Version of Record: https://www.sciencedirect.com/science/article/pii/S0009254119302633
Manuscript_813f6d142d7f30ecbaa85d64alebacll

10

11

12

13

14

15

16

17

18

19

20

Assessing the biomineralization processes in the shell layers of
modern brachiopods from oxygen isotopic composition and elemental

ratios: Implications for their use as paleonvironmental proxies

Claire Rollion-Bard!", Sara Milner Garcia', Pierre Burckel!, Lucia Angiolini?, Hana

Jurikova®, Adam Tomasovych*, Daniela Henkel®

nstitut de Physique du Globe de Paris (IPGP), Sorbonne Paris-Cité, Univ Paris

Diderot, CNRS, F-75005 Paris, France

2Dipartimento di Scienze della Terra "A. Desio", Universita degli Studi di Milano,

Milan, Italy

3GEOMAR Helmbholtz Centre for Ocean Research Kiel, 24148 Kiel, Wischhofstr. 1-3,

Germany

“Earth Science Institute, Slovak Academy of Sciences, Dubravskd cesta 9, 84005

Bratislava, Slovakia

*Corresponding authors: rollion @ipgp.fr

Keywords: Brachiopod, oxygen isotopes, element-to-calcium ratios, shell

microstructure, vital effects, proxy.

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0009254119302633

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Fossil brachiopod shells are often used as valuable archives to reconstruct
paleoenvironmental conditions in deep time. However, biomineralization processes
can impact their fidelity as geochemical proxies. Brachiopod shells comprise an outer
primary layer, a secondary fibrous layer and sometimes, a tertiary columnar layer.
Therefore, it is essential to assess the potential effects of the biomineralization
processes in each of the different shell microstructures of modern brachiopods. This
study analyses the oxygen isotopic composition together with Li/Ca, Na/Ca Mg/Ca
and Sr/Ca data at high spatial (20-50um) resolution in seven modern brachiopod
species, focusing on differences between the primary, secondary and tertiary layers. In
all studied species, 8'%0 values of the outer primary layer are consistently out of
equilibrium with seawater. Also, this shell layer is enriched in Li, Na, Mg and Sr.
Contrary to the primary layer, the innermost secondary layer is near or at oxygen
isotopic and elemental equilibrium with ambient seawater. The columnar tertiary shell
layer, if present, has the least variable and the heaviest oxygen isotopic composition,
within the range of equilibrium values with seawater. This tertiary layer, however, is
depleted in minor and trace elements relative to the other shell layers. Thus, the
tertiary layer is more suitable for oxygen isotopic studies, whereas the innermost
secondary layer of the most mature parts of the shell is the best target in two-layered
shells. While we do not observe any clear interspecific relationships between Mg/Ca
and Sr/Ca ratios, on one hand, and environmental parameters such as temperature,
salinity and pH, on the other hand, there is a positive interspecific relation between
Na/Ca and salinity and a negative interspecific relation between Li/Ca and
temperature, suggesting their potential use as proxies of physicochemical parameters

of seawater.
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1. Introduction

Temporal changes of seawater temperature, salinity and pH during the
Phanerozoic can leave signatures in the geological record, offering an exceptional
opportunity to reconstruct past conditions in seawater chemistry, to understand the on-
going climate change and to predict its potential effects in the near future.
Biominerals produced by marine calcifying organisms are a key tool in reconstructing
the environmental parameters during their lifetime, as they act as archives of
environmental conditions that prevail during their growth. To date, most of the
information on the chemical evolution of marine environments through the
Phanerozoic is derived from stable isotopes and trace element data of marine
calcifying organisms such as foraminifera, corals, bivalves and brachiopods (e.g
Veizer et al., 1999; Lea et al., 2000; Angiolini et al., 2009; Brand et al., 2011; Schone
and Surge, 2012; Crippa et al, 2016b; Garbelli et al., 2016). Brachiopods were
ubiquitous throughout the Phanerozoic and continuous in the fossil record since the
Early Cambrian up to now (Williams, 1997; Zhang et al., 2008). Most of them secrete
shells made of low-magnesium calcite, generally the diagenetically most resistant
(e.g. Lowenstam, 1961; Brand and Veizer, 1980; Popp et al, 1986). Therefore, the
isotopic compositions and element/Ca ratios derived from fossil brachiopod shells are
a powerful tool in paleoenvironmental studies (e.g. Popp et al., 1986; Brand, 1989;
Veizer at al., 1999; Steuber and Veizer, 2002; Ullmann et al., 2016). Lowenstam
(1961) showed that modern brachiopods precipitate their shells in oxygen isotopic
equilibrium with ambient seawater and since then, fossil brachiopod shells have been
extensively used to reconstruct temperature of ancient oceans (e.g. Bates and Brand,

1991; Grossman et al., 1993; Wenzel and Joachimski, 1996; Korte et al., 2008). In the
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meantime, several studies on the incorporation of oxygen isotopes in modern
brachiopod shells have been conducted in order to verify the assertion of Lowenstam
(1961) (e.g. Carpenter and Lohmann, 1995; Buening and Spero, 1996; Brand et al.,
2003; Parkinson et al., 2005). They concluded that the calcite fibres of the secondary
layer incorporate oxygen isotopes in equilibrium with seawater, while the primary
layer is always depleted in '30 relative to equilibrium values. Recent studies carried
out with high spatial resolution techniques (Auclair et al., 2003; Yamamoto et al.,
2010, 2013; Cusack et al., 2012; Takayanagi et al., 2012, 2013; Romanin et al., 2018)
observed that the oxygen isotopic equilibrium is only reached in the innermost part of
the secondary layer, while the outermost part is depleted in 'O relative to
equilibrium. The depletion of 30 in the primary and outermost part of the secondary
layer is explained by kinetic fractionation effects (e.g. Auclair et al., 2003; Yamamoto
et al., 2010, 2013; Cusack et al., 2012). However, except in Cusack et al. (2012), all
of the previous analyses investigated the intrashell variations in stable isotopes with
micromill transects, achieving a relatively coarse resolution of about 0.1 — 0.5 mm. At
such resolution, seasonal or growth rate difference can be averaged out. In addition,
little attention has been paid to three-layered brachiopod species. In fossil
brachiopods, the tertiary layer probably achieves a more stable oxygen isotopic
composition and lower trace element contents than the primary and secondary layers
(Grossman et al., 1996; Angiolini et al., 2012), in agreement with the findings of

Romanin et al. (2018) for modern brachiopods.

Only few studies focused on the incorporation of elements in the different
brachiopod microstructures of the shells. Mg/Ca of brachiopod calcite has been
suggested to have a consistent temperature dependency with ambient seawater by

different studies (Perez-Huerta et al., 2008; Powell et al., 2009; Brand et al., 2013;
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Butler et al., 2015). However, as most of the brachiopods precipitate low-magnesium
calcite shells (e.g. Clarke and Wheeler, 1917), the assertion that Mg/Ca can be used as
temperature proxy has been challenged by other studies demonstrating that
magnesium incorporation into the calcite shell is mainly controlled by physiological
effects rather than environmental parameters (Lowenstam, 1961; Buening and
Carlson, 1992; England et al., 2006; Cusack et al., 2008). As for Mg/Ca ratio, Sr/Ca
and Li/Ca ratios have also been proposed as seawater temperature proxy (Delaney et

al., 1989; Lowenstam and Weiner, 1989).

To use elemental ratios and &0 values of brachiopod shells as environmental
proxies, it is fundamental to know the processes involved in their incorporation, and
to determine their reliability. Here, we investigated the variations of 3'%0 values and
elemental ratios (Li/Ca, Na/Ca, Mg/Ca and Sr/Ca) between the three layers differing
in microstructure, using high spatial resolution techniques (ion microprobe and laser
ablation-inductively coupled plasma-mass spectrometry, LA-ICP-MS). This
investigation was performed on seven brachiopod species belonging to the orders

Rhynchonellida and Terebratulida.

2. Materials and methods

Four specimens of Magasella sanguinea (Leach, 1814) (specimens DS401L,
DS402L, DS403L and DS404L), three of Terebratalia transversa (Sowerby, 1846)
(D500L, D5SO1L and DS504L), Notosaria nigricans (Sowerby, 1846) (DS428L,
DS429L and DS430L) and Gryphus vitreus (Born, 1778) (GV13, GV47 and GV78),

two specimens of Magellania venosa (Dixon, 1789) (MV05 and MV17) and one
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specimen of Liothyrella neozelanica (Thomson, 1918), (DS422L) and Calloria
inconspicua (Sowerby, 1846) (DS419L) were selected. In total, we analysed
seventeen specimens from seven modern brachiopod species (Fig. S1). Terebratalia
transversa samples were collected at a depth of 64m in the subtidal zone of San Juan
Islands, Washington, USA (48.5°N, 123°W) in February 2002. Magellania venosa
was collected in Ensenada de las Islas, Chile (43.8°S, 72.9°W) in March 2013, at a
depth of 22m. Gryphus vitreus shells were sampled in 1974 near Tuscan Archipelago,
Italy (42.3°N, 9.9°E) at a water depth between 140 and 160m. Finally, M. sanguinea,
C. inconspicua, L. neozelanica and N. nigricans were collected in August 2010 from
the subtidal zone of Doubful Sound, New Zealand (45.4°S, 167.1°E) at a depth of
20m. They were collected in environments differing in water depth and latitude, and
thus covering a wide range of environmental settings in terms of temperature, salinity

and pH (Fig. 1, Table 1).

2.1. Sample preparation

The shells of each specimen were disarticulated into valves. The valves were
cut into halves along a midline from the posterior (umbo) to the anterior parts to
obtain longitudinal sections that are parallel with the ontogenetic growth. One portion
of ventral and/or dorsal valves was mounted in epoxy and polished with diamond
paste down to 1um (Fig. 2), and then used for ion microprobe and LA-ICP-MS. The
other portion was kept for bulk &'®0 analyses, carried out by milling. In that case, any
remaining soft tissue and encrusting organisms, such as bryozoans or coralline algae,
were removed manually and cleaned in an ultrasonic bath with MilliQ water for 30
minutes. Later, they were brushed and rinsed with deionized water and then dried at

ambient temperature.
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2.2. Scanning electron microscopy (SEM)

For the microstructural investigation of the brachiopod shell, the polished
samples were etched with 5% hydrochloric acid for 3 seconds (Crippa et al., 2016a)
and then carbon coated. Images were performed using a Zeiss-Auriga scanning
electron microscope (SEM), equipped with a field emission electron gun (FEG) at 15

KeV with a SE-Inlens detector.

2.3. Oxygen isotopic analysis

2.3.1. lon microprobe technique

Oxygen isotopic composition was determined using the ion microprobe
technique with a CAMECA IMS 1280-HR at CRPG-CNRS (Nancy, France) during 4
analytical sessions. Analyses were carried out following the procedure as described in
Rollion-Bard et al. (2007). Oxygen isotopic analyses were performed with a 5 nA Cs*
primary beam with a charge compensation by a normal-incidence electron gun. The
oxygen isotopes, °O and 'O, were simultaneously measured in multicollection mode
by using two off-axis Faraday cups, L’2 and HI. Gains of Faraday cups were
intercalibrated at the beginning of each analytical session. Analyses were performed
with a pre-sputtering time of 30 seconds, followed by 30 cycles of 4 seconds. During
the pre-sputtering time, backgrounds of the Faraday cups were measured. Typical ion
intensities of around 6 x 10° cps (counts per second) and 3 x 10° cps were obtained for
30" and '°0, respectively, and after few minutes of counting, the internal 20, error

was less than +0.1%c. The instrumental mass fractionation (IMF) was corrected by
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normalizing to three in-house calcite standards, BRET (5'%0=-10.87%0 V-PDB,
Rollion-Bard and Marin-Carbonne, 2011), MEX (8"%0 = -7.05%¢ V-PDB, Rollion-
Bard et al, 2007) and CCciAg (30 = -11.61%0 V-PDB). The external
reproducibility, estimated from replicates of the calcite in-house standards was
between +0.10 and 0.55%o, depending on the analytical session. The total error for
each 8'®0 measurement takes into account the internal error and the external
reproducibility. When necessary, the IMF was also corrected for the Mg content
effect, by applying the correction factor of -0.3 x MgO %wt (Rollion-Bard and Marin-
Carbonne, 2011). All 330 values are presented in %o relative to V-PDB international

standard.

To assess the variability in oxygen isotopic composition, transects from the
outermost to the innermost part of the shell were performed with spot of 20 um and
applying a constant step of 50 um. They were carried out in the central and/or anterior
parts of each shell (see Fig. 3 for an example of transect in N. nigricans), with a
distance of 6 mm (N. nigricans) to 17 mm (M. venosa) between them, depending on
the shell size. The number of analyses was determined by the shell thickness and
converted into relative distance to have the best comparison between transects, i.e. 0%
represents the outermost part of the shell and 100% the innermost. In some cases, the
different shell layers could not be analysed due to their low thickness compared to the
spot size of the ion microprobe or laser ablation measurements. Moreover, as it was
shown by previously studies (Parkinson et al, 2005; Brand et al, 2015; Romanin et al,
2018; Ye et al, 2019) that there are no significant differences between ventral and
dorsal valves, the profiles were not performed in all ventral and dorsal valves. The
analysed transects were later observed under SEM to assign each spot to a specific

shell layer.
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2.3.2. Conventional bulk technique

Oxygen isotopic compositions of brachiopod shells were analysed by
conventional bulk technique, in order to check the accuracy of the 80 values
measured with the ion microprobe. For this, the anterior part of the other half of each
shell (Fig. 2) was sampled using a Merchantec MicroMill (New Wave Research). The
different shell layers were micromilled until obtaining around 30 pg of powder. The
primary layer was first sampled by carving lines at the surface with a depth of around
30 um. In two-layered shells, the secondary layer was drilled. In the case of L.
neozelanica, as the secondary and tertiary layers are often intercalated (Fig. 4), the
powder was a mixture of tertiary and secondary layers. For G. vitreus, lines were
performed in the central part to obtain mainly the tertiary layer. Calcite powders were
then reacted with 100% phosphoric acid at 25°C and measured by a Gas Bench
coupled to a Thermo Finnigan DELTA Plus XP isotope ratio mass spectrometer at
IPGP, France. &'80 and &'°C data are presented in Table 3. The average of the ion
probe &30 values of the anterior transects of each sample was compared to the bulk
value and the values were adjusted. Depending on the analytical session, an offset
from 0.84 to 4.44%o between the ion probe and bulk analyses was observed, similar to
the offset reported by Kolodny et al. (2003), Cusack et al. (2012) and Juillet-Leclerc
et al. (2018). The causes of this offset are not determined yet. Nevertheless, the
difference of 3'80 values between the primary and secondary layers was in agreement
with the two techniques, giving confidence to the intra-shell variability measured with

the ion microprobe technique.
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2.4. Elemental measurements by LA-ICP-MS

Chemical composition (Li, Na, Mg, Al, Ca and Sr) was analysed with an
Analyte G2 Excimer laser ablation system (193 nm), coupled to a quadrupole Agilent
7900 ICP-MS (LA-ICP-MS). It was operated at a repetition rate of 5 Hz and an

energy fluence of 3.37 Jxcm™

. Samples were analysed using a laser spot of 50um
diameter and each measurement consisted of 60 seconds with a measurement of the
background (gas blank) of 30 seconds. The isotopes "Li, »Na, **Mg, Mg, ?’Al, **Ca,
#Ca, and *8Sr were monitored. >’Al was collected to check any contamination by clay
minerals that could shift Mg/Ca values upwards (Barker et al., 2003). One run
comprised 10 to 20 analyses, depending on the shell thickness of the sample. Due to

the thickness of the primary layer relative to the laser spot size, it was not always

possible to analyse it, as for example for Gryphus vitreus.

Measurements of NIST glass standards 610 and 612 were acquired before and after
each run. The use of NIST glasses as standards for carbonate analyses was shown
suitable and not subject to matrix effects (e.g. Sylvester, 2008). Raw counts were
processed using IOLITE software with NIST glasses used for calibrating the elements
and #*Ca as an internal standard. The overall precision (RSD, Relative Standard
Deviation) of elemental ratios (TE/Ca), based on repeated measurements of NIST 612
glass, was calculated by adding the errors of the specific element (0x) and the error of
Ca (Oca), as RSD=( 05+ 0c.?)"?, and was 14% for Li/Ca, 7% for Na/Ca, 4% for

Mg/Ca and 2% for Sr/Ca.

3. Results
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3.1. Shell microstructure

Shells of rhynchonelliform brachiopods comprise up to three calcite layers
(Williams, 1966): the outer primary layer, made by acicular calcite, the secondary
fibrous layer and sometimes a tertiary columnar layer (e.g. Williams, 1997;
Griesshaber et al., 2005; Immenhauser et al., 2016). The three different shell
microstructures can be observed under SEM (Fig. 4). In all brachiopod species, a thin
outer primary layer of ~20um thickness, made of finely acicular and granular calcite
was observed. Adjacent to the outer primary layer, a secondary layer made by calcite
fibres forms the majority of the shells, except for G. vitreus specimens. The thickness
of the secondary layer varies between species and specimens, from 0.3 to 1.4 mm. A
tertiary layer made of columnar calcite is developed in L. neozelanica and G. vitreus
(Fig. 4¢). In G. vitreus, the shell consists almost exclusively of tertiary layer, while in
some areas of the L. neozelanica shell, the production of the tertiary layer is reverted
into secondary layer again (Fig. S2). Endopunctae - characteristic perforations of the
shell - were also evident in the secondary layer of terebratulid brachiopods (Fig. 4a),
whereas they were absent in the rhynchonellid N. nigricans (Fig. 4b), as expected

(e.g. Perez-Huerta et al., 2009).

3.2 Geochemical compositions of brachiopod shell microstructure

Carbon isotopic compositions are between -1.8 and 2.8%o, depending on the
species (Table 3). These values are in agreement with Brand et al (2015). Values of

8"3C of G. vitreus (between 2.7 and 2.8%0) seem to plot in the equilibrium field as

defined by Brand et al (2015). The '3C values of the other species vary between
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individuals (Table 3). This could be due to incorporation of carbon in disequilibrium

from transition zone calcite as defined by Brand et al (2015).

All SIMS 30 and minor and trace element values are listed in the
supplementary tables. Transects were performed in the central and anterior parts (Fig.

3) and throughout the different microstructures from the outermost to the innermost

shell.

3.2.1. Primary layer (PL)

In terebratulid brachiopods, the primary layer is generally depleted in 30
relative to the secondary and tertiary layers (Fig. 5), as previously reported (e.g.
Carpenter and Lohmann, 1995; Auclair et al., 2003; Parkinson et al., 2005; Cusack et
al., 2012). The variability within the primary layer is as high as 2.5%o, in agreement
with Auclair et al. (2003) and Carpenter and Lohmann (1995). In 7. transversa, 330
values of the primary layer range from -5.7 + 0.2%o (dorsal valve of specimen D501L)
to -3.2 + 0.2 (ventral valve of D500L), even if the majority of the 5'%0 values of the
primary layer are around -3%o. In M. sanguinea and C. inconspicua, collected at the
same location, it ranges from -4.2 + 0.2%o to -1.0 £ 0.4%0 (DS402L) and from -3.9 +
0.4%0 to -3.2 + 0.4%0 (DS419L). In the primary layer of M. venosa, 80 values are
between -5.6 = 0.2%o (ventral valve of MVO05) and -2.3 + 0.2%c (dorsal valve of
MV17). In the rhynchonellid brachiopod N. nigricans, the primary layer is not as
depleted in 80 as in terebratulid brachiopods. The intrashell variability is less

pronounced, with &0 values between -1.0 + 0.3%0 (DS429L) and 0.7 + 0.2%o

(DS430L). 3'%0 values of the primary layer of three-layered brachiopods are -3.8 +
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0.3%o in L. neozelanica and from -2. + 0.2%o (ventral valve of GV47) to 0.5 + 0.2%o

(dorsal valve of GV47) in G. vitreus.

Elemental ratios of the primary layer are generally higher than in secondary
and tertiary layers (Fig. 6). In rhynchonelliform brachiopods, the higher content of
trace elements in the primary layer is well known (England et al., 2006; Cusack and
Williams, 2007; Perez-Huerta et al.,, 2008). However, the enrichment is more

pronounced in the rhynchonellid N. nigricans than in terebratulid species (Fig. 6).

In the primary layer, Li/Ca values range from 27.8 + 3.5 to 36.5 £ 5.5
pmol/mol in 7. transversa, from 31.9 £ 5.3 pmol/mol to 33.8 £ 5.6 pmol/mol in M.
sanguinea, 38.6 £ 5.8 umol/mol in C. inconspicua, from 36.1 + 5.3 to 55.5 + 6.1
umol/mol in M. venosa, from 35.9 + 5.3 to 36.5 + 5.6 pmol/mol in L. neozelanica,
from 33.1 £ 6.1 pmol/mol to 43.5 + 5.4 umol/mol in G. vitreus and from 36.8 + 4.7 to

41.9 £ 5.0 umol/mol in N. nigricans.

+

Na/Ca values in T. transversa are between 10.2 = 0.4 and 14.0 = 0.3
mmol/mol, in M. sanguinea between 13.8 £ 0.3 and 14.3 + 0.4 mmol/mol, in C.
inconspicua is 17.6 £ 0.6 mmol/mol, in M. venosa between 15.5 = 0.5 and 15.6 + 0.3
mmol/mol, in L. neozelanica between 12.6 + 0.3 mmol/mol and 22.6 + 1.5 mmol/mol,
in G. vitreus is between 14.4 + 0.3 mmol/mol and 18.3 + 0.4 mmol/mol and in N.

nigricans between 15.0 = 0.3 mmol/mol and 16.3 + 0.3 mmol/mol.

Mg/Ca values in the primary layer range from 5.1 * 0.1 to 10.2 £ 0.5
mmol/mol in 7. transversa, from 10.3 + 0.3 to 11.3 £ 0.4 mmol/mol in M. sanguinea,
15.6 £ 0.6 mmol/mol in C. inconspicua, from 5.3 £ 0.1 to 9.8 £ 0.2 mmol/mol in M.

venosa, from 15.6 + 0.4 to 24.6 + 0.7 mmol/mol in L. neozelanica, from 15.4 + 0.3 to
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39.8 + 0.6 mmol/mol in G. vitreus and from 19.1 £ 0.3 to 21.3 = 0.5 mmol/mol in N.

nigricans.

Finally, Sr/Ca values in T. transversa are between 1.54 + 0.05 and 1.85 + 0.08
mmol/mol, in M. sanguinea between 1.70 £ 0.04 and 1.71 £ 0.06 mmol/mol, in C.
inconspicua is 2.35 = 0.08 mmol/mol, in M. venosa between 1.80 £+ 0.03 and 3.30 +
0.07 mmol/mol, in L. neozelanica between 1.76 + 0.04 and 1.79 + 0.05 mmol/mol, in
G. vitreus between 1.39 £ 0.04 and 1.99 + 0.03 mmol/mol and in N. nigricans

between 1.68 + 0.06 and 1.94 + 0.04 mmol/mol.

3.2.2. Secondary layer (SL)
3.2.2.1. Oxygen isotopic compositions

As shown in Figure 5, the oxygen isotopic composition of the fibrous
secondary layer of modern brachiopod shells showed a typical pattern towards heavier
isotopic composition from the outermost to the innermost part of the shell, reaching a
plateau in the innermost regions, as observed by Cusack et al. (2012). This shell layer
displays the highest degree of 8'30 variability, particularly in terebratulid brachiopods
(up to 5%o), in agreement with previous studies (e.g. Auclair et al., 2003; Yamamoto
et al.,, 2011; Cusack et al., 2012). Generally, no change in the oxygen isotopic
composition between central and anterior transects is observed, but some specimens
displayed a difference in the variability of 3'0 values between ventral and dorsal
valves (e.g. M. sanguinea, Fig. 5b). As in Cusack et al. (2012), rhynchonellid
brachiopods (N. nigricans) record the highest 3'%0 at earlier ontogenetic stages than
terebratulid brachiopods, resulting in a &0 plateau in most of the shell thickness

(Fig. 5d).
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8'%0 values of the secondary layer in the species 7. transversa range from -2.6
+ 0.1%o in the outermost part to 0.7 + 0.1%¢ in the innermost part in the ventral valve
of D500L; from -3.6 % 0.2%o0 to -0.8 * 0.2%0 in D501L and from -3.8 £ 0.4%o0 to 0.2 +
0.4%o in the ventral valve of D504L. Thus, in T. transversa, the overall variability in a
80 profile in the secondary layer is between 1.6%o0 and 4%o, depending on the
specimen and valve studied. In M. sanguinea, 80 values range from -3.1 + 0.2%o to
1.3 £ 0.1%0 in DS401L, while it ranges from -2.0 + 0.2%o to 2.3 + 0.4%0 in DS402L,
respectively. In DS403L, it ranges between -1.1 £ 0.2%0 and 0.9 + 0.2%0, and in
DS404L between -0.7 + 0.2%o and 1.9 + 0.2%c. The overall variability of 80 in a
profile of M. sanguinea is between 1.8%o¢ and 4.3%o. 8'%0 values of the secondary
layer in C. inconspicua have an overall variability of 4%. and range from -1.7 + 0.4%o¢
to 2.3 + 0.4%o. In the brachiopod species M. venosa, the oxygen isotopic composition
of the secondary layer increases as much as 4.3%o from the outermost towards the

innermost regions and ranges between -3.9 + 0.2%0 and 0.5 + 0.2%0, in MVO05 and

from -3.1 = 0.2%0 to 0.9 + 0.2%0 in MV 17.

In N. nigricans, oxygen isotopic values of the secondary layer in DS428L
range from -0.3 + 0.4%o to 1.9 * 0.4%o. In DS429L, &0 values range from -2.1 *
0.2%0 to 2.1 * 0.3%0 and in DS430L from -0.2 + 0.2%0 to 2.0 = 0.2. Thus, in
rhynchonellid brachiopods, 80 values in the innermost regions are similar between
specimens, while the lowest values in the outermost regions could differ up to 2%eo.
8'%0 variability within a profile is around 2.2%0 in DS428L and DS430L, and 4%o in

DS429L.

Although L. neozelanica is a three-layered shell, the 8'0 pattern of the

secondary layer shows the same trend as for the two-layered shell species, with an
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increase of &0 values from the outermost to the innermost part and a pronounced
variability in the secondary layer, from -4.4 + 0.3%o in the outermost to -0.3 + 0.3%o
in the innermost part of this shell microstructure (Fig. Se). In G. vitreus, the tertiary
layer forms most of the shell thickness (Fig. 5f). Nevertheless, the same trend in the
secondary layer is observable in transects performed in the anterior part of the shell
(Table 1). 80 values in this species are between 0.5 + 0.2%o and 1.9 * 0.2%o in
GV13, between -3.6 + 0.2%o and 2.62£0.2%0 in GV47 and range from -0.8 + 0.2%o to

1.6 £ 0.3%0in GV78.

3.2.2.2. Elemental compositions

The distribution of lithium, sodium and strontium follows a characteristic
trend towards lower content from the outermost to the innermost region (Fig. 6). The
same trend was described by Perez-Huerta et al. (2008) for magnesium and strontium
in the terebratulid brachiopods T. transversa and Terebratulina retusa (Linnaeus,
1758). Li/Ca, Na/Ca and Sr/Ca values reported here are similar to those previously
reported for modern brachiopod shells (e.g. Delaney et al., 1989; Lee et al., 2004;
Perez-Huerta et al., 2008; Butler et al., 2015; Ullmann et al., 2017; Romanin et al.,

2018).

In T. transversa, Li/Ca values are between 21.5 * 4.5 and 63.2 + 4.5
umol/mol, in M. sanguinea between 21.2 + 4.4 pmol/mol and 39.7 £ 5.2 umol/mol, in
C. inconspicua between 26.0 £ 4.4 umol/mol and 29.8 + 4.5 umol/mol, in M. venosa
between 19.2 + 4.8 and 43.0 = 5.1 pmol/mol, in L. neozelanica between 21.5 £ 5.3
and 35.6 £ 5.4 umol/mol, in G. vitreus Li/Ca between 15.2 £ 5.0 pumol/mol and 38.2 +

5.6 umol/mol and in N. nigricans between 27.1 + 4.5 and 46.3 + 4.5 pmol/mol.
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In the secondary layer of T. transversa, Na/Ca ratio varies from 3.7 + 0.1 to
11.5 £ 0.3 mmol/mol, in M. sanguinea from 6.9 £ 0.1 to 12.4 £ 0.3 mmol/mol, In C.
inconspicua from 8.5 £ 0.2 to 12.0 = 0.3 mmol/mol, in M. venosa, from 7.5 + 0.2 to
13.2 + 0.2 mmol/mol, in L. neozelanica from 6.8 + 0.2 to 12.1 + 0.3 mmol/mol, in G.
vitreus from 6.8 + 0.2 to 12.4 mmol/mol and in the rhynchonellid N. nigricans from

9.1 +0.2 to 14.9 + 0.3 mmol/mol.

Sr/Ca values are between 0.94 + 0.02 mmol/mol and 1.55 + 0.04 mmol/mol in
T. transversa, 1.06 = 0.02 and 1.54 + 0.04 mmol/mol in M. sanguinea, 1.12 + 0.02
and 1.45 £ 0.04 in C. inconspicua, 1.05 £ 0.02 and 2.03 £ 0.07 mmol/mol in M.
venosa, 0.99 + 0.03 and 1.43 + 0.04 mmol/mol in L. neozelanica, 0.88 + 0.08 and 1.33
+ 0.03 mmol/mol in G. vitreus and 0.89 + 0.04 and 1.50 = 0.04 mmol/mol in N.

nigricans.

In the secondary layer, the Mg/Ca ratio shows the highest variability compared
to the other elements measured. Generally, there is a decrease at the boundary
between the primary and the secondary layer and then a plateau across the thickness
of the secondary layer (Fig. 6h). However, in T. transversa, M. sanguinea and C.
inconspicua, there is also an increase when reaching the innermost part (Fig. 6g),
which is contrary to the trend described by Perez-Huerta et al. (2008). The magnitude
of Mg/Ca values agrees with previous studies on modern brachiopod shells (England
et al., 2006; Perez-Huerta et al., 2008; Brand et al., 2013; Butler et al., 2015; Ullmann
et al.,, 2017). In T. transversa, Mg/Ca values range from 3.7 = 0.1 to 16.2 + 0.4
mmol/mol, in M. sanguinea from 4.5 + 0.1 to 15.7 £ 0.4 mmol/mol, in C. inconspicua
from 4.5 + 0.1 to 11.0 = 0.3 mmol/mol, in M. venosa from 2.2 + 0.04 to 5.2 + 0.1, in
L. neozelanica from 8.0 + 0.3 to 26.0 + 0.7 mmol/mol, in G. vitreus from 10.2 + 0.2

mmol/mol to 17.1 £ 0.4 and in N. nigricans from 8.0 = 0.2 to 12.9 £ 0.2 mmol/mol.
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3.2.3. Tertiary layer (TL) (G. vitreus and L. neozelanica)
3.2.3.1. Oxygen isotopic compositions

The tertiary layer has always the highest %0 values compared to the oxygen
isotopic compositions of the primary and secondary layers. Our values are within the
same range of 8'%0 values from Romanin et al. (2018) for L. neozelanica and G.
vitreus. Moreover, the 80 values are the least variable along the profile, contrary to
the variability observed in the secondary layer (Fig. 5e and 5f). For L. neozelanica,
8'%0 values vary within =1%o, from 0.7 + 0.3%o to 1.7 % 0.3%o. In G. vitreus, the d'%0
variability depends on the specimen analysed, ranging between 1.2 and 1.8%o. In
GV13, 580 values are from 1.4 + 0.2%0 to 3.2 + 0.2%o, in GV47, from 1.7 + 0.2%o to

2.9+ 0.2%0 and in GV78, from 1.6 + 0.3%o to 3.3 * 0.3%eo.

3.2.3.2. Elemental ratios

For all the elements measured in the tertiary layer, except Mg, there is a sharp
decrease in the values compared to the contents in the primary and secondary layers
(Fig. 6), as observed by Romanin et al. (2018) in G. vitreus. In the case of Mg/Ca, it is
generally depleted, but there are some innermost regions where Mg/Ca increases up to
~23 mmol/mol (see supplementary Table 2). In this shell fabric, as for the 5'30, the
values of all the trace element ratios, except for Mg/Ca, are less variable throughout
the profile In G. vitreus, Li/Ca values range from 8.6 £ 1.7 to 11.3 £ 1.7 pmol/mol in
the ventral valve and from 9.7 £ 1.4 to 16.2 = 1.5 pymol/mol in the dorsal valve,
whereas in L. neozelanica, it ranges from 3.9 + 4.9 to 4.4 + 4.8 in the ventral valve

and from 12.3 £ 3.5 to 14.7 = 3.6 umol in the dorsal valve. Na/Ca values are between
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1.9 £ 0.1 mmol/mol and 4.6 + 0.1 mmol/mol in G. vitreus, while they are between 1.9
+ 0.1 and 3.6 £ 0.1 mmol/mol in L. neozelanica. Mg/Ca ratio varies from 1.76 + 0.03
mmol/mol to 26.0 + 0.1 mmol/mol in G. vitreus and from 1.7 £ 0.05 mmol/mol and
9.0 £ 0.2 mmol/mol in L. neozelanica. Sr/Ca values in G. vitreus range from 0.55 +
0.01 mmol/mol to 0.74 £ 0.01 mmol/mol and L. neozelanica from 0.57 = 0.01

mmol/mol to 0.74 + 0.01 mmol/mol.

4. Discussion

4.1. Isotopic and elemental ratios equilibrium

In order to assess if brachiopod calcite is precipitated in oxygen isotopic
equilibrium with surrounding seawater, we calculated the 3'%0 equilibrium field using
various temperature calibrations (3'30-T) determined for inorganic calcite, as well as
for biogenic carbonates (Epstein et al., 1953; O’Neil et al., 1969; Anderson and
Arthur, 1983; Kim and O’Neil, 1997; Brand et al., 2013; Watkins et al., 2013). Then,
we compared this equilibrium field with the 80O measured in shells for each
brachiopod species (Fig. 7). The equilibrium values were calculated using the range of
temperature and the 380y at the site of collection (Table 1) and correcting for Mg
concentrations for the equation of Brand et al. (2013). The calibration of Watkins et
al. (2013) gives the highest 8'®0 equilibrium range, with an enrichment of =1.5%o
compared to the previously published calibration equations (Epstein et al., 1953;
O’Neil et al., 1969; Anderson and Arthur, 1983; Kim and O’Neil, 1997; Brand et al.,
2013). The highest 5'%0 values, found in the tertiary layer (Fig. 7e,f), are in agreement

with the equilibrium range determined from the equation of Watkins et al. (2013) for
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inorganic calcite. As also found by Ullman et al. (2017) and Bajnai et al. (2018), the
equation defined by Watkins et al. (2013) seems to reflect the equilibrium 3'%0 values

for inorganic calcite much better.

To compare the elemental ratios of modern brachiopod shells with equilibrium
values for calcite precipitated inorganically, we defined the parameter Ep.ic, as

follows:

Dy

Eb—iC = K_gic (eq 1)

where Dx is the partition coefficient (the ratio of minor and trace element-
MTE/Ca between calcite and seawater) of element X in the brachiopod calcite, and
KX is the equilibrium partition coefficient of the same element for calcite precipitated
inorganically. Ko* values were taken from Okumura and Kitano (1986) for Na/Ca
(Ka™® = 0.0002), Oomori (1987) for Mg/Ca (Ka€ = 0.01 at 10°C and 0.015 at 15°C),
Marriot et al. (2004) for Li/Ca (K" = 0.0063 at 10°C and 0.0078 at 15°C) and
DePaolo (2011) for Sr/Ca (K4 = 0.07). The values were selected since they comply
with the temperature at the collection site. By definition, values of Ep.ic in equilibrium
are equal to one, and if the values are greater or lesser than one, the incorporation of

the element is above or below equilibrium, respectively.

4.2. The primary layer

As observed in previous studies (e.g. Carpenter and Lohmann, 1995; Auclair
et al., 2003; Parkinson et al., 2005; Penman et al., 2013; Rollion-Bard et al., 2016),
the primary layer is almost always in oxygen isotopic disequilibrium relative to
seawater, with values depleted in 'O (Fig. 5, supplementary Table 1). Based on the

correlation between 8'°C and &'80 values in the primary and secondary layers, this
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depletion has been ascribed to kinetic fractionation effects (e.g. Carpenter and
Lohmann, 1995; Auclair et al., 2003; Parkinson et al., 2005). However, Mg
measurements challenged this explanation (Rollion-Bard et al., 2016), because the
&°Mg values are equivalent between the primary and secondary layers, and close to
the magnesium isotopic equilibrium field. It was then suggested that the '80-depletion
could be due to precipitation via amorphous calcium carbonate (ACC) precursors, as
proposed by Griesshaber et al. (2009), Cusack et al. (2010), Goetz et al. (2011) and
Gaspard and Nouet (2016). ACCs are known to be a precursor phase for the
precipitation of calcium carbonate in numerous biogenic carbonates such as the
centres of calcification in corals, sea urchins and molluscs (e.g. Hasse et al., 2000;
Weiss et al., 2002; Baronnet et al., 2008; Jacob et al., 2008; Vidavsky et al., 2016;
Mass et al., 2017). The use of ACC in biominerals as a transient precursor phase is
common because this type of calcium carbonate is easily formed and shaped by an
organic template (Raz et al., 2002; Weiss, 2003). In the case of the brachiopod
primary layer, ACCs seem to be the precursors to the initial formation of crystallites

during the production of new calcite fibres (Griesshaber et al., 2009).

In the primary layer, all the element data are above equilibrium values (Fig. 6),
with an abrupt decrease at the boundary between the primary and the secondary
layers. In rhynchonelliform brachiopods, the higher content of Mg/Ca and Sr/Ca in
the primary layer is well known (e.g. Cusack and Williams, 2007; England et al.,
2006; Perez-Huerta et al., 2008) and has been ascribed to physiological and/or
precipitation rate effects. However, as with 580 values, the higher element content is
likely due to the formation of the primary layer via ACC precursors. The exact
pathway of transformation from ACC to calcite or aragonite is still not clear. In vitro

studies advocate a transformation via dissolution and reprecipitation (Blue et al, 2017;
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Giuffre et al, 2015; Wolf et al, 2008), whereas in vivo observations tend to show a
solid-state process via dehydration and rearrangement of the structure (Politi et al,
2008; Weiner and Addadi, 2011). These two pathways would likely have different
influence on the resulting geochemical signature of the biocarbonates. As there is no

consensus yet, we can only speculate on the possible influence of ACC precursors.

Many biocarbonates present the same pattern, i.e. finely acicular and
microgranular calcite depleted in '®0 and '*C, while enriched in some elements. It is,
for example, the case for centres of calcification (CoC) in corals (e.g. Adkins et al.,
2003; Rollion-Bard et al., 2003, 2010; Meibom et al., 2004; Gagnon et al., 2007;
Robinson et al., 2014; Rollion-Bard and Blamart, 2014), primary calcite of
foraminifera (e.g. Erez, 2003; Bentov and Erez, 2006; Rollion-Bard et al., 2008) and
here primary calcite of brachiopods. Mass et al. (2017) observed that the CoCs are
formed via ACC. This transient phase was not yet observed in foraminifera or in
brachiopods, but the similitude, both in textural appearance and in geochemical
signatures, could be interpreted as the precipitation of primary calcite via ACC. Mg**
is known to be a key ion controlling the stabilization of the ACC by inhibiting the
crystallization of CaCOs (Politi et al., 2009), thus increasing the Mg content
(Mavromatis et al., 2017). This agrees with the high Mg content in amorphous phases
relative to the aragonite and vaterite found in bivalves (Jacob et al., 2008). In the case
of Sr, the uptake has also been shown to be enhanced during ACC transformation, due
to the rapid crystal growth during the ACC transformation into calcite crystallites

(Littlewood et al., 2017).

4.3. The secondary layer
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The secondary layer displays the highest variability in 80 values (up to 5%o)
and in elemental ratios. In all the specimens investigated, there is a common trend for
5'%0 and elemental ratios, reaching a plateau termed “equilibrium zone” by Perez-
Huerta et al. (2008), in the innermost part of the secondary layer. Here, we will use
the term “plateau zone” to refer to this stable geochemical part of the secondary layer,
to avoid the perception that the precipitation is in isotopic or elemental equilibrium.

The common pattern and the high variability concerning the geochemical
composition of the secondary layer cannot be only explained by variations of the
external environmental parameters, (e.g. temperature and salinity). For example, the
annual average temperature range at the site of collection is 4°C for 7. transversa,
6°C for M. sanguinea, C. inconspicua and N. nigricans and 3.5°C for M. venosa, and
thus can only explain a 8'%0 variation between 0.8 and 1.3%o, considering a 8'%0-T
dependence of -0.22%c/°C (Epstein et al., 1953). The 80O variation due to salinity
change according to the 8'®0-salinity relationship established by Gillikin et al (2005)
for Pudget Sound and by Delaygue et al (2000) for the other collecting sites, leads to a
variation of 0.3%o for T. transversa, 1.6%o for M. sanguinea, C. inconspicua and N.
nigricans and of 0.1%o for M. venosa. Consequently, the geochemical variability of
the secondary layer must be explained by some additional physiological effects
controlling the 3'80 and elemental composition of the brachiopod secondary layer.
The possible causes could be: (1) Rayleigh fractionation, (2) variation of pH of the
fluid of calcification and (3) kinetic effects.

(1) Rayleigh fractionation has been proposed to explain the variability of
different elemental ratios in biocarbonates as foraminifera and corals (Elderfield et al.,
1996; Cohen et al., 2006; Gagnon et al., 2007). As we observe in the Figure 8, there is

a covariation between Sr/Ca and Na/Ca, which could be caused by Rayleigh
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fractionation. To test this hypothesis, we performed a theoretical Rayleigh
fractionation model. For this, we chose the example of T. transversa measurements
for Sr/Ca and Na/Ca ratios (Fig. S3), as it is the species with the highest number of
analyses. Four possible scenarios were investigated. In the scenario (i), the initial fluid
has Na/Ca and Sr/Ca content similar to that of seawater, i.e. Na/Ca = 45.9 mol/mol
and Sr/Ca = 8.6 mmol/mol, and partition coefficients of inorganic calcite (Dna =
0.0002, Okumura and Kitano, 1986; and Ds; = 0.07, DePaolo, 2011). In the scenario
(i1), the initial fluid is the seawater, but the partition coefficients are calculated to have
the same initial element content as in brachiopod calcite (Dna = 0.00011 and Ds; =
0.11). In scenario (iii), partition coefficients are those for inorganic calcite, but the
trend is estimated adjusting the elemental ratios of the initial fluid (Na/Ca = 32
mol/mol and Sr/Ca = 12 mmol/mol). Applying the equation of Elderfield et al. (1996)
for Rayleigh-type incorporation of elements, we observe that none of these scenarios
reproduce the trend found in the brachiopod secondary layer (Fig. S3). To have the
‘Best fit’ parameters to reproduce our trend, we applied in the scenario (iv) the
method of Gagnon et al. (2007) by combining Na/Ca and Sr/Ca with the following

equation:

()= o) () + [ (), - G (@) o2

As in Rollion-Bard and Blamart (2015), we calculate Ds; from the slope of the

log-log plot of the Sr/Ca-Na/Ca relationship (slope=0.37). Using Dna calculated from
the lowest brachiopod Na/Ca value (Na/Ca=5.01mmol/mol, Dn.=0.00011) and
assuming that the fluid Na/Ca ratio is equivalent to seawater, it gives a value of
Ds=0.63, which is 9 times higher than Ds, of inorganic calcite, i.e. Ds=0.07. With
Dna=0.00011, Na/Casw=45.9 mol/mol and the calculated Ds=0.63, Sr/Ca of the

precipitating fluid is 1.48 mmol/mol. In this case, if Na/Ca is similar to seawater, then
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Sr/Ca of the calcifying fluid is very different from seawater, in the order of six times
lower. In conclusion, Rayleigh fractionation is unlikely to be the mechanism
responsible of the MTE and 8'%0 variations in the secondary layer calcite.

(2) The pH can control the isotopic composition of oxygen during the
precipitation of calcium carbonate (e.g. McCrea, 1950; Usdowski et al., 1991
Usdowski and Hoefs, 1993; Zeebe, 1999, 2001, 2007). The relative proportions of the
three dissolved carbonate species (H.COs3, HCOs5", COs*) depend on the solution pH.
As these carbonate species have different 8'80 values (Usdowski and Hoefs, 1993;
Kim and O’Neil, 1997; Zeebe and Wolf-Gladrow, 2001; Beck et al., 2005), it is
assumed that the 3'30 value of carbonate can be dependent of pH via the proportional
incorporation of the different carbonate species. Internal pH has been determined by
microelectrode measurements with the resulting value of ~ 7.8 (Jurikova et al., 2019).
Another way to access this parameter is the measurements of 8''B, as &''B of
carbonates is a pH proxy (e.g. Vengosh et al., 1991; Hemming and Hanson, 1992).
Penman et al. (2013) analysed the boron and oxygen isotopic compositions in the
brachiopod shells of T. transversa and M. venosa. In T. transversa, a variability of
1.25%o in 8'30 corresponds to a variability of 2%o in &''B, from 16.51%o to 18.50 %o.
This variability in 3''B values in 7. transversa corresponds to a pH variation of 0.2
pH-units (from a pH of 8.10 to 8.30, using a pKp of 8.82, and &''Bsw=39.61%;
Dickson, 1990; Millero, 1995; Foster et al., 2010). In M. venosa, there is essentially
no &'%0 variation (from 2.56 %o to 2.53 %o), but the &''B values change by 2.85%o,
from 14.76%0 to 17.61%o, corresponding to a pH variation of 0.3 pH-unit (pH from
7.86 to 8.16). For this brachiopod, the 8!'B variability combined with the stability of
8'%0 signal is indicative that pH changes have occurred within the shell but did not

lead to differences in the oxygen isotopic composition. Therefore, changes in the
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internal pH seem not responsible for the variation in the oxygen isotopic composition
of the secondary layer of modern brachiopod shells.

Changes on the incorporation of elements throughout the secondary shell layer
due to pH are also unlikely. In Penman et al. (2013), it is shown that the highest
values of &''B are in the mid-part of the secondary layer, corresponding to the highest
pH of 8.16, while in the outermost and innermost secondary layers a drop in &''B
occurs indicating lower pH values down to 7.86. So pH does not covary with the trend
of elemental ratios in the secondary layer (Fig S4). This assumption, however, has to
be verified by measuring both 8''B and elements by in situ techniques. In the case of
Na/Ca and Mg/Ca, this is also supported by inorganic calcite experiments, where the
uptake of Na/Ca and Mg/Ca is independent of pH in the range of pH 7.38-10.60 and
6.8-9, respectively (Ishikawa and Ichikuni, 1984; Hartley and Mucci, 1996). Although
we do not observe any trend concerning pH and Mg/Ca, the assertion that Mg/Ca is
independent on the pH has to be taken carefully, because in Mavromatis et al. (2013),
the Mg/Ca ratio is dependent on the saturation state (Q), a parameter that is directly
related to the pH of the solution.

(3) Kinetic effects are often thought to cause the depletion in 80 of the
precipitated carbonate (McConnaughey, 1989a,b; McConnaughey et al., 1997; Zeebe
and Wolf-Gladrow, 2001; Auclair et al., 2003; Rollion-Bard et al., 2003, 2011). They
occur because during the CO; hydration and hydroxylation reactions, the bicarbonate
ions do not have the time to equilibrate with H2O in the calcifying fluid. Even if the
link between the calcification rate and the growth rate is not straightforward, it seems
that the magnitude of the kinetic fractionation effect changes during brachiopod
lifetime. Brachiopod shells grow from the posterior towards the anterior part and from

the exterior towards the interior (Ye et al., 2018), having its highest growth rates at



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

the early stages of their life (e.g. Paine, 1969; Auclair et al., 2003; Yamamoto et al.,
2013). This implies that fibres from the posterior and outermost secondary layer were
precipitated when the brachiopod was at its juvenile stage showing rapid growth. This
part corresponds to the highest depletion in '0 relative to equilibrium (Fig. 5), as
expected from theoretical kinetic consideration (McConnaughey, 1989a; Zeebe and
Wolf-Gladrow, 2001; Auclair et al., 2003; Rollion-Bard et al., 2003, 2011). The same
holds for the calcite fibres of the innermost and anterior regions, which were
deposited in the most mature stages of the brachiopod life with slow growth rates
(Paine, 1969; Auclair et al., 2003; Ye et al., 2018) and thereby are less affected by
kinetic fractionation effects.

The overall profile of lithium, sodium and strontium distribution in the
secondary layer can also be explained by kinetic effects. The higher element content
in calcite due to kinetics has been theoretically explained by different mechanisms,
such as the growth entrapment model, surface reaction model or the ion-by-ion model
(Watson and Liang, 1995; Watson, 2004; DePaolo, 2011; Nielsen et al., 2012). Many
experiments of inorganic calcite precipitated under controlled conditions showed that
Sr/Ca ratios are dependent on calcification rates (i.e. Morse and Bender, 1990;
Gabitov and Watson, 2006; Tang et al., 2008; Gabitov et al., 2014; Alkhatib and
Eisenhauer, 2017). As Ds:<1 in calcite, the Sr/Ca ratio increases with calcification
rates (Mavromatis et al., 2013). This is also the case for the incorporation of Na* into
calcite in the laboratory experiment carried out by Busenberg and Plummer (1985).
As the shell becomes more mature and precipitates calcite at slower rates in the
innermost and anterior regions of the shells (Paine, 1969; Auclair et al., 2003), like
with the oxygen isotopic composition, the Na/Ca and Sr/Ca ratios decrease until

reaching the “plateau zone” in the innermost region. The fact that Sr/Ca is correlated
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with Na/Ca and the oxygen isotopic compositions in the secondary layer (Fig. 8)
highlights once more the control of calcification rate on 80 values, Na/Ca and Sr/Ca

in the secondary layer of terebratulid brachiopods.

Lithium incorporation is positively correlated with calcification rates in
aragonite precipitated inorganically (Gabitov et al., 2011). However, there is no study
yet addressing the dependence between lithium incorporation and calcification rates
into calcite, but if we assume the same dependence between calcite and aragonite,
then the trend towards lower lithium content in the innermost regions can also be
explained by kinetic effects.

Finally, since brachiopod species studied here precipitate low-Mg calcite
shells (Lowenstam and Weiner, 1989), we can expect that Ey.ic values for magnesium
are below 1. It is, indeed, the case because Ep.icomg) is between 0.05 to 0.2 (Fig. 6),
indicating that they incorporate five to twenty times less magnesium than calcite in
equilibrium with ambient seawater. This is likely because of a physiological
mechanism of Mg exclusion (Lowenstam, 1961; Lowenstam and Weiner, 1989;
England et al., 2006; Perez-Huerta et al., 2008), as already observed in other
calcifying organisms like foraminifera and bivalves (e.g. Lorens and Bender, 1977;
Lea et al., 1999; Erez, 2003). The exclusion of Mg is probably due to its inhibition
role on the nucleation and growth of calcite (i.e. Lippmann, 1973; Mucci and Morse,
1983; Zhang and Dave, 2000). Moreover, we did not observe a trend towards lower
values in the innermost regions, in contrast to the other elements, probably due to the

strong biological control that the brachiopod exerts on this element.

4.4 Tertiary layer
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The tertiary layer has the highest '80 values and the smallest overall
variability compared to the other layers. The 8'0 variations are in the order of 1%o to
1.5%0, in agreement with the temperature and salinity variation at the sites of
collection. Moreover, this layer is within the equilibrium field of inorganic calcite

using the equation of Watkins et al. (2013).

In the tertiary layer, we observe a strong depletion in Li/Ca, Na/Ca and Sr/Ca
ratios relative to the primary and secondary layers. Grossman et al. (1996) also found
the same depletion pattern in elements in the tertiary layer of Pennsylvanian fossil
brachiopod shells (Crurithyris planoconvexa, Composita subtilita, Neospirifer
dunbari and Neospirifer pattersoni). The Ep.ic. values are two times lower than in the
secondary layer, ranging between 0.25 to 1.02 for Li/Ca, between 0.21 and 0.39 for
Na/Ca and between 0.86 and 1.29 for Sr/Ca, depending on the brachiopod species.

The lower element content in the tertiary layer can be explained by two scenarios.

First, the differences in element contents between the secondary and tertiary
layers can be due to contamination by organic matter. The secondary layer has higher
organic content than the tertiary layer (MacKinnon and Williams, 1974; Goetz et al.,
2009; Ye et al.,, 2018). As Ca is a trace component in organic matter, any
contamination should be detected in the signal intensity detected by the ICP-MS by a
decrease in the number of counts of “*Ca. As the calcium signal intensity was at the
same level for all the measurements, it is likely that organics do not affect the content

of elements in the secondary layer.

Second, it can reflect that either the partition coefficients of inorganic calcite

are not well constrained, or that there is different fractionation for elements during the
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ionic transport through the cell membranes between shell microstructures. To our
knowledge, there is only one study available for Na and Li incorporation into
synthetic calcite (Okumura and Kitano, 1986; Marriott et al., 2004, respectively),
while the incorporation of Sr into calcite has been extensively studied (i.e. Lorens,
1981; Gabitov and Watson, 2006; Tang et al., 2008; Alkhatib and Eisenhauer, 2017).
When comparing Li/Ca, Na/Ca and Sr/Ca with inorganic calcite, we observe that Li,
Na and Sr in brachiopod calcite goes towards equilibrium values in the innermost
regions of the secondary layer, and therefore, we assume that the innermost regions of
the secondary layer are the portions in equilibrium with ambient seawater. Therefore,
if the values of the partition coefficients are not the cause, it must be another
mechanism accounting for the depletion of elements in the tertiary layer. The tertiary
layer is produced when the organics that enclose the secondary layer fibres are not
produced anymore, so the fibres lose their boundaries and coalesce into the tertiary
layer prisms (MacKinnon and Williams, 1974; Williams, 1997). Therefore, this
change in the secretory regime of the outer epithelial cells probably produces different
fractionation of elements during the ionic transport through the cell membranes,

leading to the depletion of elements in the tertiary layer.

4.5. Elemental ratios: environmentally controlled?

The possible control of environmental parameters (temperature, salinity and
pH) on the partition coefficients of Li, Na, Mg and Sr in the “plateau zone” secondary
layer, i.e. innermost region, of terebratulid brachiopods is shown in Figure 9. Data
relative to the significant (p<0.05) linear relationships and statistics are given in Table

4. The relationships account only for the element values in the innermost secondary
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layer, i.e., the “plateau zone”, because we assume this is the region the closest to

equilibrium with ambient seawater or fluid of calcification (Fig. 6).

As proposed by Perez-Huerta et al. (2008) for the incorporation of Mg and Sr,
differences in Ep.ic. between Mg/Ca and Sr/Ca in the "plateau zone" could be due to
physiological control on the incorporation of elements. This is particularly evident for
Mg/Ca ratios. Their relatively low values are probably due to the exclusion of Mg
from the fluid of calcification via biological mechanism(s) like Mg?**/Na* antiporters
or Mg?*-ATPase (e.g. Zeebe and Sanyal, 2002). However, the exclusion of Mg
apparently does not restrict the use of Mg in biogenic carbonates: foraminifera also
exclude Mg and are extensively used to reconstruct paleotemperatures on the basis of
species-specific calibrations (e.g. Niirnberg et al., 1996; Rosenthal et al., 2011; Evans
et al., 2015). Therefore, whether Mg/Ca reliably records temperatures or not has been
a matter of debate; in some studies they defend its potential use (e.g. Brand et al.,
2003; Butler et al., 2015), while others discourage it (Lowenstam, 1961; Perez-Huerta
et al., 2008), arguing in favour of the strong biological control of Mg in low-Mg
calcifying brachiopods superimposing the environmental parameters. In the Figure 9g,
we observe that Dy increases with temperature. This relationship is statistically
significant (p < 0.05, Table 4) and in agreement with inorganic calcite experiments
(Oomori et al., 1987). Nevertheless, when comparing with other values from the
literature (Delaney et al., 1989; Perez-Huerta et al., 2008; Brand et al, 2013; Butler et
al., 2015), there is no apparent trend. The latter could be due to different sampling
techniques. Here, we consider only the values of the “plateau zone” only, while in
other studies, Mg/Ca is the bulk value or the average of the entire secondary layer.
The same holds for salinity. Dwmg increases with salinity, this relationship being

statistically significant (p < 0.05, Table 4), if only our data are considered. With
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previous published values, the data become scattered. In consequence, we observe a
trend of Dmg with temperature and salinity, supporting its potential use as proxies, but
this assertion is complicated due to the different sampling techniques, emphasizing

that an appropriate and careful sampling is critical.

In inorganic calcite, Ds; changes with temperature: Sr/Ca increases by 1%
with 1°C increase, at least between 16 and 27°C (Gabitov and Watson, 2000).
However, we do not observe any relation between Ds; of the plateau of the secondary
layer and temperature, similarly as in previously published studies (Lowenstam, 1961;
Perez-Huerta et al., 2008; Ullmann et al., 2017). Likewise, there is no relation
between Sr/Ca and pH and salinity (Fig. 9j, 9k, 91). As mentioned before, this could
be due to different sampling techniques. Lowenstam (1961), however, suggested the
use of Sr/Ca of brachiopod calcite as temperature recorder instead of Mg/Ca. This
suggestion was based on the assumption that Sr is not as strongly controlled by the
physiology of the organism as Mg/Ca. In view of our data, the Sr/Ca ratio of the

secondary layer does not seem to be a suitable proxy for seawater temperature.

Regarding Dy, there is a negative relationship with temperature (Fig. 9a), with
a decrease of Dii by 3% per degree Celsius. The relation between Dy and temperature
is in agreement with the study of Delaney et al. (1989) and Dellinger et al (2018) on
modern brachiopods. Marriott et al. (2004) observed the same effect for inorganic
calcite, despite a constant offset between brachiopod and inorganic calcite. The cause

of this offset is not determined yet.

Finally, for Dna, there is a relationship with salinity, which is statistically
significant (p < 0.05, Table 4, Fig. 9f). The correlation of Dna. with salinity in
brachiopod calcite is in agreement with studies investigating the relationship between

Na/Ca and salinity in both, inorganically precipitated calcium carbonate experiments
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(Kitano et al., 1975; Ishikawa and Ichikuni, 1984; Okumura and Kitano, 1986) and
marine calcifying organisms such as foraminifera (Wit et al., 2013), oysters (Rucker
and Valentine, 1961) and barnacle shells (Gordon et al., 1970). Then, if Na/Ca of the
"plateau zone” of the brachiopod calcite is primarily controlled by salinity, it opens
the possibility of using this ratio as a proxy for seawater salinity, knowing the secular
variations of Na/Ca in seawater. Dna also co-varies with temperature, but not with pH,
which is in agreement with the findings of Ishikawa and Ichikuni (1984). Therefore,
to decipher the control of Dna by these two environmental parameters, we suggest its

use in combination to another temperature proxies such as Li/Ca ratios.

4.6 Implications for the use of brachiopod geochemical data as paleoenvironmental

proxies.

This study is the first investigating both the oxygen isotopic composition and
element content at the microstructural level by using high spatial resolution in situ
techniques. This allowed us to study the 80 and elemental ratios in the different

shell fabrics: primary, secondary and tertiary layers.

The use of two-layered shells as archives of geochemical proxies has to be
cautiously done. As it was already demonstrated by previous studies (e.g. Carpenter
and Lohmann, 1995; Auclair et al., 2003; Cusack et al., 2012; Romanin et al., 2018),
the best part to use is the innermost secondary layer. However, this "plateau zone" has
not always the same thickness between species (Fig. 5), and it could be difficult to
determine the exact zone to analyse. In this context, as proposed by Cusack et al.
(2012), rhynchonellid brachiopods are more reliable because of their larger “plateau
zone” than terebratulid brachiopods. This implies that the majority of their secondary

layer can be used as proxy in paleoenvironmental studies. Moreover, as the 8'%0
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values of the secondary layer, even in the "plateau zone" are not always in isotopic
equilibrium with seawater, a specific calibration curve for brachiopod has to be

defined and used, as proposed by Brand et al (2013).

The tertiary layer as a reliable proxy is an important finding for its use in
paleotemperature reconstructions. Several fossil brachiopods have a tertiary layer, like
the classes Rhynchonellata and Strophomenata, (Williams, 1968), which dominated
the Paleozoic seas (e.g. Curry and Brunton, 2007). The tertiary layer is likely to be
better preserved than the secondary layer because the columns of this layer are
morphologically more stable and depleted in magnesium relative to the secondary
layer. Some Carboniferous genera, like those of the Gigantoproductinae, developed
shells with a very thick tertiary layer, exceeding 1cm (Angiolini et al., 2012). This
tertiary layer has a maximum &'80 variation in the well-preserved — not diagenetically
altered - parts of 1.1%0, agreeing with possible annual temperature variations. In
addition, Grossman et al. (1996) found a depletion of sodium and magnesium in the
tertiary layer of fossil brachiopods, with up to three times less content compared to
the secondary layer. These findings are in agreement with our measurements in
modern brachiopods. Thus, the biomineralization processes of the tertiary layer seem
consistent between fossil and modern specimens. Consequently, when three-layered
shells are available, the most suitable shell fabric to use for reconstructions of

seawater temperature from &'30 values is the tertiary layer.

The depletion of elements in the tertiary layer compared to the primary and
secondary layers may have implications on the analysis of the isotopic composition of
various trace elements, as &'Li and d''B. For example, Li is about two to four times
less concentrated in the tertiary layer (Fig. 6) than in the secondary layer, involving

the need to use more material for isotopic analyses. This depletion in elements,
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however, should not be interpreted as diagenetic effects, differences in precipitation
or change in Li concentration of seawater. As an example, in Delaney et al. (1989),
the spiriferid species Martinia sp. and Choristites sp., respectively from the Permian
and Carboniferous, are depleted in Li/Ca, with values as low as 3.5 umol/mol in
Martinia sp. and 1.4 umol/mol in Choristites sp. The Sr/Ca ratio analysed by Popp et
al. (1986) from the same taxa is of around 0.5 to 1 mmol/mol and 0.3 to 1.2
mmol/mol in Martinia sp. and Choristites sp, respectively. Species of Martinia are
known to precipitate a tertiary layer (Angiolini, 2001), and analysis of the shell
microstructure of Choristites mosquensis from the Pennsylvanian of Iran (Berra et al.,
2017) has revealed the occurrence of a thick tertiary layer (L. Angiolini, pers. com.).
The depletion of both Li/Ca and Sr/Ca is in agreement with our findings on the
tertiary layer on modern brachiopods, and the presence of a tertiary layer could
explain the reason for the very low values measured in these fossil brachiopod

species.

5. Conclusions

1. The primary layer of modern brachiopods is in oxygen isotopic and element
disequilibrium. The primary layer is depleted in 30 and globally enriched in
MTE, possibly due to the precipitation via amorphous calcium carbonate
(ACC) precursors.

2. In the secondary layer, we observed a general trend towards equilibrium or
near equilibrium values due to kinetic fractionation effects, for both 5'%0
values and element content (except for Mg/Ca). The outer secondary layer is

more affected by kinetic fractionation processes and thus out of equilibrium,
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whereas in the innermost regions, that are no or very little affected,

equilibrium can be achieved.

. The tertiary layer has &0 values in the range of equilibrium values and

records the temperature variation at the sampling location. This shell layer is
likely precipitated at slower growth rates, and not affected by kinetic effects.
Consequently, the tertiary layer seems the most suitable shell microstructure to
use for temperature reconstructions, if present. However, it is depleted in all
the elements studied here, hampering their use in studies of non-traditional

isotopic systems.

. A correlation between Na/Ca, Sr/Ca ratios and 8'%0 is recorded in the

secondary layer of modern brachiopod species probably due to kinetic
fractionation effects. This relationship may have a potential application to

track kinetic effects in fossil organisms (Ullman et al., 2017).

. The Mg/Ca ratios are highly variable within the shell. They are always below

expected equilibrium values due to physiological exclusion processes. We
observe a trend with environmental parameters like temperature and salinity,
but not when other published Mg/Ca values in modern brachiopods are
considered. Consequently, the use of Mg/Ca of brachiopod shells as proxy for

temperature needs further evaluation.

. A trend of Di; with temperature, and a trend of Dna with temperature and

salinity are found for the “plateau zone” of the secondary layer. Further
investigation of their potential use as temperature and salinity proxies is

required before any application for paleoreconstructions.
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Tables and Figures

Figure 1. Location of brachiopod sampling. (1) San Juan Islands, Washington, USA
(48.5°N, 123°W): Terebratalia transversa. (2) Isla Jaime, Ensenada de las Islas, Chile
(43.8°S, 72.9°W): Magellania venosa. (3) Tuscan Archipelago, Italy (42.3°N, 9.9°E):
Gryphus vitreus. (4) Doubtful Sound, New Zealand (45.4°S, 167.1°E): Magasella

sanguinea, Calloria inconspicua, Liothyrella neozelanica, Notosaria nigricans.

Figure 2. Illustrative scheme of the parts used for analyses carried out in a valve of a
brachiopod specimen (M. venosa, MVO05). The upper half of the valve shows how it
was mounted in an aluminium ring and embedded into epoxy for in-situ analyses (i.e;
ion microprobe and/or laser ablation); the lower half was prepared and crushed into

powder for bulk 80 and 8"°C analyses.

Figure 3. Pictures of ion probe spots in the shell of N. nigricans (a) Photograph of the
ventral valve of N. nigricans analysed for oxygen isotopes in the central and anterior
parts (circled in red). (b) SEM picture of the ion probe spots in the dorsal valve of N.
nigricans. The picture belongs to the profile 428d @200, measured in the anterior part.

(Supplementary Table 2)

Figure 4. Secondary electron microscopy images of the brachiopod shell
microstructures: (a) Terebratulid M. venosa, composed of primary and secondary
layers; (b) Rhynchonellid N. nigricans, composed of primary and secondary layers,
and (c) Terebratulid L. neozelanica, composed of primary, secondary and tertiary

layers. PL: primary layer, SL: secondary layer, TL: tertiary layer, p: punctae.
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Figure 5. Oxygen isotopic composition from the outermost to innermost shell in the
central and anterior parts of modern brachiopod species (a) T. transversa, (b) M.
sanguinea, (¢) M. venosa, (d) N. nigricans, (e) L. neozelanica, and (f) G. vitreus.
Error bars represent the standard deviation. Grey fields indicate the region of §'%0
values for inorganic calcite precipitated in equilibrium with seawater for each locality
according to the equation of Watkins et al. (2013). The relative distance is calculated
with 0% corresponding to the outermost part of the shell and 100% the innermost
part. Closed circles are for measurements in the ventral valve and open circles for
measurements in the dorsal valve. Black lines are for measurements in the central part
and dotted lines for measurements in the anterior part. Red circles represent
measurements in the primary layer, black circles in the secondary layer and blue
circles in the tertiary layer. The dotted horizontal lines represent the bulk 3'30 values.

T: terebratulid brachiopod, R: rhynchonellid brachiopod.

Figure 6. Li/Ca, Na/Ca, Mg/Ca and Sr/Ca variations from outermost to innermost
shell in the central and anterior parts of the modern brachiopod species M. sanguinea,
N. nigricans and G. vitreus. The secondary y-axis represents the ratio between the
partition coefficient calculated for brachiopod calcite relative to seawater and the
partition coefficient of inorganic calcite in equilibrium (Ep-ic, see text for more
explanations). Grey line indicates the value of equilibrium (by definition, Ep.ic=1).
Error bars represent the standard deviation. Closed circles are for measurements in the
ventral valve and open circles for measurements in the dorsal valve. Red circles
represent measurements in the primary layer, black circles in the secondary layer and

blue circles in the tertiary layer.
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Figure 7. Measured §'0 values in the modern brachiopod species and the calculated
expected equilibrium §'%0 values according to various paleotemperature equations.
(a) T. transversa, (b) M. sanguinea, (c) M. venosa, (d) N. nigricans, (e) L. neozelanica
and (f) G. vitreus. 1: Brand et al. (2013), 2: Kim and O’Neil. (1997), 3: Anderson and
Arthur (1983), 4: O’Neil et al. (1969), 5: Epstein et al. (1953), 6: Watkins et al.
(2013). PL: Primary layer. SL: Secondary layer. TL: Tertiary layer. Solid lines
represent 880 —T calibrations for inorganic calcite. Hatched line represents 580 —T

calibrations for biogenic calcite.

Figure 8. (a) Sr/Ca vs 8'80 values and (b) Na/Ca vs Sr/Ca in the secondary layer of

modern brachiopod species. Error bars represent the standard deviation.

Figure 9. Li/Ca, Na/Ca, Mg/Ca and Sr/Ca partition coefficients (Dri, Dna, Dmg and
Ds:) of the average values, i.e. plateau zone, measured in the innermost secondary
layer brachiopod calcite and Dri and Ds: of inorganic calcite (black triangles and
squares) versus environmental parameters (temperature, pH and salinity). Data of the
literature are from Delaney et al (1989), Butler et al (2015) (grey triangles), Dellinger
et al (2018), Brand et al (2013) (crosses) and Perez-Huerta et al (2008). Values for
inorganic calcite are from Marriott et al (2004) for lithium and DePaolo (2011) for

strontium. Error bars represent the standard deviation.
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Table 1. List of species, site of collection and temperature, salinity and pH (seawater

1535  scale) of the ambient seawater. PL: Primary layer, SL: secondary layer, TL: tertiary
1536 layer, V: ventral, D: dorsal. Seawater temperatures, salinities and pH are taken from:
1537  !'Thomson (1981), ?Penman et al. (2013), *Brand et al. (2013), “Laudien et al. (2014),
1538  Bajnai et al. (2018), ®Ye et al (2018); '"MEDATLAS, 3this study, *Clark et al. (2009),.
1539  T: Terebratulida, R: Rhynchonellida
Number of Water 5150
Species Order Shell layer Locality T (°C) Salinity pH % SMEV)VW)
specimens depth (m) o
Terebratalia San Juan
T PL, SL 3 64 7.3-11.1' 29.7-30.5! 7712 -1.8°
transversa Islands
Magellania
T PL, SL 2 Isla Jaime 22 9.3-12.74 32.5-33¢ 7.954 -1.28
venosa
Tuscan
Gryphus vitreus T PL, SL, TL 3 140-160 13.2-16.8} 396 8.27 1.23
Archipelago
Magasella
T PL, SL 4
sanguinea
Calloria
T PL, SL 1
mconspicua Doubtful
20 7-17.6 32.1-35.48 7.96° 0.3
. Sound
Notosaria
R PL, SL 3
nigricans
Liothyrella
T PL,SL, TL 1

neozelanica

1540
1541
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1543  Table 2. Ventral and dorsal valve lengths and valve width of the brachiopod

1544  specimens studied here. -: not measured.

Ventral valve Dorsal valve Valve width
Species Sample ID
length (mm) length (mm) (mm)
D500L 27.1 - 30.0
T. transversa D501L 26.2 22.6 29.1
D504L 23.1 19.7 28.1
DS401L 31.05 27.25 32.9
DS402L 24.8 21.1 25.2
M. sanguinea
DS403L 31.1 26.4 33.0
DS404L 34.55 29.7 32.2
DS428L 18.25 159 159
N. nigricans DS429L - - -
DS430L - - -
GV13 33 30 28.5
G. vitreus GV47 34 30 29
GV78 36 31 30
MVO05 48 42.5 39
M. venosa
MV17 25 21.5 22.5
L. neozelanica DS422L 33 29.6 31
C. inconspicua DS419L 19.9 16.9 17.9

1545
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1547  Table 3. 380 (%0, V-PDB) and 3'3C (%o, V-PDB) of the secondary layer (+ tertiary

1548  layer) measured by bulk technique. -: not measured

Species Sample ID 30 SD d3C SD
D500L -0.70 0.07 -0.80 0.16
T. transversa D501L -1.09 0.02 -1.79 0.04
D504L -0.65 0.07 -0.68 0.15
DS401L 0.42 0.04 0.58 0.08
DS402L 0.14 0.05 0.27 0.08
M. sanguinea

DS403L -0.07 0.04 0.02 0.07
DS404L -0.22 0.04 -0.14 0.08
DS428L 1.08 0.14 1.33 0.08
N. nigricans DS429L 0.52 0.17 1.27 0.10
DS430L 1.02 0.11 0.42 0.03
GV13 2.28 0.21 2.85 0.05
G. vitreus GVv47 2.08 0.10 2.71 0.03
GV78 1.99 0.15 2.82 0.06

MVO05 - - - -

M. venosa

MV17 -0.78 0.02 -1.07 0.05
L. neozelanica DS422L 0.59 0.06 1.36 0.08
C. inconspicua DS419L 0.34 0.03 0.43 0.06
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1551

1552  Table 4. Significant (p<0.05) linear regression and statistics of the relations between

1553  different elemental ratios in the brachiopod calcite and their environmental

1554  parameters. The standard error for the slope and the intercept was determined using

1555  MS Excel function LINEST. T: temperature; sal: salinity.

. . 2 p-value (95%
Relationship Slope Intercept R confidence)

Na-T 0.0000097 + 0.0000037 0.00009 + 0.00004 0.44 0.02

Na-sal 0.0000065 + 0.0000024 -0.00009 + 0.00008 0.44 0.015

Mg-T 0.00021 £ 0.00004 -0.0011 = 0.0004 0.79 0.004

Mg-sal 0.00014 + 0.00003 -0.0033 + 0.0009 0.76 0.001
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