing organism and its life span. [J Cretaceous; radiolitid
rudists; petrographic and rlemental analyses; right and left valves; palaeoenvironmental
reconstruction
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The climate of the mid-Cretaceous was character-
ized by prolonged greenhouse conditions, which
were only interrupted by a few short-lived but prom-
inent cooling events (Skelton et al. 2003; Steuber
et al. 2005; Bornemann et al. 2008; Mutterlose et al.
2009). Cretaceous ocean water temperatures are pre-
dominantly reconstructed using 8O data derived
from belemnites (e.g. Bodin et al. 2015) and plank-
tonic foraminifera (e.g. Bottini et al. 2015), and TEX
(e.g. O’Brien et al. 2017). As the seasonal organisms
were floating or migrating through the water column,
their isotope records contain a mix of temperatures
from various habitats (e.g. Eggins et al. 2003). In
contrast, biogenic calcite shells produced by shallow

marine and sessile molluscs with a multi-year lifespan
can provide information on seasonal variability of
sea-surface temperatures.

In the Cretaceous, sessile rudist bivalves (superfam-
ily Hippuritacea) dominated shallow marine, low lati-
tude carbonate platform settings and have been used in
numerous studies for palaecoenvironmental reconstruc-
tions (Ross & Skelton 1993; Scott et al. 1995; Skelton
& Gili 2012; Steuber & Schliiter 2012; de Winter et al.
2017a, Huck & Heimhofer 2021). Following their first
appearance in the Oxfordian (Late Jurassic) (Skelton
1978), they evolved to become the most important
carbonate-producing biota (Steuber & Veizer 2002)
in Cretaceous low-latitude shelf seas until they went
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extinct at the Cretaceous/Paleogene boundary (Skelton
et al. 2003; Steuber & Schliiter 2012).

Although various forms had evolved over time,
all species can be assigned to one of three morpho-
types, recumbents, clingers or elevators, which were
identified in previous ecological morphology studies
(Schumann & Steuber 1997; Skelton & Gili 1991).
All species built shells following a similar basic shell
design: an outer layer composed of fibrous prismatic
low-Mg calcite and at least one (sometimes two) inner
aragonitic layer(s) (Kennedy & Taylor 1968; Skelton
1974; Sanders 1999; Pons & Vicens 2008). The arago-
nitic parts are usually replaced by diagenetic low-Mg
calcite during fossilization, but the outer low-Mg cal-
cite layer provides material with a high potential to act
as an archive for seawater chemistry, as it is resistant to
diagenesis (Al-Aasm & Veizer 1986a, b). For instance,
prior studies have shown that the outer low-Mg calcite
layer of Cretaceous rudist shells is a valuable archive
for the strontium isotope composition of ocean waters
(Steuber et al. 2005; Frijia & Parente 2008; Frijia et al.
2015; Huck & Heimhofer 2015). Additionally, it is suit-
able as palacoenvironmental archive as the secreting
processes of the shells were affected by palaeoclimatic
(seasonal temperature variations), palaecochemical
(salinity changes) and palaeobiological (growth rate
and carbonate production) parameters (e.g. Steuber
1996; Regidor-Higuera et al. 2007; de Winter et al.
2017a; Huck & Heimhofer 2021).

Rudists have proven to be very suitable for climate
reconstruction in the Cretaceous (Steuber ef al. 2005).
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However, as different families with diverse shell struc-
tures and shapes evolved and became dominant
during the course of the Cretaceous, there are episodes
in which the climate record is incomplete as suitable
material is missing. For example, Radiolitidae, a fam-
ily typically overlooked as a palacoclimatic archive due
to its shell structure, spread in the Late Aptian-Albian
and became the most abundant family among the
rudists (Masse & Maresca 1997; Fenerci-Masse et al.
2006; Skelton & Gili 2012; Masse et al. 2007; Steuber
& Loser 2000). Their taxonomy was discussed and
defined in various previous studies (Pons & Vicens
2008; Cestari 1992; Schumann 1995; Skelton 1978). In
general, their right, attached valve (RV) is described
as conical to cylindro-conical, while the left, free valve
(LV) is reduced to a cap-like form with a compact
internal structure (Pons & Vicens 2008). The most
significant feature of radiolitid shells is the distinct
structure in the outer layer of their RV, which appears
to be more (Regidor-Higuera et al. 2007; Tiblja$ et al.
2004) or less pronounced (Steuber 1994; Pejovi¢
2002), depending on the species. This portion is often
described as honeycomb (Woo et al. 1993; Steuber
1999), boxwork (Hamama 2010), cellular (Masse &
Maresca 1997; Masse et al. 2007) or celluloprismatic
structure (Pons & Vicens 2008). It is formed by two
kinds of laminae (or plates): the funnel plates and the
radial plates (muri or walls). The latter are arranged
orthogonal to the funnel plates (Masse et al. 2007)
creating an intraskeletal pore space (Fig. 1), which
was probably originally filled with organic material
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Fig. 1. Schematic structure of a radiolitid shell showing the cone shaped lower (right) valve with detailed view of the boxwork structure and
the cap like upper (left) valve (modified after Sanders 1999; Pons & Vicens 2008).
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(Regidor-Higuera et al. 2007). This material decom-
posed after the organisms death and the intraskele-
tal space was filled post-mortem (Tibljas et al. 2004;
Mansour 2004). For a more detailed description of
the radiolitid shell structure, please refer to Regidor-
Higuera et al. (2007).

Only few studies deal with the elemental and iso-
topic composition of radiolitid shells (Steuber 1999;
Regidor-Higuera et al. 2007; Tiblja$ et al. 2004). All
authors agree that if the radiolitid contained a pro-
nounced celluloprismatic structure, this porous
outer shell layer contains now diagenetic calcite, as
fluids circulated through the pores causing its pre-
cipitation (Al-Aasm & Veizer 1986; Steuber 1999;
Regidor-Higuera et al. 2007), making these species
not suitable for palaeoenvironmental reconstructions.
Nevertheless, the outer shell layer of radiolitids con-
tains micro- and megarhythms, which are interpreted
to be caused by seasonal, tidal or biological cycles
(Sanders 1999; Pons & Vicens 2008). Megarhythms
(assigned to annual cyclicity) are defined as major
variations in shell ornamentation, visible in petro-
graphic thin sections as a change in the microstruc-
ture or in variations in the stable oxygen isotope
signal. Finer scale growth lamellae are designated as
microrhythms expressed as a change in colour (light
and dark) (Regidor-Higuera et al. 2007).

The aims of this study are twofold: (1), the identi-
fication of diagenetically altered shell parts by com-
bining high-resolution geochemical analyses (isotope
ratio mass spectrometry and micro-X-ray fluores-
cence) and classical sclerochronology (macro- and

microstructures); and (2), testing the suitability of
radiolitid shells as palaecoenvironmental archive (for
e.g. palaeotemperature, palaeosalinity, living habitat)
through detailed sampling of the seemingly well-
preserved parts for isotope analysis.

Material and methods

For this study, several radiolitid shells were collected
from a shallow marine marginal carbonate platform
setting in the central Tethys, cropping out today in the
east-west oriented Matese Mountain Massif in south-
ern Italy (Monte La Costa (MLC) section; Fig. 2).
Based on an integrated bio- and chemostratigraphical
framework, the corresponding stratigraphical inter-
val is dated as Early Albian (~ 112 Ma) (Schmitt et al.
2019).

Collected shells were screened with a magnifying
glass to identify specimens that show the best-pre-
served visible growth lamellae and minor bioerosion.
Subsequently, four very well preserved Eoradiolitites
shell fragments (A-D) were selected from a 31 m-thick
stratigraphical interval, with shell B and D originat-
ing from the same interval (MLC 387 m), followed
by shell A (MLC 401 m) and shell C (MLC 418 m),
which consists of two articulated valves (C1 and C2).
Shell A (length: 52.5 mm), B (length: 27.6 mm) and
the lower part of C (C2; length: 26.2 mm) represent
different ontogenetic stages of the right valve (RV),
while the upper part of shell C (C1; length: 13 mm)
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Fig. 2. A, palaeogeographical map of the Late Cretaceous with the studied area of the Apennine Carbonate Platform in the Tethyan realm
(modified after Parente et al. 2007). B, study site (red circle) in the Matese Mountains, Italy.
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and D (length: 59.5 mm) represent portions of the
left valve (LV) (Fig. 3). For further information about
the lithostratigraphy and the dating, see Schmitt et al.
(2019).

Selected valves were cut along their perpendicular
axis, cleaned with distilled water and dried for 24 h
at 40°C. Afterwards, petrographic thin-sections and
polished slabs were prepared, which allow to identify
changes in the microstructure and to assess scleroch-
ronological changes in isotopic and elemental compo-
sitions, respectively. An inner aragonitic layer (a), an
inner part of the outer layer (il), an outer layer (bl) and
borings were identified in all shell parts (Figs 1, 3).
The former aragonitic parts are recrystallized and pre-
served as blocky diagenetic low-Mg calcite (Fig. 6 G)
and are thus excluded from further analyses.

Cathodoluminescence (CL) microscopy was used
to investigate the preservation state of collected shell
samples. It was applied to polished petrographic
thin-sections and slabs using a Reliontron (Relion,
USA) cold-cathode luminescence device hosted at
the University of Texas at San Antonio (USA). The CL
microscope is characterized by an acceleration volt-
age ranging from 10 to 15 kV and a current intensity
ranging from 0.8 to 1.2 mA. The CL chamber was
mounted on a Leica DM2700 microscope equipped
with 2.5x, 4x, 10x and 20x magnification objectives.

Following petrographic inspections, the elemen-
tal composition of the shells was measured by means
of a Tornado M4 micro-X-ray fluorescence (uXRF)

PO AP

/
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Fig. 3. Schematic representation of a radiolitid shell with the
selected shells of this study. A, B, RV; C, articulated LV (C1) and
RV (C2); D, LV. Arrows indicate the growth direction of the valves.
In the RV vertical (green) dominates radial (red) growth, while in
the LV the radial (red) dominates the vertical (green) growth.

scanner (Bruker nano GmbH, Berlin, Germany),
hosted at the Analytical, Environmental and
Geochemistry research group of the Vrije Universiteit
(Brussel). The uXRF scanner is equipped with a Rh
source and two X Flash 430 Silicon Drift detectors.
First, semi-quantitative uXRF-maps were created in
order to assess the distribution of major and trace ele-
ments across the surface of shell fragments. Polished
shell surfaces were scanned in the uXRF mapping
mode using a short acquisition time of 1 ms per pixel.
Maps were created by focusing the X-ray beam on a
circular spot with a diameter of 25 pm and dragging
the beam across the polished surface, collecting pXRF
spectra every 50 pm in X and Y direction. This pro-
cedure yielded ~10° uXRF spectra per sample, which
allowed semi-quantitative maps of elemental distribu-
tion (magnesium, manganese, iron and strontium) to
be created based on differences in the area of peaks
in the pXRF spectrum associated with elements (ROI
counts; see de Winter & Claeys 2016).

Quantitative point-by-point pXRF line scans were
performed perpendicular to growth lamellae along
the maximum growth axis of each shell fragment with
a sampling resolution of 100 pm. Point-by-point line
scans allow the X-ray beam to remain on each point
for 60 s at maximized energy settings (50 kV, 600 pA,
no source filter). This time of analysis represents the
ideal compromise between lowering the signal-to-
noise ratio (by increasing measurement time) and
increasing the spatial sampling resolution (by increas-
ing the number of measurements). This causes the
signal-to-noise ratio of individual spectra to be high
enough to allow quantification of individual spectra to
produce accurate and reproducible measurements of
concentrations of a range of major and trace elements
(see discussion in de Winter et al. 2017b). Therefore,
XRF spectra in line scans yield quantitative major and
trace element profiles, contrary to spectra of pixels in
XRF maps, which can only be used to measure rela-
tive changes in element abundances. While concen-
trations of many elements could be quantified in line
scans, only concentrations of strontium (Sr), manga-
nese (Mn), magnesium (Mg) and iron (Fe) are used
in this study. The monthly-scale trend was extracted
from the trace element profiles by applying a 10-point
moving average (see Figs 10-13).

For stable isotope analysis, shells were sampled per-
pendicular to visible growth lamellae on a sub-milli-
metre scale. Carbonate powders (~ 150-200 pg) were
extracted using a ESI New Wave micromill equipped
with a Brassler® USA scriber point carbide drill bit
(© 0.08 mm). The spacing between the samples was
<0.1 mm, similar to the sampling resolution of the
UXREF point-by-point line scans. A total of 432 samples
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(A:n=105;B:n=80; C: n=39; D: n = 208) were ana-
lysed in the stable isotope laboratory of the Institute
of Geology, Leibniz University Hannover, Germany
using a Thermo Fisher Scientific Gasbench II carbon-
ate device connected to a Thermo Fisher Scientific
Delta 5 Advantage isotope ratio mass spectrometer.
One hour before the measurements were started, 72°C
hot viscous water-free (98 g mol™') orthophosphoric
acid was added to the sample powders, resulting in
the release of CO,. Repeated analyses of certified car-
bonate standards (per measurement: 3 x NBS 19; 4 x
TIAEA 603, 4 x NBS 18 and 9 x Carrara Marble) show
an external reproducibility (10) of < 0.06 %o for §"°C
and 0.08 %o for 8"0O. Isotope ratios are reported as
conventional delta values relative to the Vienna-Pee
Dee Formation belemnite (VPDB) international stan-
dard, in parts per thousand (%o).

Following Steuber’s approach (Steuber et al. 2005)
to facilitate the comparison of the data obtained sea
surface temperatures (SST) were calculated using the
equation of Anderson & Arthur (1983):

T[°C] = 16 - 4.14* (8“0, - "0
0.13* (80 ., - 80

HZO(seawater)) +

)2
with an estimated 5180H20(seawater) of -1 %o for the Tethys
Ocean under ice-free conditions in the Barremian to
Campanian (Friedrich et al. 2012; Anderson & Arthur
1983; Shackleton & Kennett 1975, Steuber 1996,

Steuber & Rauch 2005).

H,O(seawater)

Results

Shell micro- and macrostructures
(sclerochronology sensu stricto)

On a macroscopic scale, all analysed shell fragments
exhibit clearly distinguishable growth lamellae as well
as colour variations (transparent to dark brown) (Figs 4
A, 5A, 7A). An exception is the RV shell fragment of
C (C2), whose sparite-filled, celluloprismatic structure
produces a significantly lighter colour (Fig. 6 A). Due
to their different shell structure, shell fragments were
assigned to three categories: (I) non-compact (RV:
shells A and B), (IT) compact (LV: shells D and C1) and
(IIT) celluloprismatic (RV: shell C2).

In general, transparent-whitish parts on the shell
slabs show non-compact growth lamellae in the
thin-sections, visible as blurry, incomplete, wavy
and/or not distinguished appearance (dashed black
lines in Figs 4 C, 5 C, 7 C). In the non-compact parts,
the width of the alternating dark and light growth

lamellae is highly variable (their stacking is uneven;
Figs 4 E, 5 G). Darker coloured shell parts of the slabs
correspond to areas with compact fibrous microstruc-
ture in thin-sections (Fig. 7 G, H). Here, cyclic alterna-
tions of distinct light and dark, densely packed growth
lamellae with an even stacking, are visible (solid black
lines in Figs 4C, 5C, 6C, 7C). C2 shows the classical
celluloprismatic structure described in Pons & Vicens
(2008) (crosses in Fig. 6 C).

Flame-shaped growth rings (concentric rugae), i.e.,
arranged lamellae sets, are visible on a macroscopic
scale (red dashed line in Figs 1, 5 F). On a microscopic
scale, they can be seen due to changes in the incli-
nation of the growth lamellae (Fig. 4 G). A detailed
analysis of thin sections revealed that a downwards
concentric fold is visible in all RVs, surrounding the
recrystallized inner part of the outer layer (il; see
Figs4F 5E, 6 G).

In total, shell fragment A comprises 144 growth
lamellae. Only the outermost margin of the lip
is formed by a compact fibrous microstructure
(Fig. 4 G). Most parts of the shell are characterized
by non-compact growth lamellae (Fig. 4 E), but some
parts show a very prominent, steep inclination of the
lamellae (Fig. 4 D)

Shell fragment B contains 54 growth lamellae char-
acterized by a variable thickness and stacking pattern.
The shell exhibits compact structured parts with very
prominent, steeply inclined growth lamellae (Fig. 5 E)
alternating with non-compact parts, containing a
non-distinguishable structure (Fig. 5 G). The outer
part of the flame-like shape of the growth rings is
often surrounded by a micritic seam. One prominent
micrite filled boring trace occurs in the ontogeneti-
cally oldest part of the shell (Fig. 5 D).

Shell C comprises in total 130 growth lamellae
(Cl: n = 22; C2: n = 108). C2 (RV) (Fig. 6 B; grey)
shows a mostly regular alternation of growth lamellae
and voids, creating a roughly regular radial pattern,
which is classified as ‘compact with radial elongated
voids, following Pons & Vicens (2008; Fig. 6 G). It is
further referred to as celluloprismatic. All cells are
filled with blocky calcite. The outer layer (bl) disinte-
grates at the outer margin of the lip into single cells.
At the transition of the valves (C1 to C2) the radial
furrow is preserved (Fig. 6 F).

In total, 238 more or less equally distributed
growth lamellae were counted in shell D (Fig. 7 G).
Occasionally, particularly pronounced growth lamel-
lae appear (Fig. 7 H), which differ from the others due
to their very dark colour and higher diameter. Most
parts of the shell show a fibrous prismatic structure.
Special features of the shell represent borings that are
refilled with fine grained micritic calcite (Fig. 7 E).
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{
crack |

A
sparite

Fig. 4. Shell A (RV). A, image of the slab with areas shown in detailed photomicrographs marked as black boxes. Arrow indicates the direc-
tion of growth (d.o.g.). B, schematic sketch and the most important features of the shell: (a) aragonitic layer; (il) inner part of the outer layer;
(bl) outer layer and marked crack. C, thin section under plane-polarized light (ppl) with non-compact (dashed line) and compact parts
(solid line). D, steeply inclined growth lamellae. E, non-compact growth lamellae. F, detailed view (ppl) showing the transition from the
inner part of the outer layer (il; concentric fold) to the outer layer (bl). G, changes in the inclination of the growth lamellae.
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[c]

A

Fig. 5. Shell B (RV). A, image of the slab with areas shown in detailed photomicrographs marked as black boxes. Arrow indicates the
direction of growth (d.o.g.). B, schematic sketch and the most important features of the shell: (a) aragonitic layer; (il) inner part of the outer
layer; (bl) outer layer and boring. C, thin section (ppl) with non-compact (dashed line) and compact parts (solid line). D, boring filled with
micritic calcite. E, steeply inclined growth lamellae and recrystallized inner part of the outer layer (il). F, flame-like shape of growth rings
on a macroscopic scale. (G) Variation of expression and the stacking of the growth lamellae.
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borings

sparite

M c1 (L)
I c2 (RV)

Fig. 6. Shell C is divided (red dashed line) into a left valve (C1) and its articulated right valve (C2). Arrows indicate the direction of growth
(d.o.g.). A, image of the slab with areas shown in detailed photomicrographs marked as black boxes. B, schematic sketch and the most
important features of shell C. C2: (a) aragonitic layer; (il) inner part of the outer layer; (bl) outer layer. C1: (mc) massive calcite layer; (cl)
calcite lamellae, cracks and borings. C, thin section (ppl) with celluloprismatic structured (cross-hatched double line) in C2 and compact
parts (solid line) in C1. D, transition of C1 (LV; compact) and C2 (RV; celluloprismatic structure). E, compact structure of the C1 (LV). F,
transition from the C1 to C2 with furrow. G, detailed view of the celluloprismatic structure of the outer layer of C2 with recrystallized inner
part of the outer layer (il).
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Fig. 7. Shell D (LV). A, image of the slab with areas shown in detailed photomicrographs marked as black boxes. Arrow indicates the direc-
tion of growth (d.o.g.). B, schematic sketch and the most important features of the shell. (a) aragonitic layer; (mc) massive calcite layer; (cl)
calcite lamellae, crack and borings. C, thin section (plane-polarized light) with blurry (dashed line) and compact parts (solid line). D, low-

ermost part of the ligament. E, boring. F, middle part of the ligament. G, continuous stacking. H, particularly pronounced growth lamellae.
I, changed inclination of the growth lamellae caused by a crack.

9
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Table 1. Identified 6O cycles, number of growth lamellae per cycle, distance describes the measured length of the cycles, calculated growth
per year (mm) and mean growth lamellae diameter per cycle. Measured maximum and minimum values of §"°C and §'*O values and their

calculated median. T(°C) was calculated for all §'*O values.

Sample 5"0 number of  distance growth per growth lamellae 8"C (%) 5'°0 (%o) T(°C)
no cycles growth lamellae (mm) year (mm) diameter (@) in mm Min. Max. Median Min. Max. Median Min. Max. Median
A 1 15 76 7.6 48.16 1.80 226 202 -4.16 -3.35 -3.76 264 304 284
2 19 151 7.4 37.05 195 264 224 -414 -331 -4.02 263 303 297
3 14 21.9 6.9 45.06 196 285 230 -4.23 -3.10 -3.79 253 307 286
4 17 326 10.7 59.88 1.85 287 215 -4.07 -2.93 -3.51 245 299 272
5 23 39.9 7.3 31.65 201 287 228 -4.06 -2.80 -3.56 239 299 275
6 28 46.0 6.1 17.55 215 3.44 253 -3.96 -3.11 -3.63 253 294 278
7 _ 28 525 _65 2571 252 280 266 -381 -3.12 -3.31 254 287 263
z144 525
B 1 1 35 3.5 124.81 093 202 138 -4.29 -3.15 -4.00 255 310 296
2 10 10.7 7.2 47.26 160 243 188 -4.35 -291 -3.69 244 313 281
3 24 243 13.7 42.66 161 248 1.89 -4.31 -3.13 -3.48 254 311 2741
4 7 27.5 32 37.94 216 226 221 -3.73 -3.06 -3.40 251 283 267
Z 42 z27.6
(o C1 22 39.3 8.6 55.52 193 288 249 -4.88 -3.54 -3.84 27.8 340 288
Cc2 108 31.3 197 249 225 -4.86 -1.44 -262 178 339 230
Z130 z39.2
D 1 51 10.8 10.8 22.42 111 155 1.39 -4.24 -3.87 -4.03 290 308 297
2 83 30.3 19.5 21.39 0.89 205 1.46 -4.74 -2.52 -3.63 226 333 278
3 95 53.4 231 31.31 1.01 189 146 -4.48 -2.93 -3.65 245 320 279
4 9 59.5 _61 76.72 155 193 167 -4.01 -350 -3.77 272 296 285
z238 z59.5

At some parts the shell margin is micritized. All scler-
ochronological results are summarized in Table 1.

Elemental and isotope compositions

CLwasapplied to all three shell structures (Fig. 8 A-C).
Compact shell portions show a dim, orange lumines-
cence between single growth lamellae. Growth lamel-
lae themselves are non-luminescent (Fig. 8 D). Within
non-compact (Fig. 8 E) and celluloprismatic struc-
tures (Fig. 8 F) dark brown to light orange CL colours
provide evidence for various cement generations.

uXRF element mapping provided valuable infor-
mation with respect to the preservation state of con-
sidered shells. Inclusions with higher concentrations
of Fe and Mn indicate recrystallized or bioeroded
parts (borings) of the shells. All shells contain stron-
tium, but the concentration varies considerably
depending on the shell structure. For example, the
compact parts of the LV (Fig. 8 H C1, J) have a signifi-
cantly higher Sr concentration than the non-compact
parts (Fig. 8 G, I) or the celluloprismatic parts (Fig. 8
H C2,) of the RVs. Especially in the latter one the Sr
content is very low.

Due to the high resolution of the point-by-point
UXRF line scans measured at the micrometre scale
resolution, the data sets were filtered to reduce the
impact of analytical outliers and irregularities that
occurred in the shell (e.g. boreholes or cracks).
Therefore, following Steuber (1999), ranges indicating
trace element composition of pristine calcite with low
Mg content were defined (Sr: 900 to 1500 pg/g; Mn:
< 200 pug/g; Fe: < 300 ug/g). All data points that were
not within the defined thresholds were excluded from
further analysis. In addition, cross plots were used
to separate outliers (Fig. 9). Finally, a 10-pt average
was calculated. The raw data and selected values are
shown in Table 2.

The uncertainty of the uXRF results was quantified
in three ways to illustrate the sources of error in the
trace element analyses used in this study (Table 3).
Firstly, the uncertainty on moving averages was quan-
tified along shell profiles by calculating the 95 % con-
fidence interval on the pooled standard deviation of
variability within each group of 10 points which are
averaged in XRF profiles to arrive at a pooled 95 %
confidence interval of precision for each element in
the trace element dataset. This method includes both
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concentration

Coaitistn J &

Fig. 8. A, image of a polished slab of a compact shell part (shell A). B, petrographic thin sections of non-compact parts under ppl (shell A).
C, petrographic thin sections of a celluloprismatic structure under ppl (Shell C2). D, CL image of a compact shell part with only a weak,
orange luminescence between the individual growth lamellae. E, CL images of a non-compact part, where different CL colours (brown
to light orange) demonstrate that different generations of cement exist. F, CL images of celluloprismatic structures with light orange CL
colours. G-J, variations in Sr concentration in the pXRF maps. The Sr concentration is lowest in C2 (H, celluloprismatic structured RV) and

highest in shell D (J, compact LV).

measurement uncertainty and small-scale variability
in the shell itself into uncertainty estimates and there-
fore likely overestimates measurement uncertainty.
This method results in typical 95 % confidence levels
of uncertainty for Mg (£396 ug/g), Sr (35 pg/g), Mn
(£50 pg/g) and Fe (+45 ug/g) Secondly, the accuracy
of the calibration of the XRF data was quantified by
propagating the standard error on the slope of the
calibration onto the mean concentration of each ele-
ment in the trace element dataset. This error analy-
sis likely underestimates the full uncertainty of XRF
analyses, as it does not consider the uncertainty on

the measurement procedure itself, only the calibration
accuracy. Following this method results in uncertainty
standard deviations for Mg (£53 pg/g), Sr (+1.5 ug/g),
Mn (£2.6 pg/g) and Fe (£1.6 ug/g). Thirdly, the stan-
dard deviation on repeated measurements (n = 10)
was calculated on three powdered homogenized car-
bonate reference materials (BAS CRM393 & CRM513;
Bureau of Analysed Samples, Middlesbrough, UK
and NIST SRMI1d; National Institute of Standards
and Technology, Gaithersburg, MD, USA). Note that
the concentrations of the elements of interest for this
study (Mg, Sr, Mn and Fe) in these standards is not
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Fig. 9. Fe vs. Mg and Mn vs. Sr of the here analysed shells. Due to their clustering thresholds were assumed: Sr 900-1500 pug/g, Fe: < 300
ug/g, Mn < 200 pg/g for further analysis. For Mg, no threshold was applied as the data points scatter widely.

Table 2. Elemental compositions (pg/g) of selected low-Mg carbonate rudist shells of the Monte La Costa section before (a) and after (b) the

thresholds were applied. Data provided in (b) are the basis for further analysis.

Sample no Sr (ug/g) Fe (ug/g) Mn (ug/g) Mg (ug/g)

Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean

a A 456 1448 1058 2 848 130 0 531 81 826 5628 2697
B 266 1582 1085 8 1307 288 0 914 89 942 6327 2907

c 88 1537 462 6 299 145 0 200 52 976 8501 3674

D 241 1902 1283 1 942 126 0 1329 101 737 4921 1548

IEI A 933 1350 1102 37 191 92 0 156 48 1669 4923 2587
B 924 1435 1239 132 267 199 0 111 45 1004 3520 2260

C 161 1425 487 75 247 145 0 110 47 1661 4835 3018

D 1118 1495 1313 25 274 92 0 186 49 1074 2300 1459
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Table 3. Results of analysing uncertainty of micro-XRF results on rudist calcite using three different statistical methods.

M Sr Mn Fe
Element Method  (5) (ugig) (ugie) (ugio)
Average (ug/g) - 2594 1118 70 97
Reproducibility within moving averages (95% CL) 1 396 35 58 45
Calibration uncertainty (SE slope) 2 53 1 3 2
Reproducibility within CRM393 carbonate standard (SD) 3 274 6 85 3
Reproducibility within CRM513 carbonate standard (SD) 3 256 18 30 8
Reproducibility within SRM1d carbonate standard (SD) 3 240 19 1590 9

always similar to that of the rudist shells analysed for
this study, and therefore the outcome of this precision
analysis may not be fully representative of the trace
element results in this study. The uncertainty standard
deviations according to this method on the CRM393
standard, which most closely resembles the shells in
terms of composition, are: +274 pg/g for Mg, +6 ug/g
for Sr, 85 ug/g for Mn and +8 ug/g for Fe.

The resulting smoothed trace element profiles
exhibit significant (> 2 SD, see Tab. 3) millimetre
scale variability in Mg, Sr, Mn and Fe concentrations
(Figs 10-13). In general, Mn and Sr concentrations

seem to fluctuate at the same scale as stable isotope
profiles (period of roughly 10 mm in Fig. 10 or 20 mm
in Fig. 13), with Sr and Mg contents varying in anti-
phase (see Fig. 11). Variability in Mn and Fe concen-
tration has a 2-3 times shorter period compared to
Mg and Sr and seems to show no apparent correlation
with each other or with the isotope profiles.

Oxygen isotope values of shell A (Fig. 10) vary
between -2.8 %o and -4.2 %o, whereas carbon iso-
tope values range from 1.8 %o to 3.4 %o. In total, five
880 cycles with amplitudes of < 1 %o were identified,
showing either a periodic triangular or a saw tooth
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Fig. 10. Oxygen and carbon isotopic composition with Sr, Fe, Mn and Mg variations plotted against the identified and counted growth
lamellae of shell A. Dashed lines show the non-compact shell structure parts, solid lines show compact parts.
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Fig. 11. Oxygen and carbon isotopic composition with Sr, Fe, Mn and Mg variations plotted against the identified and counted growth
lamellae of shell B. Dashed lines show the non-compact shell structure parts, solid lines show compact parts.

shape (Fig. 10). These five cycles are also visible in
the carbon isotope record. These superimposed rapid
changes towards more positive §°C values weakly
correlate with corresponding positive shifts in 8O
(Fig. 10: 1.2-4.5 cm; r* = 0.2). pXRF line scanning
provides evidence for periodic changes in Mg con-
centrations (period: 0.3-0.6 cm), ranging from 1700
to 3500 pg/g. An exception from this pattern is a
prominent positive spike reaching Mg concentrations
of 4900 ug/g (Fig. 5: 2.1 cm). Sr concentrations fluc-
tuate between 930 pg/g and 1100 ug/g. Significantly
higher amounts of Sr (< 1350 pg/g) are recorded in
the lower third of the shell (Fig. 10: 1.3 to 1.8 cm).
Fe concentrations are highly variable (40 pg/g to 190
ug/g), with values oscillating around a mean value of
about 90 ug/g. Mn concentrations range from 0 pg/g
to 160 pg/g, exhibiting a superimposed cyclic pattern
with higher frequency in the upper part of the shell
(Fig. 10: 3-4.2 cm).

Oxygen isotope values of shell B (Fig. 11) vary
between -2.9 %o and —4.4 %o, whereas carbon isotope
values range from 0.9 %o to 2.5 %o. Identified 8O
cycles (n = 2) exhibit a triangular to sinusoidal shape
with a mean amplitude of 1.3 %o and a wavelength of
0.7 cm and 1.4 cm, respectively (Fig. 11). Gradually
decreasing values characterizing the second cycle
are likely explained by a slightly oblique cut through
growth lamellae. Carbon isotope values lack a simi-
lar cyclic pattern and fluctuate around a background
value of about 1.6 %o. In the lower part of the shell
(Fig. 11: 0.3-1.2 cm), however, rapid negative and
positive shifts in §°C correlate well with correspond-
ing shifts in 8'*O (r* = 0.4). Mg concentrations are
characterized by periodic fluctuations (wavelength:

0.2-0.5 cm; amplitude: 1000 ug/g to 2000 pg/g) that
are superimposed on a cyclic sinusoidal pattern with a
range from 1004 to 3520 pg/g. Sr concentrations range
from 924 pg/g to 1435 ug/g (mean value: 1239 ug/g)
and provide evidence for a cyclic pattern. Fe concen-
trations exhibit a short term cyclicity (132 pg/g to 267
ug/g), with values oscillating around a mean value of
199 pg/g. Mn concentrations show a cyclicity (5 ug/g
to 111 ug/g), with values oscillating around 45 pg/g.

Oxygen isotope values of shell C (Fig. 12) vary
between —1.4 %o and —4.9 %o, whereas carbon isotope
values range from 1.9 %o to 2.9 %o. In total, the val-
ues derived from C2 (RV) are highly variable, while
the values of C1 (LV) show one broadly symmetrical
sinusoidal 8O cycle with an amplitude of <1.3 %o
(Fig. 12). The 6"*C values of C2 oscillate within a range
between 1.9 to 2.4 %o. No clear pattern is observed.
The §"°C values of C1 oscillate within a range between
2.2 t0 2.7 %o. pXRF line scanning of Mg of C2 shows a
highly variable record with oscillations of ~ 500 pg/g,
while C1 provides evidence for periodic changes in
Mg concentrations (wavelength: 0.2-0.4 cm), the lat-
ter ranging from 1700 to 4600 pg/g. The Sr concentra-
tions of C2 fluctuate between 160 pg/g and 260 pg/g,
while C1 contains a significantly higher amounts of
Sr (range: 920-1430 pg/g) with cyclic oscillations (0.4
cm wavelength) (Fig. 12). Fe concentrations provide
evidence for a small scale cyclicity (80 pg/g to 250
ug/g), with values oscillating around a mean value of
about 150 pg/g. Significant differences between the
valves cannot be observed. Mn concentrations range
from 0 pg/g to 110 ug/g, exhibiting a superimposed
cyclic pattern with wavelengths oscillating around 0.3
cm (Fig. 12).
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Fig. 12. Oxygen and carbon isotopic composition with Sr, Fe, Mn and Mg variations plotted against the identified and counted growth
lamellae of shell C. Dashed lines show the non-compact shell structure parts, solid lines show compact parts.
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Fig. 13. Oxygen and carbon isotopic composition with Sr, Fe, Mn and Mg variations plotted against the identified and counted growth
lamellae of shell D. Dashed lines show the non-compact shell structure parts, solid lines show compact parts.

Oxygen isotope values of shell D (Fig. 13) vary
between -2.5 %o and -4.7 %o. Carbon isotope values
range from 0.9 %o to 2.0 %o. In total, two prominent
§"0 cycles with amplitudes of <1.7 %o were identified,
showing a broadly symmetrical sinusoidal pattern
(Fig. 13). Most 8"C values oscillate around 1.5 %o.
Superimposed rapid changes in §”C towards more

positive values correlate strongly with correspond-
ing positive shifts in §"*O (Fig. 13: 1.1-1.4 cm: r* = 0.
6 and 2.8-3.1 cm: r* = 0.8). Mg concentrations are
highly variable (1100 to 2300 pg/g). Sr concentrations
are positively correlated with §'*O values, expressed
by two symmetrical sinusoidal cycles. Concentrations
range from 1120 pg/g to 1500 ug/g. Fe concentrations



16 Schmitt et al.

show small scale cyclic changes, with values varying
from around 30 pg/g to 270 ug/g. Mn concentrations
show a highly fluctuating record with a range from 0

ug/g to 190 ug/g.

Discussion

Preservation state

Rush & Chafetz (1990) demonstrated with their study
of Palaeozoic brachiopod shells that the preserva-
tion of original microstructures does not necessarily
exclude any diagenetic changes in the isotopic com-
position of the shells. The best way to reliably assess
the preservation of the studied shells is the combi-
nation of petrographic (CL and uXRF mapping) and
geochemical methods (IRMS and pXRF line scans).

Petrographic analyses.- Areas of the shells with a
clearly visible alternation of light to dark lamellae,
i.e., in the compact areas (shell C1, D but also in some
parts of shell A and B) do not show signs of strong
diagenetic overprint under transmitted light and CL
(Figs 4-8). This observation is supported by XRF
mapping (Fig. 8 G, J), which shows high Sr concen-
trations in the corresponding shell structures. In con-
trast, non-compact parts of shells A and B show clear
evidence of diagenetic alteration under transmitted
light and CL microscopy (Fig. 8 A-F). This can be
well explained by the higher primary porosity of these
shell parts, enabling circulation of diagenetic fluids
(Regidor-Higuera et al. 2007). The celluloprismatic
parts show evidence of diagenetic alteration, which
is clearly visible through orange-red luminescence
under CL (Fig. 8 F). Compared to the non-compact
parts, primary porosity in the celluloprismatic shell
parts was significantly higher, allowing fluids to circu-
late through these structures more easily. The porosity
decreased over time as secondary calcite precipitated
(Regidor-Higuera et al. 2007).

Elemental dataset.- Considering the elemental data,
it is generally assumed that samples are diageneti-
cally altered if the Mn and Fe concentrations in the
sample increase coupled with decreasing (Mg and)
Sr concentrations (Brand & Veizer 1980; Al-Aasm &
Veizer 1982; Steuber 1999). The change in Mn and Fe,
which might be caused by ontogenetic effects cannot
yet be estimated, so here the Mg/Sr ratio is used to
detect diagenesis (Veizer 1983; Steuber 1999). Using
this criterion, a cross-plot (Fig. 14) reveals that
shells A, B, C1 and D which are composed predomi-
nantly of compact and non-compact shell structures,

this study
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Fig. 14. Mg and Sr compositions of rudist shell A (purple), B
(green), C1 (white), C2 (grey) and D (red) compared with radi-
olitids from Croatia (Tiblja$ et al., 2004), Greece, United Arab
Emirates (Steuber 1999) and Spain (Regidor-Higuera et al. 2007).

contain a high Sr concentration value coupled with a
highly variable Mg concentration. These shells are in
a range similar to the rudist shell material classified
as well-preserved from the studies by Steuber (1999)
and Regidor-Higuera et al. (2007). However, various
data points of shell B and C2 show low Sr values cou-
pled with Mg concentrations, that are higher com-
pared to the ones from shell A, B, C1 and D (Fig. 14),
which might be linked to variations in metabolic
activity (Rosenberg & Hughes 1991, Klein et al.
1996), kinetic fractionation (Carpenter & Lohmann
1992) or which is interpreted in the case of the cel-
luloprismatic structure to represent diagenetically
altered calcite (Al-Aasm & Veizer 1986a, b; Steuber
1999; Tibljas et al. 2004). It is assumed that these
values result from the infill of the former hollow
structures with secondary cement (Regidor-Higuera
et al. 2007). However, diagenetic alteration can only
be partially confirmed for shell C2. Low Sr concen-
trations (< 200 pg/g) could indicate diagenetic alter-
ation, but very high Mg values (3500-4000 pg/g) do
not seem to confirm this, as diagenetic altered calcite
typically contains less Mg, and rudist shell calcite is
naturally low in Mg (Al-Aasm & Veizer 1986a, b;
Steuber 1999; Tiblja$ et al. 2004).

Mg concentrations and Mg/Ca ratios in marine
calcifiers are strongly influenced by calcification
temperature (e.g. Klein et al. 1996; Steuber 1996;
Elderfield & Ganssen 2000; Watanabe et al. 2001; de
Winter et al. 2017a). However, the application of the
Mg/Ca thermometer in bivalve carbonate is problem-
atic, as metabolic effects have been demonstrated to
influence shell Mg/Ca and Sr/Ca ratios in modern
species (e.g. Freitas et al. 2006; Steuber et al. 2011). The
higher order (sub-seasonal) variability in Mn and Fe
resembles short-lived changes in the concentrations
of these elements in modern mollusc shells related to
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sub-annual changes in redox condition, tidal rhythms
and storm activity (Freitas et al. 2006; Marali et al.
2017; Huyghe et al. 2019; Yan et al. 2020). While the
precise palaeoenvironmental interpretation of these
high-resolution trace element records requires a more
detailed understanding of the mineralization in mol-
lusc shells at the sub-annual scale, the preservation of
fine scale trace element patterns in non-compact and
compact shell sections of Eoradiolites highlights the
potential of these rudists as archives for short-term
(sub-seasonal) environmental change in Mesozoic
shallow marine environments (see e.g. de Winter et al.
2020).

Isotopic dataset.- Non-compact parts, observed in the
RVs of shells A (Fig. 10) and B (Fig. 11), show sharp
shifts towards more positive §'*O values. However,
the presence of non-compact shell structures (which
were assumed to be diagenetically altered) does not
automatically indicate the absence of any primary
signatures, as the low correlations of §°C and §'%O
values and the quasi sinusoidal §'*O pattern suggest.
Furthermore, the §®0O values in the RVs are sim-
ilar to those derived from the LVs and are in turn
comparable to previous §'®*O measurements from
well-preserved low-Mg calcite outer shell layers of
hippuritid rudists (Steuber 1999).

Shell fragments characterized by a compact struc-
ture provide oxygen isotope values with a smooth
sine function pattern, as visible in shell D (Fig. 13)
and C1 (Fig. 12), both LVs. This distinct pattern is
interpreted to mirror seasonal changes, without any
significant growth cessations. The celluloprismatic
structure of C2 (Fig. 12) shows a highly variable §'*0O
pattern, lacking clear cyclic variations. Seasonality
cycles are not identifiable, probably due to the infill of
the celluloprismatic structure with secondary calcite.
The lack of a clear seasonal pattern could also result
from the limitation of data points measured within
this structure.

Although individual sclerochronological patterns
are varied, all shells show an almost identical range
of 8'%0 values (Tab. 1). Cyclic variations of §°C and
680 observed in shell A show a covariance, which is
slightly out of phase (Fig. 10). Despite previous stud-
ies proposing correlations between 6"°C and 8O as
indicative of kinetic processes associated with diage-
netic recrystallization (e.g. Al-Aasm & Veizer 1986b)
this is not necessarily a sign for diagenetic alteration
in the here analysed shells. Cross-plots and R* values
derived from the whole dataset reveal a low (shell
A, B, Cl1), absent (shell D), and moderate (shell D)
correlation of isotope values (Fig. 15). The §"°C vari-
ations are supposedly caused by seasonal variations

°shellA R?=0.080
eshellB R?=0.066
°shell C1 R*=0.078

°shell C2

3%3C (%o VPDB)

°shellD R*=0.003

5"°0 (%o VPDB)

Fig. 15. Cross-plot of §'*0 and §"C of the studied shells and their
correlation factor (R?).

in marine productivity and its effects on marine dis-
solved bicarbonate (Arthur et al. 1983; Steuber 1996).

Estimating radiolitid growth rates

In general, annual cycles preserved in rudist shells can
be determined using: (1) flame-shaped growth rings
(concentric rugae); (2) changes in the microstructure
of the shell; or (3) cyclic repetition in the isotopic §"*O
pattern. Growth rates of radiolitid rudists can be esti-
mated using the number of lamellae per determined
annual cycle. Schumann (1995) proposed that a com-
plete “annual” cycle includes 24-25 growth lamellae.
However, Regidor-Higuera et al. (2007) state that the
number, the width, the stacking and the structure of
lamellae per year can vary between different genera
and species, depending on the environment in which
the shell was built.

In this study all three methods were applied:
(1) annual cycles were determined via growth ring
inspection on a macroscopic scale in shell B; however,
this approach is often unfeasible, since the flame-like
structure is very fragile and therefore often absent due
to the reworking of shell fragments in high-energy
marginal settings; (2) a change in the microstruc-
ture is not always visible due to the lack of structural
changes in the growth lamellae (shell A); and (3) the
cyclic repetition in the 8'O pattern is considered the
most reliable representation of an annual cycle, which
is thereby defined as the interval between two §"O
minima.

In shell A, five §'80 cycles with 14 to 28 growth
lamellae per year were identified resulting in an esti-
mated growth rate of 6.1 to 10.7 mm/a. Shell B con-
tains two complete §'*0 cycles with a lower number of
growth lamellae per year (10 to 24) but an increased
growth rate (7.2 to 13.7 mm/a). Two preserved
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8"0O cycles and corresponding growth lamellae (83
and 95) identified in shell D provide evidence for a
much higher annual growth rate between 19.5 and
23.1 mm/a. The number of growth lamellae per year
of shell A (14 to 28) and B (10 to 24) is comparable
to the results of Regidor-Higuera et al. (2007), who
counted 16 to 22 growth lamellae per year for a
Radiolites sp. and 11 to 27 growth lamellae per year
for a Praeradiolites ciryi. The vertical growth rate
varies between 3.5-15 mm/a (Regidor-Higuera et al.
2007), which is in agreement with the range of shell A
and B (6.1 to 13.7 mm/a). Shell D, in contrast, differs
significantly with a growth rate of up to 26.4 mm/a,
which is caused by the dominance of radial over verti-
cal growth (Fig. 3). The slower growth rates of the RVs
are caused by the predominance of vertical growth,
which is favoured over radial growth (Fig. 3) in order
to adapt to an unstable environment in a high-energy
setting (Steuber 1996; Pons & Vicens 2008), in which
the shells studied here lived.

Palaeoenvironmental implications

To reconstruct the prevailing environmental condi-
tions of the rudists’ living habitat, petrographic and
elemental results were combined. First, the distribu-
tion of growth lamellae was used to reconstruct the
living position of the bivalves within their marine
habitat. In general, growth lamellae are divided into
growth lines (dark) and growth increments (light).
During emersion phases (low tides), when the shell
is closed and the pH value decreases, dark lamellae
are produced. During immersion (high tides), the
shell opens and the pH value of the extrapallial fluid
increases to values similar to the surrounding water
(~7.8) and light lamellae are created (Regidor-Higuera
et al. 2007). The durations of immersion and emer-
sion phases are responsible for the width of one single
lamellae. As the alternation of light and dark growth
lamellae in the here analysed shells is often regular, a
continuous change between immersion and emersion
phases is assumed occurring in the intertidal domain.
Such a habitat is in line with a high-energy setting
located at the margin of a carbonate platform, which
was reconstructed for the MLC section due to well-
sorted and rounded shell debris.

Water temperatures from ancient waterbodies can
be reconstructed using 0 as it is assumed that the
organism produces its hard tissue in isotopic equi-
librium with the surrounding water (Epstein et al.
1953) and the seawater 6'*0 value is assumed to be
-1 % VSMOW during the Cretaceous (e.g. Friedrich
et al. 2012). However, some recent studies using
clumped isotope thermometry have demonstrated

that the assumption of a constant SlsonO(seawater) value
of -1 %0 VSMOW for deep time greenhouse settings
may not be valid in all palaeoenvironments, and could
be especially problematic in shallow marine succes-
sions (e.g. Jaftres et al. 2007; Petersen et al. 2016; de
Winter et al. 2021). Since the main purpose of this
study is to investigate whether radiolitid shells repre-
sent suitable archives of Cretaceous seawater charac-
teristics, the same parameters used in other studies,
mainly Steuber (1999), were used here to allow for
direct comparison.

For shell A, a range in sea surface temperature
(SST) between 23°C and 30°C can be calculated. Shell
B shows similar SST estimates with values between
24°C and 29°C. For shell C, only the LV, i.e., C1, was
used for an SST estimate, as the few measured values
of C2 do not show any cyclicity. The SSTs calculated
for shell C1 show a very low variation, i.e., in the range
of 27°C to 28°C. Shell D, considered as being excep-
tionally well preserved based on petrographic and
elemental results, shows SST variations between 22°C
and 29°C. All values and calculated temperatures are
summarized in Table 1.

According to Steuber et al. (2005) mean tempera-
tures derived from rudist skeletal carbonates from a
similar setting and palaeolatitude do not exceed 32°C
with most of their calculated values oscillating in a 20
to 25 °C range for the northern Tethys in the Early
Cretaceous. Similar SSTs are obtained from foramin-
ifera and TEX, are in line with the radiolitid shells
studied here (Fig. 16). Uncertainties of SST estimates
are primarily associated with the uncertainty regard-
ing the 6'®0 value of ancient seawater (Steuber et al.
2005).

Conclusions

In this study, a first approach was made to combine
petrographic and elemental results to determine
whether radiolitid shells could represent a valuable
archive for palacoenvironmental reconstructions. In
previous studies, radiolitids were rarely used for cli-
mate reconstruction due to their porous outer shell
structure, as the diagenetic calcite filling the pores
might compromise data collection. The following
conclusions can be formulated based on the data
obtained in this study:

1. Neither the isotopic nor the elemental datasets
indicate a strong diagenetic alteration of shells
A, B, C1 and D having either a non-compact or a
compact shell structure. Only C2, which contains
a cement-filled celluloprismatic structure, shows
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Fig. 16. The 8"80 values and calculated SSTs of shells A (RV; purple), B (RV; green), C1 (LV; white), D (LV; red) are plotted against the length
(um) and compared to value from radiolitids analysed by Steuber et al. (2005), TEX temperature data from the Aptian-Albian after O’Brien

et al. (2017) and foraminifera data after Bottini et al. (2015).

highly variable isotopic and elemental data and is
therefore classified as diagenetically altered.

2. The RV (shells A and B), which contains an alter-
nation of compact and non-compact parts, often
shows a 80 cyclic pattern.

3. The highly compact LV (shells C1 and D) records
a gradually, smooth sinusoidal §'*0 pattern and is
therefore a promising archive for palacotempera-
ture reconstruction.

4. Only RV (C2) of radiolitids, which is the only
valve consisting exclusively of a celluloprismatic
structure, must be excluded for environmental
reconstructions due to its high variability in both
isotopes and elemental data.

5. Due to regular alternation of the growth lamel-
lae, the intertidal zone is assumed to be the living
habitat of the shell producing organism. The aver-
age growth rates for the right valve are 7.5 mm/a
for shell A and 6.9 mm/a for shell B. The left
valve (shell D) has a much faster growth rate of
14.9 mm/a.

In summary, a multi-proxy analysis of mid-Cretaceous
radiolitid shells shows that it is possible to use them as
a palaeoenvironmental archive. However, before radi-
olitids can be used as such, a petrographic (CL and
uXRF mapping) screening and elemental (IRMS and
uXRF line scans) analysis is highly recommended not
only to rule out diagenetic alteration, but also to iden-
tify the shell structure. The latter determines whether
climate reconstruction can be performed (only with
compact and non-compact structure) or whether only
the reconstruction of the habitat is possible (cellulo-
prismatic structure).
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