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Abstract: Paleotemperatures based on %0 values derived from belemnites are usually “too cold”
compared to other archives and paleoclimate models. This temperature bias represents a significant
obstacle in paleoceanographic research. Here we show geochemical evidence that belemnite calcite
fibers are composed of two distinct low-Mg calcite phases (CP1, CP2). Phase-specific in situ meas-
urement of 880 values revealed a systematic offset of up to 2%o (~8 °C), showing a lead-lag signal
between both phases in analyses spaced less than 25 um apart and a total fluctuation of 3.9%. (~16 °C)
within a 2 cm x 2 cm portion of a Megateuthis (Middle Jurassic) rostrum. We explain this geochemical
offset and the lead-lag signal for both phases by the complex biomineralization of the belemnite
rostrum. The biologically controlled formation of CP1 is approximating isotope fractionation con-
ditions with ambient seawater to be used for temperature calculation. In contrast, CP2 indicates
characteristic non-isotope equilibrium with ambient seawater due to its formation via an amor-
phous Ca-Mg carbonate precursor at high solid-to-liquid ratio, i.e., limited amounts of water were
available during its transformation to calcite, thus suggesting lower formation temperatures. CP2
occludes syn vivo the primary pore space left after formation of CP1. Our findings support paleobi-
ological interpretations of belemnites as shelf-dwelling, pelagic predators and call for a reassess-
ment of paleoceanographic reconstructions based on belemnite stable isotope data.

Keywords: reconstruction; belemnites; biomineralization;

paleotemperature paleobiology;
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1. Introduction

Biogenic carbonates have been frequently used as paleoceanographic archives since
the development of oxygen isotope analysis [1,2]. The most commonly used biogenic car-
bonate archives for Mesozoic sea surface temperatures (5ST) are planktic foraminifera and
mollusks [3].

However, 180/160 distribution in calcite is affected by, e.g., seasonal bias [4], growth
rate, Mg content, and amorphous precursor effects (e.g., [5-7]). Vital effects, such as met-
abolic processes of a biomineralizing organism, differential composition of the precipitat-
ing fluid from the bulk environmental fluid, ionic strength (e.g., [8-10]), and secondary
diagenetic alteration [11,12], as well as sample averaging [13], all affect paleotemperature
estimates.
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Belemnite rostra (Figure 1B-E) were initially used in the standardization of carbonate
0180 analyses [1] and are considered to be resistant to diagenetic alteration due to their
dense low-magnesium calcite composition [14]. However, isotopic variability between
rostra from the same stratigraphic horizon and within a single rostrum [10] and the ob-
served difference in temperatures calculated between the aragonitic phragmocone and
calcitic rostrum of a single specimen [15] question the uncritical applicability of these
proxy data for paleoceanographic reconstructions. Large, comparative datasets show con-
clusively that belemnite rostra deviate towards heavier d¥0 values compared to other
contemporaneous calcitic fauna [16,17]. Recent high-resolution petrographic investigation
revealed two distinct calcite phases (CP1 and CP2) forming belemnite rostra [18-21]. The
timing and mechanism of formation of both phases have important implications for
paleoceanographic reconstructions based on bulk analyses. Here we present phase-spe-
cific, in situ SIMS 8180 values, as well as high-resolution elemental and Raman mappings.
Based on these data, we propose a new biomineralization model for belemnite rostra and
outline paleoceanographic and paleobiological implications.

epirostrum rostrum  phragmocone

B low Mg calcite
| aragonite

Figure 1. (A) Map of Central Europe and Germany with fossil collection locality (star). (B) Simplified reconstruction of the
belemnite animal with its aragonitic phragmocone, calcitic rostrum, and epirostrum (gray, soft tissue). (C) Cross section
of the rostrum with radially arranged fibers and growth increments (white). Red line indicates section plane, perpendicu-
lar to the calcite fibers, used for analyses resulting in the surface shown in (D). (D) Backscattered electron image of the
analyzed polished, thick section surface showing SIMS pits. (E) Raman image (150 um x 150 pum, resolution ~250 nm),
showing the background fluorescence distribution, which is indicative for the presence of organic matter within the bel-
emnite rostrum. The trigonal pyramids formed by the first calcite phase (1, CP1) are characterized by the highest amount
of fluorescence within the Raman spectra, whereas Raman spectra obtained in the second calcite phase (2, CP2) show
significantly less fluorescence. The fracture (3) filled with late diagenetic calcite (not further considered) shows no fluores-
cence in the Raman spectra. The white box refers to the field of view in Figure 2.
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Figure 2. X-ray element distribution maps acquired using electron microprobe (EPMA). (A) Distribution of Sr with slightly
higher counts in CP2 and significant lower counts in the late diagenetic calcite (3a and 3b) filling the larger crack. (B)
Distribution of Mg is heterogeneous with higher counts in the biogenic skeleton (CP1) compared to CP2. (C) Counts for S
are similarly distributed as Mg. (D) Distribution of P parallels the pattern Mg. (E) Counts of all four elements along the
profile I-II. Note: Bluish colors correspond to lower X-ray intensity, and warmer yellow-red colors, to higher x-ray inten-
sity (numbers in (B) refer to Figure 1; confidence bands are given as 10).

2. Materials and Methods

We used a polished 2 cm x 2-cm section of a Megateuthis rostrum that shows the bi-
phasic microstructure [19]. The specimen comes from the Middle Jurassic of southern Ger-
many (Latitude: 49.4520/Longitude 11.0767, Figure 1A). During deposition, the area was
located at about 34° N in a warm, fully marine epicontinental sea, about 60 to 80 km from
the coastline, with water depths of up to 70 m [22].

Electron probe microanalysis (EPMA), confocal Raman microscopy (CRM), backscat-
tered electron microscopy (BSE), and secondary ion mass spectrometry (SIMS) were done
on the polished section to investigate differences between CP1 and CP2. EPMA was done
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on a 10-15-nm carbon-coated sample surface using a Cameca SXFiveFE (central microan-
alytical laboratories, Ruhr-Universitdt Bochum). For quantitative analysis, we used a de-
focussed beam (5 um, acceleration voltage 15 kV, probe current 10 nA), and qualitative X-
ray mapping was on a 10-nm-thick gold-coated surface using a focused beam (acceleration
voltage 8 kV, probe current 400 nA). CRM was done using a WITec alpha 300 R confocal
Raman microscope (Alfred Wegener Institut Helmholtz-Zentrum fiir Polar- und Meer-
esforschung, Section Marine

BioGeoSciences) with an excitation wavelength of 488 nm, a spectrometer grating of
600/mm, and 500-nm blaze. The Cameca IMS-1280 (WiscSIMS, Department of Geoscience,
University of Wisconsin) produces high-precision (0.3%o, 2SD) analyses of 5'®O in car-
bonates with 10-um pit diameter [23,24]. Analysis was done using a caesium ion beam
with a standard-sample-standard bracketing technique, using two brackets of four anal-
yses of UWC-3 (0180 = -17.87%o, Vienna Pee Dee Belemnite, VPDB, [25].

Bulk isotope and thermogravimetric analysis (TGA) were performed on sample pow-
ders’ averaging areas adjacent to microanalysis drilled using an alumina carbide bit. TGA
was done using a Mettler Toledo TGA/DSC 1 (Alfred Wegener Institut Helmholtz-
Zentrum fiir Polar- und Meeresforschung, Section Marine
BioGeoSciences) and a heating rate of 10 k/min. Bulk 080 were measured by gas source
mass spectrometry (GSMS) using a Thermo Scientific Delta V Plus isotope ratio mass spec-
trometer (WiscSIMS, Department of Geoscience, University of Wisconsin) attached to a
Thermo Gasbench II/CTC GC-PAL autosampler (WiscSIMS, Department of Geoscience,
University of Wisconsin) and a precision of +0.22%. for 810.

3. Results

Thermogravimetric analysis indicated a weight loss of 1%, similar to water/organic
content of speleothem calcite and less than that of modern Porites coral aragonite [26]. The
two calcite phases, CP1 and CP2, had distinct isotope and trace element compositions.
CRM identified both as calcite and EPMA showed stoichiometric calcite end members
(Xcar= Ca/(Ca + Mg + Fe + Mn + Sr) = 0.99). CP1 comprised stacked and interconnected
trigonal pyramids with the brightest fluorescence in CRM images (Figure 1E-1), and sub-
micron-size, organic-rich grains. The highest concentrations of Mg, P, and S in the EPMA
map were within CP1, supporting the interpretation of organic matter from CRM fluores-
cence [27,28]. SIMS 60 values of CP1 were —0.5%0 (VPDB; N = 49) on average, 25D of
1.8%o, and a range from -2.1 to 0.8%. (Figure 3, 4).

Darker areas in the CRM images with isopachous texture were CP2 (Figure 1E-2) [19]
and had the highest Sr concentration. CP2 crystallites were oriented perpendicularly to
the surface of the trigonal pyramids forming CP1. Thin, organic-rich layers were observed
between individual crystals (Figure 1E). SIMS 680 values of CP2 were +0.3%0 (VPDB, N
= 39) on average, 25D of 1.8%o, and a range from —1.3 to 1.7%. (Figure 3, 4).

On average, SIMS analyses of CP2 were 0.8%o higher than CP1. Directly paired anal-
yses measured within a distance of 25 um showed CP2 with an average value of about
+1.0%o higher than CP1 (number of pairs = 21, standard error of mean = 0.2, T-test for no
difference p < 0.001). When compared across rostral growth, variation in CP2 lagged that
of CP1 by ~100 um (Figure 3). Bulk analyses showed an average 88O of +0.7 + 0.2%o
(VPDB). The bulk 580 value, within analytical uncertainty, intersected CP2 (+0.5%o).
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Figure 3. Variation in '®0 across the belemnite rostrum. CP1 generally has lower 80 compared to adjacent CP2 (mean
offset of 0.8%o). At several points, 8'30 of CP2 is lower than that of nearby CP1, most notably near 3250 pum. This crossover
highlights the lag between sinusoids in CP1 and CP2. Growth banding is more closely spaced toward the right of the
sampling transect because of the geometry of growth rings related to the cutting plane (Figure 1C and inset in top left
corner). A single bulk value using conventional acid digestion gas-source mass spectrometry (GSMS) was sampled in a
trench parallel to the SIMS transect for method comparison.

Oecc—H20 =

4. Discussion

The analyzed rostrum of Megateuthis showed no signs of significant diagenetic altera-
tion [19] using established screening methods (e.g., [11]). It showed an intrinsic bluish lumi-
nescence and intact fibrous microfabric, all indicative for well-preserved calcite ([19], Figure
5C,F). A few fractures and microstylolites were avoided during sampling.

4.1. SIMS Accuracy

Small differences in minor element chemistry did not significantly influence the ac-
curacy of SIMS-measured 9O values in carbonates [24]. Thermogravimetric analysis
analyses revealed a weight loss of 0.4% between 0-200 °C, attributable to water loss, while
weight loss between 200-600 °C was attributed to the combustion of organic matter [29].
There was a small difference in the amount of organic matter between both calcite phases
visualized by CRM (Figure 1E). Small differences in organic matter content within a spe-
leothem [30], Nautilus shell [23], fish otoliths [31], and the rostrum analyzed herein did
not bias 8'*0 values measured in organic-rich or organic-lean domains.

4.2. Oxygen Isotope Fractionation between Calcite and Water: Definitions and Range

The oxygen isotope fractionation factor between calcite and a precipitating water was
defined by the n moles of O and %O of the calcite (cc) divided by the n moles of 180 and
160 of the precipitating water:

18Rcc — ncc(180)/ncc(16o) — 81800c+1000
18RH20  NnH20(180)/nH20(1%0)  8180py,0 +1000

The isotope fractionation factor, acet20, which was closest to isotope equilibrium con-
ditions, was estimated by speleothem calcite grown at extreme low precipitation rates (see
[32,33]). Kinetically driven oxygen isotope fractionation effects can be related to non-iso-
topically equilibrated dissolved inorganic carbonate (DIC) species and/or high precipita-
tion rates (e.g., [5,34-36]). Both effects are known to result in lower apparent ct-t120 values
compared to equilibrium conditions. In brief, these kinetic effects were reflecting isotopic

(M
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disequilibrium conditions between the aqueous DIC species, e.g., induced by pH change
or CO:z degassing and/or during the uptake of the aqueous carbonate at the growing cal-
cite surface (e.g., [5,35,37]). In this context, the temperature-dependent acct20 relationship
of Kim and O’Neil [38] is most frequently used as calibration equation, which indeed rep-
resents out-of-isotope equilibrium conditions (about 1.5%o to 2%o0 lower apparent ctect20
compared to equilibrium conditions), but fits well with the oxygen isotope fractionation
behavior during most common calcite formation conditions at the surface of the Earth,
approximating isotope fractionation conditions at low precipitation rates (see [5,32,39]).
In contrast, higher apparent o120 values compared to equilibrium conditions were doc-
umented for calcite formed via amorphous Ca-Mg carbonate precursors, in particular, ex-
pected at high solid-to-liquid ratio, i.e., limited water availability during the transfor-
mation [7].

4.3. Oxygen Isotope Differences in the Two Calcite Phases

CP1 represented the phase formed under strict biological control [19] and was less
affected by common kinetically driven oxygen isotope effects due to the presence of car-
bonic anhydrase (CA) enzyme [40], whose presence was inferred based on the presence
of CA in modern mollusks including cephalopods [41-43]. Estimated formation tempera-
ture of CP1 calcite from 5'8Occ_cr1 values, according to Kim and O'Neil [38], yielded 12 + 4
°C, which indicated a high scatter of temperatures derived from a single rostrum. Oxygen
isotope distribution of secondary CP2 calcite, in only about 25-um distance from CP1 cal-
cite, exhibited significantly lower 5'8Occ_cr2 values (max. delta: —2.5%o; Figure 4A with de-
viation of CP1 und CP2 temperatures up to ~8 °C), which cannot reasonably be explained
by varying environmental formation temperatures. Accordingly, the local change in 58O
values is, rather, suggested to be based on calcite formation pathways. The potential im-
pact on the 10°In(acct20) value was displayed by setting the calculated Tce1 as references
(Tcp1 = Tcerz; Figure 4B). In the present case of biogenically induced formation, the higher
apparent 10°In(aect20) values of CP2 versus CP1 in Figure 4B cannot be explained by
reaching isotope equilibrium conditions such as those documented in speleothems (see
[33]). In contrast, the apparent 10° In(ctet20) of CP2 hinted towards the formation of calcite
via an amorphous carbonate precursor and its transformation within a water-limited en-
vironment, thus still reflecting the preferential entrapment of the 80 (versus '¢O) during
amorphous carbonate formation in the final calcite. Thus, CP2 is suggested to be precipi-
tated out of isotope equilibrium with seawater, reflecting an isotope fractionation behav-
ior typical for amorphous pathway of calcite formation. In analogy to CP2, the oxygen
isotope fractionation between carbonated hydroxyapatite (CHAP: synthesized between 6
to 80 °C; [44]) and water indicated a temperature dependence of 8'8Ocarbonate close to the
relationship of Daéron et al. [33]. This further supports our above-developed concept of
CP2 formation strategy, as CHAP precipitates are known to be formed through an amor-
phous precursor stage.

Alternatively, reduction of CA due to less exposed enzyme-hosting organic mem-
branes or differing secretion rates could limit CO2-H20 system equilibration [43]. Vital
effects in mollusks generally cause lower 00 values and, therefore, cannot explain the
observed offset ([45,46], but see [47]). Disequilibrium formation of CP2 and equilibrium
secretion of CP1 provide a plausible explanation for the observed 080 offset and represent
a biomineralization chronology.
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Figure 4. (A) Difference between the oxygen isotope composition of CP1 and CP2 calcite (*80cr1-0'®Ocr2in %o) from spot
analyses within a 25-um distance from each other. CP2 is isotopically heavier than CP1 calcite, except two cases showing
identical CP2 and CP1 values within the analytical precision (shaded area) and one case with a contrary behavior. (B)
Oxygen isotope fractionation between calcite (cc) and water (10% In(ae-#20)) as a function of temperature (T in K). o and
data for CP1 and CP2 calcite, where acct20 = (0'%0cri + 1000)/(0'8Orz0 + 1000) (i =1, 2; see values in Table S2) are estimated
by considering Mesozoic seawater to be 58020 (SMOW) = —1.0 %o (equal to =30.95 %o, VPDB) at ice-free condition [48].
Black, solid line is obtained from inorganic calcite precipitation experiments at low precipitation rates [38] and is used as
a Tce1 calibration line for CP1 calcite, representing a baseline for biogenically induced calcite. CP2 calcites are plotted vs.
Tcp1values, assuming identical formation temperatures for CP1 and CP2, to follow the shift of oxygen isotope fractionation
from CP1 to CP2, suppressing T effects (exemplarily indicated by the dashed line at about 6 °C). Dotted line: oxygen
isotope equilibrium conditions, as proposed by Daéron et al. [33], from calcitic speleothems. Blue arrow: trend of increas-
ing impact of vital effects on calcite precipitation (including precipitation rate and DIC disequilibrium effect (e.g., [5])).
Red arrow: trend of increasing impact of calcite formed via amorphous Ca-Mg carbonate precursors at high solid-to-liquid
ratio, i.e., water is limited during the transformation [7].

4.4, Rostrum Biomineralization Model

Secretion of organic scaffolds from mantle cells controls the shape and growth rate of
the rostrum (Figure 1B,C; [49]). In the rostrum, membranes with equidistant spacing lie par-
allel to the growth surface confining an extrapallial fluid reservoir (domain a, Figure 5E)
that is compositionally derived from ambient seawater. Organic scaffolds between these
membranes serve as sites for secretion and control the shape and crystallographic orien-
tation of CP1 trigonal pyramids [19].

At first, CP1 started to form a filigree framework of organic-rich calcite trigonal pyr-
amids. A second membrane-scaffold-membrane layer was constructed as the first layer of
CP1 was secreted. Residual water in the cavity, where the first layer of CP1 was secreted,
likely was altered from its original composition by removal of COs* and Ca?. With a lag
of about two growth layers (~100 pm), CP1 secreted in the second layer, contemporane-
ously with CP2 growing syn vivo in the remaining pore space within the first layer.

This model explains both the similarity in the magnitude of 180 variation within CP1
and CP2 and their spatial lag (Figure 3). Oxygen isotope values of CP2 had higher 580
(on average ~0.8%o) compared to those of CP1 but displayed a similar amount of variabil-
ity and a sinusoidal pattern. A potential argument for an amorphous precursor forming
CP2 is the assumed less water present during transformation to calcite, which results in a
larger big delta value. Given the dependence on the organic scaffold, CP1 formed under
biological control in the presence of CA (sensu [49]), thus reflecting the isotope fractiona-
tion relationship of Kim and O Neill [38]. Isopachous CP2 calcite crystals nucleated on the
surface of the trigonal pyramids without organic scaffolds, but most likely through an
amorphous precursor (Figures 1E and 5; [50]). Additional research on the nanometer scale
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could provide proof for the presence or absence of an alternating layered structure result-
ing from the decomposition of the amorphous precursor phase, as was recently demon-
strated by [51,52]. Extra-crystalline organic matrix or residual organic matter in the calci-
fying fluid was trapped along the surfaces of the CP2 crystals (Figure 1E). Other poten-
tially biologically induced biominerals are known from sepiid cuttlebones [53] and from
intercameral deposits of some fossil cephalopods [54,55].

Similar findings of microstructural complexity were described for five Middle Juras-
sic to Late Cretaceous belemnite genera [18,31], which suggests that this specific type of
rostrum microstructure and biomineralization pathway is universally present in belem-
nites. Interestingly, layers of organic membranes running parallel to the mineralized septa
of the Sepia cuttlebone have a similar spatial arrangement and may help to better visualize
the formation process of the belemnite rostrum microstructure (Figure 5).

domain b

wr 0oL ~

uonoalIp ymolf n——)

domain a

=t

Sepia, cuttlebone Megateuthis, rostrum | CO,-permeable membrane
captures: Ca’, HCO® H0

Figure 5. Precipitation model for the belemnite rostrum. (A,B) Sepia officinalis cuttlebone seen under (A) polarized light
with a small scale banding of the pillars and (B) under the fluorescence microscope with membranes associated with
growth bands [56]. (C,D) Cross section of a Megateuthis rostrum showing, at comparable scales, organic-rich layers, rep-
resenting former organic membranes under (C) transmitted light and (D) under the fluorescence microscope; white box
in C shows a BSE image [19] of trigonal pyramids (CP1), as depicted in the model (E), with slightly variable distances
between each layer. (E) Scheme of calcite phases in cross-section view showing the growth model: 1, two organic mem-
branes form a delineated space; carbonic anhydrase is associated with these membranes; 2, CP1 in domain a precipitates
with its trigonal pyramid morphology determined by organic framework; 3, forming of an organic framework and isolat-
ing membrane for CP1 in domain b; 4, CP1 in domain b precipitates simultaneously with CP2 of domain a. The process

repeats with continued organic matter scaffolding growth (see Supplementary Figure S3 for additional information).

4.5. Paleoceanographic Implications

The complex intergrowth of CP1 and CP2 means bulk 880 values likely bias recon-
structions toward colder temperatures. The lowest 5'80 values in CP1 (-2.7%o) might be
the best representation of maximum SST because they produced the highest temperature
estimates [31]. The homogenized bulk 50 value for this sample was +1.2%o higher than
average values of CP1 and biased temperature estimates to colder temperatures by ~5 °C
[38]. We suggest correction for this bias should be done with additional petrographic and
in situ geochemical sampling and not extrapolation from a single rostrum. We hypothe-
sized that species-specific and intraspecific differences in the proportion of CP1 to CP2 as
well as differences in the magnitude of 5¥O offset between CP1 and CP2 exist. There is
limited indication for clumped isotope close to equilibrium formation of belemnite calcite
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based on the dual clumped isotope (A4, As) analysis of a single rostrum [57]. However,
non-equilibrium 880 values would preclude a straightforward reconstruction of past 580
seawater composition based on clumped isotope temperatures [58].

4.6. Belemnite Paleobiology

Paleobiological evidence of belemnite lifestyle (e.g., comparative morphology, tapho-
nomy) suggests they were mobile, active swimmers, and our new data fit into this frame-
work [59]. Sinusoidal 880 variation can be explained by vertical migration and/or sea-
sonal temperature variability [13]. An interpretation of 5'80 as solely seasonal, however,
is unlikely because it would suggest a long (>5 years) lifespan at fixed depth for Mega-
teuthis, while modern, shallow-water coleoids, which are ecologically comparable to bel-
emnites, have lifespans of 1-2 years [60]. Vertical migration through a stratified water
column multiple times could produce the measured 0O pattern (Figure 3; [23]) but such
gradients in temperature or 5'80 of the seawater would have been present in the top 200
m of the water column due to mechanical limitations of belemnite shells [59].

5. Conclusions

We demonstrated that well-preserved belemnite rostra have heterogeneous d'¢0 val-
ues on a scale of 25 pm. Belemnite rostra record a complex, phase-specific oxygen isotope
pattern, suggesting the first calcite phase (CP1) to be reflecting formation temperature and
a second calcite phase (CP2) formed via amorphous precursor, which induces a typical
enrichment of 180 vs. 16O in the precipitating carbonate. Bulk data, comprising both calcite
phases, likely bias paleotemperature estimates by ~2—4 °C towards colder temperatures.
Therefore, reliable paleotemperature estimates can only be reconstructed from in situ
sampled CP1. The observed offset in 810 values of CP1 and CP2 can be best explained by
biomineralization of CP1 from extrapallial fluid derived from seawater most likely in the
presence of carbon anhydrase and the formation of CP2 from the transformation of an
amorphous calcium carbonate precursor under a high solid/liquid ratio. The lead-lag in
the formation of both phases implies that the rostra are initially less dense than pure cal-
cite but increase in density during growth of the belemnite rostrum. Future petrographic
and in situ geochemical sampling will provide constraints on the apparent bias in bulk
records and, therefore, can help to refine our understanding of paleoceanography
throughout the Jurassic, Cretaceous, and belemnite paleobiology.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1: Figure S1:
Thermogravimetric analyses of different carbonate materials. Figure S2: Classification of SIMS pits
and associated '8 Obelemnite. Figure S3: Detailed precipitation model for calcitic belemnite rostra. Ta-
ble S1: Summary statistics based on pit category. Table S2. Summary statistics for the pit category
data and related oxygen isotope ratios.
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