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organisms: the case of manganese
in mollusc shell aragonite
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to obtain information about climate and environmental changes during time-intervals that pre-
date instrumental data records. This approach, however, relies on a thorough understanding of
how manganese is incorporated into the shell material —a point that remained controversial so far.
Here we clarify this issue, using state-of-the-art X-ray absorption and X-ray emission spectroscopy
in combination with band structure calculations. We verify that in the shells of all studied species
manganese is incorporated as high-spin Mn?*, i.e. manganese always has the same valence as calcium.
More importantly, the unique chemical sensitivity of valence-to-core X-ray emission enables us to show
that manganese is always coordinated by a CO;-octahedron. This, firstly, provides firm experimental
evidence for manganese being primarily located in the inorganic carbonate. Secondly, it indicates
that the structure of the aragonitic host is locally altered such that manganese attains an octahedral,
calcitic coordination. This modification at the atomic level enables the bivalve to accommodate many
orders of magnitude more manganese in its aragonitic shell than found in any non-biogenic aragonite.
This outstanding feature is most likely facilitated through the non-classical crystallization pathway of
bivalve shells.

Trace elements in the skeletal hard parts of aquatic animals are sensitive recorders of environmental parameters,
thus enabling the reconstruction of environments and climates of the past. Since the development of the ear-
liest paleo-thermometers, which provided high-resolution proxy records from Sr/Ca ratios in aragonitic coral
skeletons!, the number of trace element proxies multiplied, now comprising elements such as Mg, Cd, U, Zn,
B, Ba and Mn. Paleoenvironmental parameters accessible with these tools are not restricted to temperature, but
include changes in seawater pH (B?), freshwater input and ocean upwelling (Ba**), as well as the paleonutrient
distribution in the oceans (Cd, Zn®). Manganese, in particular, can be used as a proxy for freshwater runoff® and
phytoplankton blooms, because of its close link to photosynthesis”®. Determining Mn/Ca ratios in bivalve shells,
allows the reconstruction of hydrologic-climatic regimes in lakes that pre-date instrumental records’.

An underlying assumption when using these proxy records for quantitative environmental reconstructions
is that trace elements are accommodated in the carbonate phase via processes governed by equilibrium thermo-
dynamics’® or kinetically controlled inorganic partitioning!. Interestingly, aragonitic shells of freshwater bivalves
can contain Mn-concentrations well above 1000 pg/g”!!. This is a puzzling observation and strongly contrasts
with the extremely limited uptake of Mn into non-biogenic aragonite'>!?. At the same time it is well-known that
manganese can readily replace calcium in non-biogenic calcite up to a point where all the Ca is exchanged and
isostructural MnCOj; (rhodochrosite) is realized. This dichotomy between aragonite and calcite has previously
been associated to the small ionic radius of Mn, which is better accommodated in calcite than in the aragonite
host structure!'®. However, apart from these steric effects, the coordination chemistry of Mn has to be considered
as well'®: the atomic Mn 3d valence states are strongly anisotropic and aligned with respect to three orthogonal
directions. In calcite, the O-ligands are situated exactly along these directions (cf. Fig. 1d), which leads to large
orbital overlaps and strong covalent Mn-O bonds. This is not the case in aragonite. Here the O-ligands are not
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Figure 1. Schematic crystal structure of the CaCO; polymorphs aragonite and calcite. Aragonite (a) has a
crystal structure with orthorhombic symmetry (space group Pnma)*” where the Ca-site is nine-fold coordinated
by O with site symmetry m, as shown in (b). In contrast, the crystal structure of calcite (c) is trigonal, space
group R-3¢*. In this case, calcium is octahedrally coordinated by O with site symmetry 32 (d). (e) Polished
section of a freshwater bivalve shell of Diplodon chilensis patagonicus showing the seasonal banding with light
bands formed in winters and dark bands formed in summers. (f) Secondary electron image of nacre layers
indented by annual growth cessations that form during the annual reproductive period of the organism. (g)
Secondary electron image of a broken surface of mother-of-pearl in the shell showing the typical nacre platelets.

situated along the three orthogonal directions (cf. Fig. 1b) and therefore overlaps and the covalent bonding are
significantly weaker. The energy gain due to covalent bonding in aragonite is therefore smaller than in calcite or,
in other words, Mn is chemically more stable in the octahedral environment of calcite.

Major deviations between the non-biogenic materials and their biogenic counterparts are not restricted to Mn
in bivalve shells, but comprise a large range of isotopic and elemental rations across many animal species'®. None
of them are currently understood. The underlying reason for the observed discrepancies between biogenic and
non-biogenic carbonate may be found in their different formation mechanisms: Biogenic calcite and aragonite
(cf. Fig. 1) that make up the skeletal hard parts are organic-inorganic nano-composites, frequently formed under
extensive physiological control on the shape and composition of the minerals'®. Up to now, the mechanistic
details of their formation are still poorly understood. Growing evidence, however, indicates that many biogenic
carbonates form via transient metastable precursor phases, such as amorphous calcium carbonate (ACC!7-1).
This stepwise crystallization pathway presents an energetically advantageous alternative to direct crystalliza-
tion from solution, because of the low activation barriers between transient intermediate phases?. Although yet
virtually unexplored, this pathway potentially influences the uptake and fractionation of key elements into the
bio-carbonate. High Mg-calcite, for example, with up to 40 Mol% MgCO; found in the calcitic teeth of echinoids®!
can only be produced via ACC in vitro, but not through classical crystallization pathways?>?3.

Furthermore, while there is strong evidence for the formation of mollusc shells from ACC*, the role of Mn as
well as its speciation in the mature biomineral is still enigmatic?®. Manganese is a particularly important element
as it carries out critical functions as a catalyst in proteins and an activator in enzymes®® and thus could be partly
accommodated in the organic macromolecules present in the bio-carbonate. The Mn-speciation in aragonitic
shells has therefore been discussed controversially, and different authors proposed Mn to be associated with the
organic moiety in the shell>*? or its speciation in the aragonite lattice either as Mn(II)?% or as Mn (I1I)*.

In order to clarify these issues and to work toward an explanation towards the unusually high Mn concen-
trations in biogenic aragonite, we performed state-of-the-art K-edge X-ray absorption spectroscopy (XAS) and
X-ray emission spectroscopy (XES) to determine the coordination and chemical bonding of Mn in different
aragonitic freshwater bivalve shells.

Results
X-ray absorption spectroscopy. XAS data at the Mn K-edge were recorded for 10 different bivalve shells
(Table 1 and Fig. 2). In this type of measurement the X-ray absorption cross-section is measured as a function
of the incoming photon energy (hv,). As can be observed in Fig. 2a, all data sets exhibit the same characteristic
features, including a pre-edge peak at 6.540 keV, a strong absorption peak at 6.552 keV (the so-called white line)
and further common features at higher energies.

The pre-edge peak arises from transitions from the Mn 1s level into unoccupied orbitals that have mainly Mn
3d character (cf. Fig. 2e). These transitions are therefore very sensitive to the configuration of the 3d valence shell
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1 Anodonta anatina (Unionoidea: Anodontinae) University of Mainz | Recent 6540.5 6551.6 Mn (II)
2 Anodonta cygnea (Unionoidea:Anodontinae) University of Mainz | Recent 6540.5 6551.6 Mn (II)
3 Hyriopsis cumingii (Unionoidea:Unionidae) University of Mainz | Recent 6540.5 6551.6 Mn (II)
4 Margaritifera falcata (Unionoidea: Margaritiferidae) University of Mainz | Recent 6540.4 6551.6 Mn (II)
5 Margaritifera margaritifera (Unionoidea:Margaritiferidae) | University of Mainz | Recent 6540.5 6551.7 Mn (II)
6 Unio tumidus (Unionoidea:Unionidae) University of Mainz | Recent 6540.5 6551.6 Mn (II)
7 Lake Morenito Recent 6540.4 6551.6 Mn (II)
8 Lake Escondido Recent 6540.4 6551.6 Mn (II)
Diplodon chilensis patagonicus (Unionoidea: Hyriidae)
9 Lake El Trébol Recent 6540.4 6551.6 Mn (II)
10 Lake El Trébol Sub-fossil 6540.4 6551.6 Mn (II)
11 Calcite (natural) University of Mainz | Mineral 6540.4 6551.6 Mn (II)
12 Rhodrochrosite (natural) University of Mainz | Mineral 6540.2 6551.9 Mn (II)
13 MnO (synthetic) Sigma-Aldrich Compound | 6540.2 gggg é Mn (II)
14 MnO, (synthetic) Sigma-Aldrich Compound | 6542.7 2228? Mn (IV)

Table 1. Details on samples (superfamily and family in brackets) and reference materials including peak
positions. Valves 1-6 and the two mineral samples are from the collection of the University of Mainz. The
Diplodon chilensis patagonicus species in lines 7-10 consist of three individuals live-collected in 2007-2010 and a
sub-fossil shell from Lake El Trébol in 2002, provided by Dr. Adam Hajduk.
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Figure 2. X-ray absorption, K3 X-ray emission and spin-resolved X-ray absorption measurements.

(a) XAS data for the studied bivalve samples. See Table 1 for the full names and description of the samples. The
data 20 eV below and 60 eV above the white line has been used to normalize the different data sets. Calcite
absorption is shown in red. The 10 shell spectra were averaged (grey curve) to allow better comparison with the
reference material. (b) KB’ and K3, ; main emission lines of the bivalve samples. The splitting of these two
lines can clearly be observed and the total K3-lineshape agrees well with Mn?* in a high-spin configuration.
(c) Average shell spectrum of the spin-resolved XAS across the pre-edge peak. The spin-up absorption is
strongly suppressed revealing a dominant 3d® high-spin configuration of Mn. (d) Sketch of the decay processes
that lead to the K3’ and KB, ; main lines. Note that the total spin of the 3p-shell is different in both cases,
resulting in a large exchange splitting of the lines. (e) Illustration of the spin-resolved XAS. Note that the spin-up
1s hole cannot be created (left), which is the necessary for the K3’ decay (cf. panel d). A spin-down hole can be
created, enabling the K3, ; decay illustrated on the right.
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Figure 3. Valence-to-core X-ray emission. (a) Extended view of the bivalve K3 X-ray emission, including the
weak valence emission satellite at high emission energies (inset). Comparison of the bivalve data (averaged)

to different Mn-bearing carbonate (b) and oxide (c) reference samples. The lineshape of the bivalve average
spectrum is identical to that of Mn-doped calcite and rhodochrosite.

of the Mn-absorber. The identical intensity and shape of the pre-peak therefore already indicate that the config-
uration of the 3d-shell of Mn is the same for all bivalve samples studied here. This agrees well with our earlier
results for Diplodon chilensis patagonicus®'.

The 1s—4p transitions cause the main absorption edge above 6.550 keV. Since the 1s core-electron is excited
into the 4p-bands, the main edge is not directly related to the configuration of the Mn 3d-valence shell. Instead,
the 4p-states are rather delocalized rendering them sensitive to the local environment of the Mn-sites. In this way,
the XAS main edge becomes sensitive to the local structure of the host around the Mn site.

The data in Fig. 2a shows that all major XAS features are very similar for all studied shells, although there are
slight differences, especially in the intensity of the white line. We attribute the latter to different degrees of local
disorder in the various samples!®. Nonetheless, the similarity of the 1s — 4p X AS clearly indicates that the envi-
ronment of Mn is very similar in all bivalve shell samples.

At this point it is very interesting to compare the bivalve XAS to that of Mn within geological carbonate hosts.
Interestingly, all geological aragonites that were studied in this work exhibited Mn-concentrations well below
the detection limit of the present XAS experiment (ca. 10 pgg™"). It is also known that it is very difficult, if not
impossible, to synthesize Mn-substituted aragonite'?, because the crystal chemistry prohibits the incorporation
of Mn into aragonite. The calcistructure, on the other hand allows for the presence of high Mn contents, as Mn is
much less stable in the nine-fold coordination of aragonite (Fig. 1b) than in the octahedral coordination of calcite
(Fig. 1d) for reasons outlined above.

As can be seen in Fig. 2a, the pre-edge feature of the shells is identical in shape and intensity to that of the
Mn-doped calcite, providing evidence that the 3d-configuration is the same in both types of samples. In contrast
to this, the main edge at higher incoming photon energies is very different, in agreement with the established fact
that the studied bivalve shells are not composed of calcite, but the mineral part consists of aragonite.

Main K3-emission and spin-resolved XAS. In order to obtain more information about the configuration
of the 3d-valence shell of Mn, we performed XES and spin-resolved XAS. The emission process causing the K3
main lines is illustrated in Fig 2d. After the 1s core hole has been created via photoionization, the resulting highly
excited state can decay via a 3p— 1s transition, i.e. the 1s core hole is filled by a 3p-electron. There are two types of
final states that can be reached in this way: one where the unpaired spin of the 3p-shell, S5, is parallel to the total
3d spin, S;4, and one where the two spins are antiparallel. Due to the presence of a strong exchange interaction
between the 3p and 3d electrons, the final state energy is different for S, and S;4 being parallel and antiparallel.
As a result, the two decay channels sketched in Fig. 2d correspond to different hv, of the emitted photon. This is
the origin of the well-known splitting of the main K3-emission lines, which is shown for our samples in Figs. 2b
and 3a. For historical reasons the low-energy and high-energy features are referred to as K3’ and K3, 3, respec-
tively, as indicated in Figs. 2b and 3a.
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Figure 4. Density functional theory calculations. (a,b) Density of states for the spin-up Mn-site of
rhodochrosite, projected on d- (a) and p-symmetry (b). (c) Simulated valence-to-core emission for
rhodochrosite and Mn doped aragonite. (d,e): spatial distribution of the charge density corresponding to the
p-bands p1 and p2, plotted in the plane of the CO; molecule (blue: low, red: high). Most of the charge density
is located on the outer oxygen ligands, which coordinate the C-site in the centre. It can be seen that p2 has a
stronger C-O bonding than p1 in agreement with the higher binding energy of p2.

The lineshape and the splitting of the K3-main lines depend strongly on the valence and the spin-state®2.
As demonstrated in Fig. 3a the Mn K3-main lines were all found to be identical within the experimental error,
further supporting that the electronic state of Mn is the same in all the biominerals examined in this study.
Furthermore, the lineshape found for the bivalve materials agrees very well with that of Mn?" in a 3d° high-spin
state®. This is the first direct evidence that Mn is incorporated in the aragonite biominerals as Mn?*.

To verify this conclusion we also performed spin-resolved XAS. By measuring photons with hv, correspond-
ing to the KB’ emission line, decays into the final states with S, and S, antiparallel are measured, whereas by
setting hv, to the K3, ; emission line selects mainly final states with parallel S5, and S;4**. The photo absorption
preceding the KB3-decay conserves the total spin (no spins are flipped), which has important consequences: the
K@’-final state can only be reached if a spin-up 1s electron is excited by the incoming photon. Likewise, the
KB, ;-final state is reached after a spin-down 1s electron absorbed the incoming photon. In this sense, one can
perform spin-resolved XAS by choosing the appropriate hv,.

As illustrated in Fig. 2e, the pre-edge absorption of a spin-up 1s-electron is not possible for a 3d°® high-spin
state and, consequently, KB’ emission is strongly suppressed. Spin-down 1s-electrons, however, can be excited,
allowing for strong K3, ; emission. This is a unique property of the 3d” high spin state, which enables its identifi-
cation via spin-resolved X AS.

The corresponding data for the studied bivalve shells is presented in Fig. 2¢c, where the spin-resolved XAS is
shown as a function of the incoming photon energy hv, across the absorption pre-peak. It can clearly be observed
that the spin-up absorption is strongly suppressed as compared to the spin-down absorption, unambiguously
identifying a dominating 3d> high-spin configuration of the Mn-substituent.

Valence-to-core emission spectroscopy. More detailed information about the chemical environment
and bonding of Mn within the aragonite host can be obtained from valence-to-core XES, which arises from the
decay of a valence electron with p-character to the Mn 1s core hole.

The technique therefore does not probe the transition metal d-orbitals but the occupied p-density of electronic
states just below the Fermi level, which is mainly formed by electrons from ligand atoms. Since the valence states
have a lower binding energy than the transition metal 3p-levels, the energy hv, of the emitted photons is larger
as compared to those emerging from the main K@3-decay channels described above. In addition to this, the cross
section for valence-to-core emission is smaller than for the main K3-decay. The valence emission thus results in
weak high-energy satellites of the stronger main emission lines (Fig. 3a). The sensitivity of valence-to-core XES
for studying the ligand environment has been demonstrated by various authors for various systems®>*¢. Also in
the present case, the valence-to-core emission is very sensitive to the chemical environment of Mn, as can clearly
be observed by comparing MnO to MnO, (Fig. 3¢).
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As demonstrated in the inset of Fig. 3a, we could observe valence satellites for all measured shell samples.
These data show that the valence-to-core line shapes of all studied shell materials coincide within the experimen-
tal error, implying that the chemical environment of Mn, i.e., the coordination symmetry and the type of ligand,
in all these samples is the same. In addition to this, the comparison presented in Fig. 3b further reveals that the
valence-to-core line shapes of the bivalve materials are identical to the calcite and rhodochrosite reference sam-
ples within the experimental error. This yields the major outcome of the present study: manganese in the arago-
nitic biominerals formed by freshwater bivalves is, in all studied cases, locally coordinated by an octahedron of
six O-atoms belonging to 6 different CO; molecules. The global aragonite structure of the biominerals (where the
Ca?" is surrounded by 9 nearest-neighbor O-atoms) is therefore altered locally around the Mn-sites in such a way
that an octahedral coordination as in calcite is established (Fig. 1).

Density functional theory. We performed model calculations by means of density functional theory (DFT)
to obtain a microscopic interpretation of the valence-to-core XES line shape and to further support the sensitivity
of this method (details are provided in the methods section). We first focus on the density of states (DOS) calcu-
lated for rhodochrosite and Mn-substituted aragonite. This quantity characterizes the electronic band structure
in terms of the number of electronic states in a given energy region.

For example, the calculated DOS of the Mn 3d-states (d-DOS) displayed in Fig. 4a shows at which binding
energies the Mn 3d-states occur in the DFT band structure. As expected on symmetry grounds for an octahe-
dral coordination, the 3d-levels of Mn are split into threefold degenerate t,,- and two-fold degenerate e,-states.
Noting that the Fermi level E;. separates occupied from unoccupied states, it can be observed that all spin-up
states (upper panel) are occupied, whereas all spin-down states (lower panel) are unoccupied. Our DFT calcula-
tions therefore yield a high spin-polarization of Mn in accordance with the strong Hund’s rule coupling. In fact,
the calculated d-DOS corresponds to a 3d° high-spin configuration of Mn. This is in excellent agreement with the
experimental results described in the previous paragraphs.

In addition to the 3d-levels, there are also 2 main bands with p-character associated with Mn. This is demon-
strated in Fig. 4b, where the DOS for the electronic states with p-symmetry is shown (p-DOS). The first band, p1,
is located between about —2 eV to —5 eV binding energy, while the second, p2, lies between —7 eV and —12 eV.
These two bands correspond to two different molecular orbitals of the CO; complex. The calculated charge den-
sity distributions of p1 and p2 within the plane of the CO; are shown in Figs. 4d,e. The fact that these states also
appear in the p-DOS of Mn implies that these molecular orbitals hybridize significantly with Mn.

Turning to the simulation of the valence-to-core XES it is important to note that our DFT calculations provide
a realistic description of the electronic ground state, while the photoionization process involved in XES creates
an excited state. The simulation of XES based on such DFT calculations therefore neglects effects caused by the
core-hole and, in particular, the screening of the core-hole is not taken into account. While this has important
quantitative consequences, it does not play a role for the qualitative arguments given below. At this level we can
therefore take the valence-to-core emission intensity to be proportional to the occupied p-DOS of Mn, because
the corresponding p-electrons fill the core-hole via dipole transitions. This is a common approach that has been
also used in earlier studies®.

Accordingly, we broadened the occupied Mn p-DOS by 1 eV in order to simulate the experimental width of
the lines and shifted the resulting curve on the energy axis as to match the experimental emission energies. The
results of this calculation are shown in Fig. 4c. As can be seen in this figure, the two bands in the p-DOS described
above result in two peaks in the valence emission spectra. The first peak around 6535 eV can therefore be attrib-
uted to transitions of electrons in orbital p1 into the 1s core-hole, whereas the second peak around 6530 eV is
caused by the corresponding transitions of electrons occupying orbital p2 (cf. Figs. 4d,e). Both the calculated
relative intensity as well as the splitting of these peaks is in very good agreement with the experimental result.

The above results demonstrate that the valence-to-core XES line shape is directly determined by the hybridi-
zation of Mn with the ligands. Changing the geometry of the ligand coordination is therefore expected to change
the valence emission line shape significantly. In order to verify this, we also performed a calculation for Mn in an
aragonite host. As shown in Fig. 4c, this change in geometry has a significant effect in the valence-to-core emis-
sion. Most notably the relative intensity of the two peaks originating from p1 and p2 changes considerably. The
present model calculation therefore demonstrates that this experimental method allows discriminating different
local coordination geometries around the transition metal for one and the same type of ligand.

The fact that the measured valence-to-core emission line shapes of all the bivalve shells agree almost perfectly
with that of the rhodochrosite and Mn-substituted calcite reference sample (Fig. 3b) therefore unambiguously
reveals that Mn in the biominerals is coordinated by an CO;-octahedron. A different coordination, as the one in
an aragonite environment, would result in significant deviations from the calcite reference.

Discussion

To be able to use the environmental information provided by proxy elements to their full potential it is criti-
cal to understand the mechanisms behind the uptake and storage in the biomineral. This study provides new
microscopic insights, thereby pinpointing important processes that govern the Mn-uptake in the shell materials.
Specifically, we show that different freshwater aragonitic bivalve shells exhibit essentially identical XAS and XES
spectra, which provides direct proof that all of them bear Mn in the same crystal environment, independent of
bivalve type, provenance, or if recent or archaeological.

We unambiguously identified a dominant Mn?* high-spin state of manganese in all the bivalve shell materials
studied here. Most importantly, our valence-to-core emission spectroscopy data reveal that Mn?" is coordinated
by an octahedron of CO;-complexes, very similar to the local environment of Mn substituted into calcite. Note
that this method is not only sensitive to the symmetry of the local Mn-environment, but also to the type of ligand.
Our results hence imply that, although the global structure of the shell material corresponds to aragonite, the
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local structure around Mn is altered in such a way as to obtain an octahedral coordination by the O-ligands. This
conclusion is supported by the fact that the covalent bonding of a high-spin Mn*" is much stronger in the calcite
environment as compared to the aragonite environment with much lower symmetry (cf. Fig. 1b,d). Due to this
low symmetry, the Mn-O covalency is weak in non-biogenic aragonite, which explains the severely restricted
Mn-uptake in these compounds. Obviously the latter poses a considerable challenge for organisms, which have to
form bio-aragonite in aqueous solutions containing high concentrations of Mn.

This chemical restriction may be accommodated via a transient precursor crystallization pathway!”18-3%40,
where the initially formed amorphous calcium carbonate phase is able to incorporate orders of magnitude more
Mn than would be possible by non-biogenic aragonite. Upon crystallization of the aragonitic shell, the chemical
stability of Mn in an octahedral coordination may drive the formation of calcite domains, which accommodate
the Mn impurities in the aragonite host structure.

In contrast to direct ion-by-ion crystal growth in inorganic geological or common synthetic processes, the
transient precursor pathway in bivalves therefore seems to enable the incorporation of large Mn-concentrations
into the aragonite host lattices by changing the local symmetry around Mn at the atomic-scale. This is an excellent
example of a so-called “vital effect”! of physiology on mineralogy and chemistry.

Methods

The bivalves used for this research (Table 1) were extant (i.e. not fossil) freshwater specimens of Hyriopsis cum-
ingii, Margaritifera margaritifera, Margaritifera falcata, Anodonta cygnea, Anodonta anatina and Unio tumidus,
as well as Diplodon ch. patagonicus from three different Patagonian lakes (Escondido, El Trébol and Morenito).
One archaeological (sub-fossil) specimen of Diplodon ch. patagonicus from Lake El Trébol was investigated
for comparison. Only the right valve of each specimen was used. Raman studies following the methodologies
explained elsewhere***? were used to classify the different calcium carbonate polymorphs in the shells. All nacre
or prismatic structures in these samples are composed entirely of aragonite. After cleaning with MilliQ water, the
shells were air-dried and powdered shell nacre of the internal region of the ventral margin was extracted with a
diamond-covered drill bit. After homogenization in an agate mortar the samples were mixed 1:1 with BN, and
pressed into pellets of 5 mm diameter and approximately 1-2 mm thickness.

The reference compounds comprised synthetic substances and geological crystals (Table 1). CaCOj; of geo-
logical and biological origin is found commonly as the different crystal polymorphs calcite, aragonite, vaterite or
amorphous calcium carbonate®. In this work we studied specifically the aragonite and calcite structures (Fig. 1).
Non-biogenic aragonite shows always very low Mn concentrations (<10 pg/g), because uptake of Mn into the
aragonite crystal structure is unfavourable!*-'°. Therefore also Mn-rich calcite and isostructural rhodochrosite
(MnCOs;) were included as Mn-bearing carbonate reference compounds.

The XAS and XES experiments were carried out at the beamline ID26 of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. Standard XAS measurements were performed by detecting the total fluo-
rescence yield with an avalanche photo diode. For the spin-resolved XAS, the energy of the outgoing photons,
hv,, was set to the maximum of the XES K@, ; spectrum of the sample (for the spin down transition) and at the
maximum of the K3 " line (for the spin up transitions). Further explanations regarding the spin-resolved XAS are
given below. For the pre-edge region, the incoming photon energy, hv,, was scanned from 6.53 to 6.55 keV with
an energy step of 0.05 eV. At least 3 scans were averaged for each sample. For the main edge and the extended
absorption region, the hv, was scanned between 6.52 and 6.60 keV, using an energy step of 0.1 eV.

The XES spectra were measured at an incident energy hv;=6.910 keV, i.e. well above the Mn K-edge. The Mn
KB main XES spectra were acquired with hv, between 6.472 and 6.505 keV and an energy step of 0.2 eV. Mn K3, 5
XES satellite lines were acquired with hv, ranging from 6.503 to 6.550 keV in steps of 0.4 eV. At least five scans
were averaged per sample. If not stated otherwise, XAS and XES spectra were normalized to an absorption inten-
sity of 1 at the high-energy end of the XAS scans and to an emission area of 1 at the Mn-K@, ; peak, respectively.
The detection limit for Mn of the present setup was about 10 ug g~*.

Model calculations.  Spin-resolved density functional theory calculations were done employing the general-
ized gradient approximation for the exchange correlation potential®. No local onsite Coulomb interaction U was
applied. The calculations were performed using the WIEN2K package**. We studied two different model systems:
(i) rhombohedral rhodochrosite MnCOj; using the experimentally determined lattice and spin structure*® and
(ii) the experimental lattice structure of aragonite?, where one of the four Ca-sites per unit cell has been replaced
by Mn. In the latter model the spins of the Mn-sites in neighbouring unit cells were set to be parallel in order to
reduce the computing time. This does not affect the qualitative features, which are of interest for the present study.
For rhodochrosite and Mn-doped aragonite a mesh of 7 X 7 x 7 and 4 x 6 x 7 k-points was used in the irreducible
part of the Brillouin zone. All calculations were well converged and, in the case of rhodochrosite, our results agree
very well with previous band structure calculations®.

References

1. Smith, S. V., Buddemeier, R. W., Redalje, R. C. & Houck, J. E. Strontium-calcium thermometry in coral skeletons. Science 204,
404-407 (1979).

2. Yu, ], Elderfield, H. & Honisch, B. B/Ca in planktonic foraminifera as a proxy for surface seawater pH. Paleoceanography 22,
PA2202, doi: 10.1029/2006PA001347 (2007).

3. Hetzinger, S. et al. Coralline algal Barium as indicator for 20th century northwestern North Atlantic surface ocean freshwater
variability. Scientific Reports 3, 1761 (2013).

4. Lea, D. W, Shen, G. T. & Boyle, E. A. Coralline barium records temporal variability in equatorial Pacific upwelling. Nature 340,
373-375 (1989).

5. Bryan, S. P. & Marchitto, T. M. Testing the utility of paleonutrient proxies Cd/Ca and Zn/Ca in benthic foraminifera from
thermocline waters. Geochemistry Geophysics Geosystems 11, Q01005 (2010).

SCIENTIFICREPORTS | 6:22514 | DOI: 10.1038/srep22514 7



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
. Atkins, P. Molecular Quantum Mechanics, Oxford University Press, 4th Edition, ISBN 0-19-92748-3 (2005).
16.

17.

18.
19.
20.

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.

47.
48.

. Barats, A., Amouroux, D., Peycheran, G., Chauvaud, L. & Donard, O. F. X. High-frequency archives of manganese inputs to coastal

waters (Bay of Seine, France) resolved by the LA-ICP-MS analysis of calcitic growth layers along scallop shells (Pecten maximus).
Environ. Sci. Technol. 42, 86-92 (2008).

. Langlet, D., Alleman, L. Y, Plisnier, P. D., Hughes, H. & André, L. Mn seasonal upwellings recorded in Lake Tanganyika mussels.

Biogeosciences Discuss. 3, 1453-1471 (2006).

. Van der Putten, E., Dehairs, E, Keppens, E. & Baeyens, W. High resolution distribution of trace elements in the calcite shell layer of

modern Mytilus edulis: Environmental and biological controls. Geochimica et Cosmochimica. Acta 64,997-1011 (2000).

. Kinsman, D.J. ]. & Holland, H. D. The coprecipitation of cations with CaCOj: IV. The coprecipitation of Sr>* with aragonite between

16 and 96°C. Geochimica et Cosmochimica Acta 33, 1-17 (1969).

Gaetani, G. A. & Cohen, A. L. Element partitioning during precipitation of aragonite from seawater: A framework for understanding
paleoproxies. Geochimica et Cosmochimica Acta 70, 4617-4634 (2006).

Soldati, A. L., Jacob, D. E., Schéne, B. R., Bianchi, M. M. & Hajduk, A. Seasonal periodicity of growth and composition in valves of
Diplodon chilensis patagonicus (d'Orbigny 1835). J. Molluscan Studies 75, 75-85 (2009).

Fonda, G. R. The preparation of fluorescent calcite. J. Phys. Chem. 44, 435-439 (1940).

Gagan, M. K. et al. New views of tropical paleoclimates from corals. Quaternary Science Reviews 19, 45-64 (2000).

Goldschmidt, V. M. The Laws of Crystal Chemistry. Naturwissenschaften 14, 477—485 (1926).

Weiner, S. & Dove, P. M. An Overview of Biomineralization Processes and the Problem of the Vital Effect in Rev. Mineral. Geochem.
54 (eds Weiner, S., De Yoreo, J. & Dove, P. M.) Mineralogical Society of America, 1-30 (2003).

Baronnet, A., Cuif, J. P, Dauphin, Y., Farre, B. & Nouet, ]. Crystallization of biogenic Ca-carbonate within organo-mineral micro-
domains. Structure of the calcite prisms of the Pelecypod Pinctada margaritifera (Mollusca) at the submicron to nanometre ranges.
Mineralogical Magazine 72, 617-626 (2008).

Jacob, D. E., Soldati, A. L., Wirth, R., Wehrmeister U. & Schreiber, A. Amorphous calcium carbonate in the shells of adult Unionoida.
J. Struct. Biology 173, 241-249 (2011).

Addadji, L., Vidavsky, N. & Weiner, S. Transient precursor amorphous phases in biomineralization. In the footsteps of Heinz A.
Lowenstam. Zeitschriftfiir Kristallographie - Crystalline Materials. 227, 711-717 (2012).

Raiteri, P. & Gale, J. D. Water is the key to non classical nucleation of amorphous calcium carbonate. J. Am. Chem. Soc. 132,
17623-17634 (2010).

Veis, A., Stock, S. R., Alvares, K. & Lux, E. On the formation and functions of high and very high magnesium calcites in the
continuously growing teeth of the echinoderm Lytechinus vareigatus: Development of crystallinity and protein involvement. Cells
Tissues Organs 194, 131-137 (2011).

Raz, S., Weiner, S. & Addadi, L. Formation of high-magnesian calcites via an amorphous precursor phase: possible biological
implications. Adv. Materials 12, 38-42 (2000).

Blue, C. R. & Dove, P. M. Chemical controls on the magnesium content of amorphous calcium carbonate. Geochimica et
Cosmochimica Acta 148, 23-33 (2015).

Jacob, D. E. et al. Nanostructure, composition and mechanisms of bivalve shell growth. Geochimica et Cosmochimica Acta 72,
5401-5415 (2008).

Takesue, R. K., Bacon, C. R. & Thompson, J. K. Influences of organic matter and calcification rate on trace elements in aragonitic
estuarine bivalve shells. Geochimica et Cosmochimica Acta 72, 5431-5445 (2008).

Hansch, R. & Mendel, R. R. Physiological functions of mineral micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Current Opinion in
Plant Biology 12, 259-266 (2009).

Carriker, M. R., Palmer, R. E,, Sick, L. V. & Johnson, C. C. Interaction of mineral elements in sea water and shell of oysters
(Crassostrea virginica (Gmelin)), cultured in controlled and natural systems. J. Exp. Mar. Biol. Ecol. 46,279-296 (1980).

White, L. K., Szabo, A., Carkner, P. & Chasteen, N. D. An electron paramagnetic resonance study of manganese (II) in the aragonite
lattice of a clam shell. Mya arenaria. ]. Phys. Chem. 81, 1420-1424 (1977).

Naiduy, Y. N,, Rao, J. L. & Lakshman, S. V.. Electron paramagnetic resonance and optical absorption spectra of fresh water mussel
Lamellidens marginalis shells. Intern. J. Inorg. Organomet. Chem. 11, 663-669 (1998).

Narasimhuly, K. V. & Rao, J. L. EPR and IR spectral studies of the sea water mussel Mytilus conradinus shells. Spectrochimica Acta
Part A 56, 1345-1353 (2000).

Soldati, A. L., Goettlicher, J., Jacob, D. E. & Vicente-Vilas, V. Manganese speciation in Diplodon chilensis patagonicus shells: a XANES
study. Journal of Synchrotron Radiation 17, 193-201 (2010).

de Groot, E. High-resolution X-ray emission and X-ray absorption spectroscopy. Chem. Reviews 101, 1779-1808 (2001).

Glatzel, P. & Bergmann, U. High resolution 1s core hole X-ray spectroscopy in 3d transition metal complexes - electronic and
structural information. Coordination Chemistry Reviews 249, 65-95 (2005).

Wang, X., de Groot, E. M. F. & Cramer, S. P. Spin-polarized X-ray emission of 3d transition metal ions: A comparison via K, and K
detection. Physical Review B 56, 4553-4564 (1997).

Smolentsev, G. et al. X-ray emission spectroscopy to study ligand valence orbitals in Mn coordination complexes. Journal Am. Chem.
Soc. 131, 13161-13167 (2009).

Beckwith, M. A. et al. Manganese K; X-ray emission spectroscopy as a probe of metal-ligand interactions. Inorganic Chemistry 50,
8397-8409 (2011).

Ballhausen, C. J. Introduction to Ligand Field Theory, McGraw-Hill (1962).

Sherman, D. M. Electronic structures of siderite (FeCO5) and rhodochrosite (MnCO;): Oxygen K-edge spectroscopy and hybrid
density functional theory. American Mineralogist 94, 166 (2009).

Wehrmeister, U. et al. Amorphous, nanocrystalline and crystalline calcium carbonates in biological materials. Journal of Raman
Spectroscopy 42, 926-935 (2011).

Soldati, A. L., Jacob, D. E., Wehrmeister, U. & Hofmeister, W. Structural characterization and chemical composition of aragonite and
vaterite in freshwater cultured pearls. Mineralogical Magazine 72, 577-590 (2008).

Urey, H. C., Lowenstam, H. A., Epstein, S. & McKinney, C. R. Measurement of palaeotemperatures and temperatures of the Upper
Cretaceous of England, Denmark, and the southeastern United States. Bull. Geol. Soc. Am. 62, 399-416 (1951).

Soldati, A. L., Jacob, D. E., Wehrmeister, U., Hager, T. & Hofmeister, W. Micro Raman spectroscopy of pigments contained in
different calcium carbonate polymorphs from freshwater cultured pearls. Journal of Raman Spectrometry 38, 525-536 (2008).
Perdew, J. P,, Burke, S. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Let. 77, 3865 (1996).

Blaha, P,, Schwarz, K., Madsen, G. K. H., Kvasnicka, D. & Luitz, ]. WIEN2k, An Augmented Plane Wave + Local Orbitals Program
for Calculating Crystal Properties (Karlheinz Schwarz, Techn. Universitit Wien, Austria) (2001). ISBN 3-9501031-1-2.

Maslen, E. N,, Streltsov, V. A,, Streltsova, N. R. & Ishayawa, N. Electron density and optical anisotropy in rhombohedral carbonates.
III Synchrotron X-ray studies of CaCO;, MgCO; and MnCOs. Acta Cryst. B 51, 929 (1995).

Caspi, E. N, Pokroy, B., Lee, P. L., Quintana, J. P. & Zolotoyabko, E. On the structure of aragonite. Acta Cryst. B 61, 129 (2005).

de Villiers, J. P. R. Crystal structures of aragonite, strontianite and witherite. Am. Mineralogist 56, 758-767 (1971).

Maslen, E. N,, Streltsov, V. A. & Streltsova, N. R. X-ray study of the electron density in calcite, CaCO;. Acta Cryst. B 49, 636-641
(1993).

SCIENTIFICREPORTS | 6:22514 | DOI: 10.1038/srep22514 8



www.nature.com/scientificreports/

Acknowledgements

The shells of Hyriopsis cumingii were obtained from the collection of the Department of Geosciences at the
Johannes Gutenberg University. Margaritifera margaritifera and Margaritifera falcata shells were donated by
B.Schone, Johannes Gutenberg University (from his personal collection). The shells of Anodonta cygnea by
Anodonta anatina and Unio tumidus were kindly provided by the Natural History Museum, Mainz. We thank
A Hajduk (Museo Nacional de la Patagonia, Bariloche) for providing the archaeological specimens of Diplodon
ch. patagonicus and the authorities of the Nahuel Huapi National Park, the Bariloche Municipal Park and the
neighbours of Laguna El Trébol for allowing sampling the extant specimens in lakes El Trébol, Escondido and
Morenito. The project was financed by the ESRF proposal EC-571. J. Geck gratefully acknowledges the financial
support through the Emmy Noether program of the DFG (Grant GE1647-1). A. Soldati and D. Jacob are grateful
to the Earth System Cycles Research Center, Johannes-Gutenberg University Mainz for support. D. Jacobs work
is funded through an ARC Future Fellowship at Macquarie University.

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the
final version of the manuscript. A.L.S., J.G. and P.G. devised the experiment. A.L.S., ].G., ].G., P.G. and D.E.].
performed the experiment. A.L.S. and J.G. analyzed and interpreted the experimental results. J.G. performed the
DFT calculations.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Soldati, A. L. et al. Element substitution by living organisms: the case of manganese in
mollusc shell aragonite. Sci. Rep. 6, 22514; doi: 10.1038/srep22514 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:22514 | DOI: 10.1038/srep22514 9


http://creativecommons.org/licenses/by/4.0/

	Element substitution by living organisms: the case of manganese in mollusc shell aragonite

	Results

	X-ray absorption spectroscopy. 
	Main Kβ-emission and spin-resolved XAS. 
	Valence-to-core emission spectroscopy. 
	Density functional theory. 

	Discussion

	Methods

	Model calculations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic crystal structure of the CaCO3 polymorphs aragonite and calcite.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ X-ray absorption, Kβ X-ray emission and spin-resolved X-ray absorption measurements.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Valence-to-core X-ray emission.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Density functional theory calculations.
	﻿Table 1﻿﻿. ﻿ .



 
    
       
          application/pdf
          
             
                Element substitution by living organisms: the case of manganese in mollusc shell aragonite
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22514
            
         
          
             
                Analia L. Soldati
                Dorrit E. Jacob
                Pieter Glatzel
                Janine C. Swarbrick
                Jochen Geck
            
         
          doi:10.1038/srep22514
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22514
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22514
            
         
      
       
          
          
          
             
                doi:10.1038/srep22514
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22514
            
         
          
          
      
       
       
          True
      
   




