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Abstract: Fossil brachiopods are of major importance for the reconstruction of palaeoenvironmental
conditions, particularly of the Palaeozoic. In order to better understand signals of ancient shell materials,
modern analogue studies have to be conducted.

Here we present C and O isotope data in conjunction with Mg/Ca, Sr/Ca, Mn/Ca and Fe/Ca data for nine
modern rhynchonellid and terebratulid brachiopod species from tropical to intermediate latitudes and
shallow to very deep marine settings. C and O isotope signals of most species suggest formation of
secondary shell layers near or in isotopic equilibrium with ambient seawater. Some species - especially in
the suborder Terebratellidina - show partly distinct disequilibrium signals, suggesting some degree of
phylogenetic control on the expression of vital effects.

Mn/Ca and Fe/Ca ratios measured in the modern species form a baseline to assess fossil preservation,
but also yield environmental information Mg/Ca and Sr/Caratios follow previously observed patterns, with
all studied brachiopod species comprising low-Mg calcite. Strong covariation of Sr/Ca ratios with Mg/Ca
ratios is only observed in rhynchonellids and possibly one terebratulid species, potentially linking the
incorporation behaviour of alkaline earth metals to phylogeny.

Sr/Ca show a strong negative correlation with §13C values in terebratellidinid species which exhibit major
isotopic disequilibrium and also combined data from three localities for which two species were studied
indicate such a negative relation. The observed covariation of Sr/Ca ratios with 613C values may therefore
become a useful tool to detect 613C disequilibrium and to robustly estimate §13C values of ambient DIC in

deep time.

1. Introduction

Geochemical information  derived from
brachiopod shell calcite is of major importance
for understanding past environmental conditions
(e.g., Popp et al, 1986; Grossman et al., 1993;
Bickert et al., 1997; Veizer et al., 1999; Korte et
al, 2008; Rasmussen et al., 2016). Carbon and
oxygen isotope ratios have traditionally been the
primary focus of such palaeoenvironmental
studies, because these proxies allow the most
direct insights into local palaeotemperatures and
carbon cycle dynamics. The combination of C and
0 isotope data with element/Ca ratios forms the
backbone of palaeoenvironmental studies
employing fossil brachiopod shells. Element/Ca
data are most commonly used as one means of
informing about the preservation state of the
shell material (e.g., Brand and Veizer, 1980;
Veizer, 1983; Al-Aasm and Veizer, 1986; Ullmann
and Korte, 2015). They can, however, also be
used to give insights into the chemical
composition of seawater (Steuber and Veizer,
2002; Lee et al., 2004; Ullmann et al., 2016) and
supplement isotopic data to more robustly
constrain palaeotemperatures (Brand et al,

2013, 2015; Butler et al, 2015). Despite the
potential value of this supplementing
information, the chemical composition of
brachiopod shell material has received
comparatively little attention.

Shell carbon and oxygen isotope ratios as well
as element concentration data of extant
brachiopods has been presented for compilations
of multiple species (Lowenstam, 1961; Brand et
al, 2003, 2013), but large datasets for single
species are rare. Studies of brachiopod calcite
chemistry have mostly focused on the
distribution of single elements in the different
shell layers and areas (Cusack et al, 2008a;
Pérez-Huerta et al, 2008). In particular,
biomineralisation aspects have been prominent
in this research (Griesshaber et al., 2007; Cusack
et al,, 2008b). Major controls of phylogeny, shell
layer, ontogeny and functional morphology on
the isotopic ratios and elements recorded in
brachiopod shell calcite have been documented
(e.g., Carpenter and Lohmann, 1995; Parkinson et
al,, 2005; Cusack et al., 2008a, 2012).

The chemical and isotopic patterns observed
in brachiopod calcite have been generalized to
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the assumption that the secondary shell layer of
brachiopods is precipitated near isotopic
equilibrium with ambient seawater, whereas the
primary shell layer is not (Brand et al, 2013,
2015; see also Carpenter and Lohmann, 1995).
Element concentrations and isotopic ratios
derived from the secondary shell layer of adult
brachiopods are therefore thought to yield the
most robust results for environmental
reconstructions.

While it is well-established that brachiopod
shell calcite is chemically and isotopically
heterogeneous, studies presenting isotopic data
alongside element concentration data for a
multitude of samples from single modern
brachiopods are very rare. It is therefore not
clear in which way isotopic and chemical
variability in the shell calcite relate to each other
and whether they are governed by common
control mechanisms. In this study, combined
element/Ca data and 6!3C and &80 values
measured for 267 samples from nine brachiopod
species of the orders Rhynchonellida and
Terebratulida are presented. The covariations of
the element and isotope data are discussed in the
light of potential controlling factors and their
meaning for palaeoenvironmental studies.

2. Materials and Methods

One to three valves of nine modern
brachiopod species from different localities
ranging from northern intermediate latitudes to
southern intermediate latitudes and shallow
waters to ~1600 m depth were studied in detail
(Table 1). Differences in sample numbers for
each species are due to specimen size, allowing
for only five samples to be analysed for a small
specimen of Frenulina sanguinolenta and 60
samples for Liothyrella neozelanica. Multiple
valves could be studied for most species, but for
Magellania venosa and Liothyrella neozelanica
only one ventral valve was available. Most
specimens were devoid of organic tissues, but for

Table 1: Localities and taxonomic data for sampled species.

of Ullmann
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the specimens from Friday  Harbour
(Terebratalia transversa and Terebratulina sp.)
organic material was removed applying 5 %
NacClO solution for 24h and subsequent washing
with deionised water. Samples of 1-2 mg were
extracted from the shell using a stainless steel
scalpel (Supplementary Figure 1). Owing to their
thin shells, samples for Frenulina sanguinolenta,
Notosaria nigricans and Terebratulina sp. were
taken from the inner shell surface. For Calloria
inconspicua, Compsothyris racovitzae, Liothyrella
neozelanica, Magellania venosa, Stenosarina
crosnieri and Terebratalia transversa, the
epifauna, detrital contamination and outer shell
layer were removed using a stainless steel scalpel
previous to sample extraction. In most instances
the primary shell layer was removed entirely
during this process, but for comparatively thin
shells of M. venosa and the shell of T. transversa
which has relatively strong surface relief, its
removal was not always quantitative. Samples
were extracted parallel to growth lineaments
from the outer surface of the valves starting near
the umbo and progressed towards later growth
increments (Supplementary Figure 1).

Resulting sample powders were split into two
batches, one for element concentration analysis
and one for determination of §13C and &80
values. Element ratios were determined on ~ 0.6
mg of shell powder using an Optima 7000 DV ICP-
OES at the Department of Geosciences and
Natural Resource Management, University of
Copenhagen. Samples were dissolved with 2 %
HNOs3 in a ratio of ~1.5 ml per 100 pg of calcite to
achieve a sample solution with Ca concentration
close to 25 pg/g. Quantification of element
concentrations was done employing a multi-
point calibration using a blank solution and three
matrix-matched calibration solutions covering
the expected range of analyte concentrations.
Reproducibility and accuracy of the analyses
were controlled by interspersed aliquots of JLs-1

locality latitude longitude water depth material Order/Suborder Samp]?d

material

m

Friday Harbour, Washington State, U.S.A. 48°32'N 123°00'W 20 Terebratalia transversa Terebratulida/Terebratellidina ;/:;gral, dorsal,
Friday Harbour, Washington State, U.S.A. 48°32'N 123°00'W 20 Terebratulina sp. Terebratulida/Terebratulidina Y;;\;ral, dorsal,
tropical Pacific Frenulina sanguinolenta Terebratulida/Terebratellidina ;/;:;ral, dorsal,
Walvis Ridge S0233 St. 57 26°18'08" S 6°26'20"E 1600 Stenosarina crosnieri Terebratulida/Terebratulidina dorsal
Walvis Ridge S0233 St. 57 26°18'08" S 6°26'20"E 1600 Stenosarina crosnieri Terebratulida/Terebratulidina ventral
Walvis Ridge S0233 St. 57 26°18'08" S 6°26'20" E 1600 Stenosarina crosnieri Terebratulida/Terebratulidina ventral
Walvis Ridge, S0233 St.57 26°18'08" S 6°26'20"E 1600 Compsothyris racovitzae Rhynchonellida dorsal
Walvis Ridge, S0233 St.57 26°18'08" S 6°26'20" E 1600 Compsothyris racovitzae Rhynchonellida ventral
Walvis Ridge, S0233 St.57 26°18'08" S 6°26'20" E 1600 Compsothyris racovitzae Rhynchonellida ventral
near Chatham Islands 44°36'S 176°31'W 421-563 Liothyrella neozelanica Terebratulida/Terebratulidina ventral
Porpoise Bay, New Zealand 46°39'S 169°07'W shallow Calloria inconspicua Terebratulida/Terebratellidina ventral
Porpoise Bay, New Zealand 46°39'S 169°07'W shallow Notosaria nigricans Rhynchonellida dorsal
Porpoise Bay, New Zealand 46°39'S 169°07' W shallow Notosaria nigricans Rhynchonellida ventral
Porpoise Bay, New Zealand 46°39'S 169°07'W shallow Notosaria nigricans Rhynchonellida ventral

South American shelf (prob. Chile) Magellania venosa Terebratulida/Terebratellidina ventral
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(limestone; n = 163; see Rasmussen et al., 2016
for further details), which yielded averages * two
standard deviations of 14.0 + 0.4 mmol/mol for
Mg/Ca, 0.344 + 0.008 mmol/mol for Sr/Ca, 0.07
+ 0.04 mmol/mol for Fe/Ca and 0.029 + 0.009
mmol/mol for Mn/Ca. These results are in good
agreement with published values giving averages
(* 2 err) of Mg/Ca = 15.3 + 0.7 mmol/mol, Sr/Ca
= 0.343 £+ 0.009 mmol/mol, Fe/Ca = 0.2 + 0.1
mmol/mol, and Mn/Ca = 0.030 * 0.004
mmol/mol (Imai et al, 1996). Uncertainty of
Fe/Ca and Mn/Ca analyses is mostly related to
baseline variability of the ICP-OES due to low Fe
and Mn concentrations in JLs-1. Raw element
ratios of the calibration solution with highest
Fe/Ca (2.86 mmol/mol) and Mn/Ca (0.724
mmol/mol) reproduced within 4 % for Fe (2 sd)
and 2 % for Mn (2 sd) for repeated calibrations
within sample batches, evidencing much lower
relative uncertainties at higher concentration
levels.

Carbon and oxygen isotope ratios were
determined using an IsoPrime GS-IRMS in
continuous flow setup and a Delta V GS-IRMS
coupled with a Kiel IV device, both at the
Department of Geosciences and Natural
Resource Management, University of
Copenhagen. For the IsoPrime analyses (samples
1893-1979; see Supplementary Table 1), ~0.6
mg of powder was analysed using protocols
described in Ullmann et al. (2013, 2014).
Reproducibility (2 sd) was monitored through
multiple measurement of the in-house standard
LEO (Carrara Marble) and was found to be 0.07
%o for 613C values and 0.19 %o for 6180 values (n
=105).

For analyses using the Delta V (samples 973-
1132; see Supplementary Table 1), 40 to 60 pg of
calcite were used. Samples were processed
automatically using the Kiel IV device and
isotopic ratios corrected using averages of
multiple analyses of NBS-18 and NBS-19 as
anchor points. Adjustment of isotopic ratios was
only done for batches where results for the NBS
standards significantly deviated from certified or
recommended values. As an independent
monitor of stability, an in-house reference
material from Freie Universitit Berlin (LM;
Laaser Marble, 613C = +1.51 %o; 6180 = -5.17 %o)
was run interspersed with the samples and gave
averages * 2 standard deviations of 1.50 + 0.03
%o for 813C values and -5.15 * 0.10 %o for 6180
values (n = 28).

3. Results

Geochemical data for different valves of the
investigated species are either not statistically
significant, smaller than internal variability
encountered in single shells, and/or do not

indicate consistent, strong differences between
dorsal and ventral valves. The geochemical
results of the species are therefore not discussed
in light of possible inter-valve differences.

3.1 813C and 8180 values

A wide range of §13C values (-5.8 to +3.7 %o) and
6180 values (-2.9 to +5.7 %o) is observed in the
studied specimens (Fig. 1). The lightest and most
variable carbon and oxygen isotope ratios are
observed in M. venosa, which also shows the
highest variability in Sr/Ca ratios. The heaviest
813C values (> +3 %o) are observed in L.
neozelanica and the tropical F. sanguinolenta. The
most positive §180 values (> +5 %o) are seen in
the two species from 1.6 km depth at Walvis
Ridge, C. racovitzae and S. crosnieri. Strong
covariation of carbon and oxygen isotope ratios
in the studied species is limited to the suborder
Terebratellidina, where three of four species
show strong correlations between these isotope
ratios (r2 = 0.77 to 0.92; Fig. 2). The slopes of the
linear regression lines for these correlations
range from 0.4 (M. venosa; stronger effect on
carbon) to 1.4 (C. inconspicua; stronger effect on

oxygen).

3.2 Mn/Ca and Fe/Ca ratios

Mn/Ca ratios in the nine species range from
detection limit to 0.13 mmol/mol and Fe/Ca
ratios from detection limit to 0.75 mmol/mol
(Supplementary Table 1). Within single species
the observed ranges are usually much smaller.
Mn/Ca ratios > 0.05 mmol/mol are only
encountered in T. transversa, M. venosa and
rarely in S. crosnieri (two samples) and L.
neozelanica (one sample). Enrichments of Fe are
more common, with Fe/Caratios > 0.2 mmol/mol
observed in T. transversa, L. neozelanica
(particulary near the umbo) and rare samples of
C. racovitzae (two samples), M. venosa (two
samples) and S. crosnieri (one sample).
Correlation coefficients of linear regressions
between Mn/Ca and Fe/Ca in single species
range from r2= 0.00 to 0.80, whereby the three
species showing r2 values > 0.4 were collected
from localities close to large landmasses - C.
inconspicua and N. nigricans from Porpoise Bay,
New Zealand and T. transversa from Friday
Harbor, U.S.A.

Average Mn/Fe ratios in different species from
the same locality can differ significantly. At
Friday Harbor, U.S.A, T. transversa has an
average Mn/Fe ratio of 0.3 mol/mol and
Terebratulina sp. an average Mn/Fe ratio of 1.5
mol/mol. At Porpoise Bay, New Zealand, N.
nigricans has an average Mn/Fe ratio of 0.2
mol/mol and C. inconspicua an average Mn/Fe
ratio of 1.2 mol/mol. At the Walvis Ridge site, C.
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racovitzae (0.11 mol/mol) and S. crosnieri (0.13
mol/mol) show very similar average Mn/Fe
ratios and low concentrations of these elements.
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Fig. 1. Geochemical results for specimens analysed in this study. Data are sorted separately for each proxy from the lowest to highest
value. Black lines through data sets of at least 8 analyses indicate average values.

3.3 Sr/Ca and Mg/Ca ratios

Sr/Ca ratios from 0.4 to 2.4 mmol/mol and
Mg/Ca ratios from 2.2 to 22.8 mmol/mol are
found in the nine brachiopod species. All
investigated species can be classified as low Mg
calcite (Figs. 1-3; Veizer, 1983; Morrison and
Brand, 1986).

The lowest Sr/Ca ratios were observed in the
L. neozelanica and S. crosnieri, both living at
depths > 400 m and belonging to the suborder
Terebratulidina. The highest Sr/Ca ratios were

measured

Terebratellidina,

in M.

in brachiopods of the suborder
particularly

venosa.
Variability of Sr/Ca ratios within single valves

averages 20 % (2 relative standard deviations;
RSD), but M. venosa (33 %) and L. neozelanica (41
%) show considerably higher within-shell
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variability. Variability of Sr/Ca ratios of multiple
valves of the same species (25 %, 2 RSD) is only
slightly larger than average variability within
single valves of these species (17 %, 2 RSD).
Differences in Sr/Ca ratios of ventral and dorsal
valves, as well as the loop are generally minor
(Fig. 1).
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Fig. 2. Cross plots of element and isotope proxies in the
studied shell materials.
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Similar patterns as for Sr/Ca ratios are
observed for Mg/Ca ratios. Lowest Mg/Ca ratios
are measured in S. crosnieri, and most
investigated terebratulids apart from F
sanguinolenta and Terebratulina sp. show low
average Mg/Ca ratios < 6 mmol/mol. The highest
Mg/Ca ratios are observed in F. sanguinolenta.

Average within-shell variability of Mg/Ca ratios
(29 %, 2 RSD) is higher than for Sr/Ca. Also
differences between Mg/Ca ratios of different
valves of a single species are larger, resulting in a
larger variability of Mg/Ca for whole species (51
%, 2 RSD) than for single valves of these species
(29 %, 2 RSD). While data for dorsal and ventral
valve agree well with data for the loop of F.
sanguinolenta and Terebratulina sp., the loop of
T. transversa is considerably enriched in Mg with
respect to the secondary layer of the valves.
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Fig. 3. Cross plot of average Sr/Ca and Mg/Ca ratios in the
studied brachiopod species (blue colours) supplemented
with results from Lowenstam (1961), Carpenter and
Lohmann (1992, 1995), Brand et al. (2003, 2013), Lee et al.
(2004), Pérez-Huerta et al. (2008) (white, grey, and black).
The approximate limit of low-Mg calcite as well as proposed
trend lines for abiogenic and biogenic calcite (Carpenter and
Lohmann, 1992) are also indicated.

Very strong covariance (r2 >= 0.80) of Sr/Ca
ratios with Mg/Ca ratios is observed for both
investigated species of the order Rhynchonellida,
whereas for the order Terebratulida covariance
between Sr/Ca and Mg/Ca is generally weak (r2
= 0.25 or lower) (Fig. 2). Also in S. crosnieri the
covariation is strong (r?2 = 0.55), but mostly
defined by the difference in concentrations of Sr
and Mg measured between the valves in this
species. The very strong covariance of Sr and Mg
(r2=0.99) in F. sanguinolenta points to a possible
biomineralisation control common to both of
these elements. The correlation is not taken as
robustly defined here, however, because it is
based on only five analyses.

For two of the species recording strong
covariation of carbon and oxygen isotope ratios
also Sr/Ca is linearly linked with the isotopic
signals (M. venosa; r? = 0.80 for 613C and 0.74 for
6180, and T. transversa; r2 = 0.72 for 613C and 0.57
for 6180; Fig. 2). In L. neozelanica Sr/Ca is
linearily correlated with 613C (r2 = 0.78), but not
with 6180. None of the investigated species,
however, exhibits a strong covariation of Mg/Ca
ratios with 8180 values.
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4. Discussion

4.1 Isotopic equilibrium and disequilibrium
signals

4.1.1 Previous reports

Disequilibrium incorporation of O and C isotopes
into the primary layer of brachiopods is a
widespread phenomenon common to nearly all
modern brachiopods (Carpenter and Lohmann,
1995; Auclair et al., 2003; Parkinson et al., 2005;
Jean et al., 2015). The isotopic composition of the
secondary layer of brachiopod shells on the other
hand tends to be more often compatible with O
and C isotope equilibrium (e.g., Carpenter and
Lohmann, 1995; Parkinson et al., 2005; Brand et
al,, 2015). Disagreements with expected isotopic
ratios, however, have also been reported in this
shell layer. Some of the non-articulated craniids
and one thecideid species have been described to
have secondary layers enriched in 180
(Carpenter and Lohmann, 1995; Parkinson et al,,
2005), an effect which has been related to their
comparatively high Mg content (Brand et al,
2013).

Many brachiopod species of the order
Terebratulida have been found to show vital
effects enriching the light O and C isotopes in the
secondary shell layer (Carpenter and Lohmann,
1995; Auclair et al, 2003; Yamamoto et al.,
2010a, 2011; Cusack et al., 2012; Takayanagi et
al, 2012, 2015).

Isotopic signals in the secondary shell
material of rhynchonellids are least indicative of
isotopic disequilibrium and no consistent vital
effect has so far been described for rhynchonellid
species. Observations of partial disequilibrium in
Hemithiris psittacea and Notosaria sp. exist,
however (Carpenter and Lohmann, 1995; Cusack
etal,, 2012).

4.1.2 Observed isotope ratios
Approximate equilibrium ranges of oxygen
isotope ratios can be computed for most of the
investigated species (Table 2). Seawater at
Friday Harbor (T. transversa and Terebratulina
sp.) and possibly Porpoise Bay (C. inconspicua
and N. nigricans) is depleted in 180 due to
admixture of freshwater (Brand et al., 2013), but
other localities are expected to have seawater
6180 values near 0 %o VSMOW (Bigg and
Rohling, 2000).  Approximate  seasonal
temperature variability estimates are available
for most specimens apart from M. venosa and F.
sanguinolenta and a maximum expected
temperature range for M. venosa can be deduced
from ecological studies (McCammon, 1973).
Figure 4 shows the expected equilibrium §180
values for the eight species with known

temperature ranges according to a series of
published temperature equations. A correction
for Mg concentrations was only applied for
calculations according to Brand et al. (2013),
because most of the calibrations were done on
natural calcite with unknown Mg concentration
and the expected Mg-effect on calcite &80
(Jimenez-Lopez, 2004) is < 0.25 %o in 95 % of the
samples.

The observed patterns in Figure 3 broadly

confirm reports from previous studies: All
rhynchonellids and the species of the suborder
Terebratulidina studied here show 6180 values
compatible with or heavier than predicted values
using recent (Coplen, 2007) and brachiopod
specific (Brand et al., 2013) calibrations. Larger
biases are documented for the other calibrations,
which predict significantly more negative 6180
values. It may be argued that the disagreement of
the two deep sea species C. racovitzae and S.
crosnieri with the calibration of Coplen (2007) is
related to the low ambient temperatures of +2 to
+5°C at Walvis ridge, ~30°C lower than the
calibration point constrained by Coplen (2007).
Reasons for the offset from the calibration of
Brand etal. (2013) which covers the temperature
range from 0 to +30°C are less obvious, however.
Core-top benthic foraminifer 6180 from IODP site
1264 at Walvis Ridge (Bell et al., 2015) are in
agreement with Coplen (2007) and Brand et al.
(2013) but more than 1 %o lighter than 8180
values of C. racovitzae and S. crosnieri.
Preferential uptake of heavy oxygen isotopes into
the shell of these two brachiopod species as
described for very slowly growing Terebratulina
crossei (Takayanagi et al, 2015) is therefore
indicated.
In contrast to the studied rhynchonellids, all
three sampled terebratellidinid species show
clear indications of oxygen isotope
disequilibrium with ambient waters, as
expressed in variable and low 8180 values that
correlate strongly with §13C values (Fig. 2). Even
for the terebratulidinid species for which no clear
indication of vital effects affecting §180 values
were found in the present study, previous studies
documented some evidence for C and O isotope
disequilibrium in the secondary/tertiary shell
layer: Some species of Terebratulina have
yielded partly too light C or O isotope ratios
(Yamamoto et al., 2011; Cusack et al, 2012;
Takayanagi et al., 2015). Also, strong covariation
of C and O isotope ratios grading into isotopically
depleted values of the primary layer have been
observed in Liothyrella uva and Liothyrella
neozelanica (Parkinson et al, 2005, their
Appendix A).
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Table 2: Isotopic composition and temperature range observed and the different sample localities.
water 8180 d13C expected seawater Temperature
locality depth material water water T estimates estimate
%0 %o
m SMOW PDB °C
Friday Harbour, Washington Terebratalia Sutherland et al.,
State, U.S.A. 20 transversa -1.8 +8to +12 Brand etal., 2013 2011
Friday Harbour, Washington Terebratulina Sutherland et al.,
State, U.S.A. 20 sp. -1.8 +8to +12 Brand et al., 2013 2011
Frenulina
tropical Pacific sanguinolenta
Stenosarina Bigg and Rohling, Raitzsch et al,,
Walvis Ridge S0233 St. 57 1600 crosnieri 0.0 0.8 +2to +5 2000 Kroopnick, 1980 2008
Compsothyris Bigg and Rohling, Raitzsch et al,,
Walvis Ridge, S0233 St.57 1600 racovitzae 0.0 0.8 +2to +5 2000 Kroopnick, 1980 2008
421- Liothyrella Bigg and Rohling,
near Chatham Islands 563 neozelanica 0.0 +7 to +9 2000 Heath, 1980
Calloria +10 to
Porpoise Bay, New Zealand shallow inconspicua +14 Chiswell, 1994
Notosaria +10 to
Porpoise Bay, New Zealand shallow nigricans +14 Chiswell, 1994
South American shelf (prob. Magellania
Chile) venosa +3 to +12 McCammon, 1973

Rhynchonellida

Terebratellidina

Terebratulidina

6 C. racovitzae N. nigricans C. inconspicua M. venosa T. transversa L. neozelanica S. crosnieri Terebratulina sp. 6
5 H i 5
4 4
m 3 = 3o
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Brand et al., 2013 z B
2 Coplen, 2007 = - -2
Leng & Marshall, 2004 F] =
Mulitza et al., 2003 = =
-3 Kim and O'Nei, 1997 -3
Anderson & Arthur, 1983
O'Neil et al., 1969
. Craig, 1965
Epstein et al., 1953
correlation of 5'°0 with 5**C =078 ?=0.92 =077
vital effects reported in primary and in primary and in primary and

secondary layer
of Magellania sp.

secondary layer
of multiple species

secondary layer

Fig. 4. Observed 6180 values in the brachiopod species in comparison with calculated, expected equilibrium 6180 values according to
various palaeotemperature equations. Information about isotopic equilibrium and disequilibrium is derived from Carpenter and
Lohmann (1995), Rahimpour-Bonab et al. (1997), Auclair et al. (2003), Parkinson et al. (2005), Yamamoto et al. (2010a,b, 2011),
Cusack et al. (2012), Takayanagi etal. (2012, 2013, 2015), Jean et al. (2015).

4.1.3 Does Mg concentration resolve apparent
isotopic disequilibrium?

C and O isotope data for most modern
brachiopod species are shifted towards apparent
equilibrium, if an empirical calibration including
the Mg concentration of the shell calcite is
employed (Jimenez-Lopez et al, 2004, 2006;
Brand et al., 2013, 2015). Whether this fit is truly
indicative of isotopic equilibrium is unclear at
present, however. In the case of carbon isotopes,
the relationship between the isotope
fractionation factor and the Mg concentration of
calcite is currently poorly defined (r? = 0.29;
Jimenez-Lopez et al,, 2006). For oxygen isotope
ratios, the most recent calibration is derived from
a best-fit line through an array of data that have
been recalculated according to their Mg
concentrations (Brand et al, 2013). While
incorporating experimental data on effects of Mg
on calcite precipitation (Jimenez-Lopez et al,
2004), this approach does not take information
from established calcite precipitation
experiments into account. The resulting slope of

the fit (~3.5°C per %o, Brand et al., 2013) indeed
differs significantly from slopes constrained by
inorganic precipitation experiments of Mg-free
calcite in the relevant temperature range (4.4-
4.6°C per %o; O’Neil et al,, 1969; Kim and O’Neil,
1997). This discrepancy remains unresolved at
present.

Significant differences between §13C values in
multiple valves from the two deep-sea species
collected during the same dredge from Walvis
Ridge (+0.7 to +1.5 %o C. racovitzae; +1.8 to +2.4
%o S. crosnieri, Fig. 1) cannot easily be reconciled
in the framework of equilibrium precipitation. If
applied, a Mg correction of 613C of these two
species would even slightly increase this
disagreement. Minor isotopic disequilibrium of C
and O isotope ratios (-1 %o to +1 %o) is thus
indicated for C. racovitzae and S. crosnieri, where
the very positive oxygen isotope ratios in these
species might be related to slow precipitation
rates (cf. Takayanagi et al., 2015).

Overall, strong vital effects, however, seem to
be a more common feature in the order
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Terebratulida, in particular in the suborder
Terebratellidina (Fig. 4).

4.2 Element/Ca ratios
4.2.1 Intra-shell variability of element/Ca
ratios
Unsoluble organic matter in biogenic carbonate
which has not or cannot be removed before
sampling can contain extreme element/Ca ratios
(Schone et al., 2010) and is therefore potentially
of concern for the results presented here.
Element concentrations within this organic
matter, however are expected to be too low to
dictate the observed elemental heterogeneity:
organic matter contents on the order of 50 %
would be required to shift Mg/Ca ratios by ca. 1
mmol/mol and Sr concentrations are even less
sensitive to organic matter admixture (Schone et
al, 2010, see also Watanabe et al., 2001).
Relatively large intraspecimen heterogeneity
of biogenic calcite is a common phenomenon and
for alkaline earth elements it is usually Mg that
shows the more pronounced variability (Table
3). With respect to intra-specimen variability of
element/Ca ratios modern brachiopods are
comparable to other calcifying species and such
variability should thus not be viewed as atypical.
Even larger heterogeneity is to be expected
when analysing specimens from a variety of
localities with a wider range of physical
conditions and species assemblages than are
covered by the current dataset. The data
presented here furthermore relates to shell
splinters of ca. 1 mm?, which will not capture
some of the heterogeneity associated with
functional morphology (Parkinson et al., 2005)
and specific portions of the different shell layers
of brachiopods (Cusack et al, 2008a,b). The
sampling approach adopted here, however,
directly relates to commonly employed sampling
protocols for studies on fossil materials, ensuring
direct comparability of the analytical results.

4.2.2 Phylogenetic control on Mg/Ca and Sr/Ca
Even though the dataset for the chemical
composition of modern brachiopod species is
still sparse - especially the craniids and
rhynchonellids require further study - a general
pattern of shell geochemistry in brachiopods is

emerging (Fig. 3). Average Sr/Ca and Mg/Ca
ratios provide further evidence for a chemical
divide between terebratulids and rhynchonellids
on the one hand and thecideids and craniids on
the other. The former comprise mostly low Mg
calcite whereas the latter all form high Mg calcite
shells. Most terebratulids and rhynchonellids fall
below the trend line for Mg and Sr ratios in
biogenic calcite proposed by Carpenter and
Lohmann (1992) with some species showing
very low Sr/Ca and Mg/Ca ratios approaching the
composition of abiogenic calcite (Fig. 3). Nearly
all of these species characterized by particularly
low Sr/Ca ratios are part of the suborder
Terebratulidina, but also one deep-sea
rhynchonellid shows this pattern. Within the
order Terebratulina, the terebratulidinids
exhibit a trend towards higher Mg/Ca ratios than
the terebratellidinids, the latter showing average
Mg/Ca ratios > 20 mmol/mol only in the
specimen of F. sanguinolenta analysed in the
present study.

4.2.3 Controls on Mn/Ca and Fe/Ca ratios

Mn and Fe concentrations in fossil shell calcite
are most commonly employed to gauge the
preservation of palaeoenvironmental proxies,
because the concentrations of these elements are
often found to be elevated in altered fossil
specimens (e.g.,, Ullmann and Korte, 2015 for a
review). Usually, modern analogue Mn and Fe
concentrations (e.g., Brand et al., 2003) are used
to inform these preservation limits. Appraising
covariation of element and isotope proxies in
conjunction with an assessment of the
depositional and diagenetic environments,
however, is necessary to understand primary and
diagenetic trends in fossil datasets. A variety of
Mn-Fe trends and substantial intra-specimen
heterogeneity are observed in the present
dataset, where specimens from the Chatham Rise
(L. neozelanica) and Walvis Ridge (S. crosnieri, C.
racovitzae) show elevated Fe/Ca ratios but very
little Mn (Fig. 5). The specimen of M. venosa from
the South American shelf, on the other hand
incorporated nearly equal amounts of Fe and Mn
and T. transversa from Friday Harbor shows an
intermediate trend between these extremes. (Fig.
5).

Table 3: Average intra-specimen variability of Mg/Ca and Sr/Ca ratios (2 relative standard deviations; rsd) in various calcite secreting

species.
Phylum Order Species Mg/Ca Sr/Ca source
2 rsd (%) 2 rsd (%)
Mollusca Ostreida Pinna nobilis 18 15 Freitas et al.,, 2005
Mollusca Ostreoida Crassostrea gigas 32 10 Almeida et al,, 1998
Mollusca Pectinata Pecten maximus 58 25 Freitas et al., 2016
Mollusca Belemnitida Passaloteuthis bisulcata 24 18 Ullmann et al,, 2015
Mollusca Belemnitida Belemnellocamax mammillatus 16 13 Sgrensen et al., 2015
Echinodermata Forcipulatida Asterias rubens 13 3 Borremans et al.,, 2009
Echinodermata Clypeasteroida Dendraster excentricus 8 6 Pilkey and Hower, 1960
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Fig. 5: Crossplot of Fe/Ca ratios and Mn/Ca ratios in the
analysed specimens. Arrows indicate tentative element
trends in brachiopods at the studied localities. For legend of
the symbols, see Figure 2. Vertical grey bars denote limiting
Mn/Ca and Fe/Ca ratios employed in the literature for culling
altered samples from fossil brachiopod datasets (Ullmann
and Korte, 2015 and references therein).

Substantial intra-specimen variability observed
here could potentially be mistaken for
differential preservation, if only Mn and Fe as
alteration proxies are employed. Additionally,
different species from the same locality show
different Mn/Ca and Fe/Ca patterns, which may
in part relate to the sampled shell portions (inner
surface, secondary layer, amount of organic
matter present). Species-specific diagenetic
enrichments of Mn, however, have been
observed (Harlou et al., 2016), suggesting that
Mn enrichment may be driven by shell
ultrastructure as well.

Besides its use as marker for diagenesis, Mn
has been inferred to respond to a variety of
environmental influences, e.g., water depth in the
tidal zone (Bourget, 1974), shore line proximity
and infections of the shell forming animal
(Almeida et al., 1998), freshwater and nutrient
supply (Lazareth et al, 2003). Such proxies
employing the very short oceanic residence time
of Mn (Li, 1982) may become interesting to
understand depositional environments in deep
time, warranting further study of the distribution
of Mn and Fe in extant species.

4.3. Covariation of isotope and element ratios
Element concentration data for brachiopod
calcite are used mostly for addressing questions
of biomineralization in modern species (e.g.,
Cusack et al., 2008b; Pérez-Huerta et al., 2008).
Palaeo-environmental studies on the other hand
almost exclusively use these data to control

sample preservation (see Ullmann and Korte,
2015 for a review). Only very few studies have
attempted to use the chemical information
retrieved from brachiopod calcite to infer the
composition of past seawater (Steuber and
Veizer, 2002; Ullmann et al., 2016) and very little
is known about the covariation of §13C and 6180
values with element/Ca ratios in brachiopod
calcite.

Geochemical  profiles  through  three
specimens, where 20 or more samples could be
collected from a single shell, are presented in
Figure 6. Approximate ages for the studied
specimens were derived from the respective von
Bertalanffy growth curves (von Bertalanffy,
1934, 1938) for these species (Paine (1969) for
T. transversa; Baird et al. (2013) for L.
neozelanica; Baumgarten et al. (2014) for M.
venosa). The profiles lack a clear expression of
seasonality, in part because of little seasonal
change in ambient conditions (L. neozelanica).
More importantly it was not always possible to
sample secondary shell material from the same
depth within the shell throughout the transects,
such that no strict chronological order of the
samples can be assumed. Strong geochemical
heterogeneity throughout the transect and
covariation of Sr/Ca with isotopic proxies (Fig. 6)
are especially clear for M. venosa, which grows
comparatively fast and is the largest known
modern brachiopod (Baumgarten et al.,, 2014).

4.4. Sr as a monitor for growth rate and
isotopic disequilibrium?

A positive relationship between precipitation
rate and Sr concentration in calcite is well-
established from abiogenic precipitation
experiments (Lorens, 1981; Tesoriero and
Pankow, 1996; Gabitov and Watson, 2006; Tang
et al,, 2008; Gabitov et al., 2014) and theoretical
considerations (DePaolo, 2011; Gabitov et al.,
2014). Also for biogenic calcite such a
relationship has been proposed, e.g. for bivalves
(Richardson et al., 2004; Lorrain et al, 2005),
belemnites (Ullmann et al, 2015), coccoliths
(Stoll and Schrag, 2000) and foraminifers (Lea et
al,, 1999; Kisakiirek et al,, 2008). It is therefore
probable that also brachiopods may show
growth rate-related enrichments in Sr.

Sr/Ca ratios in the brachiopods shells are
indeed particularly high where low §13C and 6180
ratios indicate growth rate-induced Kkinetic
isotope effects (M. venosa, T. transversa, Fig. 2). In
the near-shore settings, Sr/Ca and 6!3C data
show a similar pattern with N. nigricans lower in
Sr/Ca and higher in §13C than C. inconspicua from
the same locality and Friday Harbor data of
Terebratulina sp. overlapping with T. transversa
(Fig. 2). Also in the deep-water sites such a trend
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is indicated. L. neozelanica (water depth ~ 500m) The resulting negative correlation of Sr/Ca
shows a negative correlation of §13C with Sr/Ca ratios with &813C values opposes a generally
ratios and at Walvis Ridge (water depth ~ 1,600 observed positive correlation of these proxies
m) S. crosnieri has much lower Sr/Ca and higher related to diagenesis (e.g., Brand and Veizer,
613C than C. racovitzae. 1981; Ullmann and Korte, 2015). It may thus be
In addition to already established controls on possible to use this relationship in fossil
613C and 680 values (e.g, Carpenter and brachiopod samples to address disequilibrium
Lohmann, 1995; Auclair et al., 2003; Parkinson et isotope incorporation in the shell calcite, where
al., 2005) also Sr/Ca ratios in the shell material the samples with lowest Sr/Ca ratios and highest
therefore seem to respond to metabolic 613C values would be most likely to reflect the
processes, potentially tracking growth rate. palaeoenvironmental signal.
Terebratalia transversa Magellania venosa Liothyrella neozelanica
length of transects: 25 mm length of transect: 61 mm length of transect: 58 mm
o 1 recorded interval: ~2 a m 1 recorded interval: ~3.5 a m 4.0 recorded interval: ~10 a
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Fig. 6. Geochemical transects through three brachiopod species for which profiles of at least 20 samples could be prepared. T
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