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Abstract Biominerals are widespread in Nature and they precipitate to respond to
different physiological purposes. A broad knowledge of their chemical and struc-
tural properties offers a unique opportunity to improve our capability to reconstruct
actual and paleoenvironment. In this work, we show two case studies, bivalves and
foraminifera grown in polluted sites that were characterized by applying different

G. De Giudici · C. Buosi · A. Cherchi · D. Medas (B)
Department of Chemical and Geological Sciences, University of Cagliari, Cagliari, Italy
e-mail: dmedas@unica.it

C. Meneghini
Department of Sciences, University of Roma Tre, Rome, Italy

I. Carlomagno · G. Aquilanti · D. E. Bedolla · A. Gianoncelli
Elettra-Sincrotrone Trieste, Basovizza, Trieste, Italy

T. Araki
Diamond Light Source, Diamond House, Harwell Science and Innovation Campus, Oxfordshire,
Didcot, UK

M. A. Casu
Institute of Translational Pharmacology, Scientific and Technological Park of Sardinia POLARIS,
UOS of Cagliari, National Research Council, Pula, Italy

A. Iadecola
RS2E, Réseau Français Sur Le Stockage Electrochimique de L’Energie, Amiens, France

A. C. Kuncser · V. A. Maraloiu
Laboratory of Atomic Structures and Defects in Advanced Materials, National Institute of
Materials Physics, Magurele, Romania

O. Mathon
The European Synchrotron Radiation Facility (ESRF), Grenoble, France

V. Rimondi
Department of Earth Sciences, University of Florence, Florence, Italy

CNR—Institute of Geosciences and Earth Resources, Florence, Italy

© Springer Nature Switzerland AG 2021
A. Di Cicco et al. (eds.), Synchrotron Radiation Science and Applications,
Springer Proceedings in Physics 220, https://doi.org/10.1007/978-3-030-72005-6_10

125

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72005-6_10&domain=pdf
mailto:dmedas@unica.it
https://doi.org/10.1007/978-3-030-72005-6_10


126 G. De Giudici et al.

and complementary synchrotron radiation-based investigation techniques, mainly
focused on the investigation of Zn incorporation in the biomineralized shells. Using
scanning transmission X-raymicroscopy (STXM) andX-raymicro-fluorescence (μ-
XRF), we found the colocalization of elements across the shells, while we obtained
information on chemical speciation of Zn by applyingX-ray absorption spectroscopy
(XAS). Noticeably, instead of metal dispersion in the Ca-carbonate shells, we found
traces of several independent phases, in particular for Zn, dispersed generally as
microscopic minerals. This work provides fundamental insight into the structural
properties, coordinative and chemical environment of somemarine biominerals. This
new knowledge is fundamental to understand the biogeochemical processes and to
develop effective environmental proxies.

10.1 Introduction

Biominerals are biogenic composite materials, made up of organic and mineral
phases, produced by living organisms for different purposes, such as defense against
predators, protection of the vital organs, support of the body, and others [1]. Biomin-
erals are spread everywhere in the biosphere and in the geological record, and often
include impurities and defects due to interactions between the organism and the
surrounding environment [2–5], therefore they can bring important information about
local biogeochemical conditions.

Bivalve and foraminiferal shells, ubiquitous biominerals in modern and paleo-
marine environments, are often used as environmental proxies [6–9]. Bivalve shells
are formedby an extracellular biomineralizationmade upof different layers, resulting
in an organo-mineral biocomposite, where the Ca-carbonate mineral (calcite, arago-
nite or vaterite, [10]) represents up to 95–99% [11]. The bivalve shell consists of three
layers. The outmost one is the periostracummade up of conchiolin, an unmineralized
protein layer that covers the external surface of the shell, enhancing abrasion resis-
tance and acting as a barrier against predation. The periostracum provides the nucle-
ation site for calcium carbonate [12]. Below the periostracum grows a prismatic layer
that is secreted by the outer mantle fold [13], containing organic matrices consisting
of chitin and proteins [14, 15]. Finally, the nacreous layer is deposited; it is a micro-
laminate compositematerial with highly oriented aragonite crystals [16]. The organic
matrix consists of several macromolecules, polysaccharides and proteins, located in
both intercrystalline and intracrystalline positions within the nacre [13].

Foraminifera are mainly marine organisms and can live on the seafloor sediments
(i.e., benthic species), or can float in the water column at various depths (i.e., plank-
tonic species) [17]. Foraminifera produce their own shell, characterized either by one
or multiple chambers commonly made up of calcium carbonate, through a controlled
biomineralization process. Magnesium content is related to the biomineralization
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mechanism. Shells precipitated by Rotaliida through an extracellular biosynthesis
are characterized by low-Mg contents, small crystallites and generally a spiral form.
Miliolida form their own shell by an intracellular biomineralization mechanism,
precipitating calcite inside the cell and extruding crystals externally into an organic
matrix. These are characterized by high-Mg contents and have a porcelaneous shell
with calcite growing in form of large needle-like crystallites [18].

Bivalve and foraminiferal shells are useful environmental proxies because varia-
tions in the shell structure or composition reflect physicochemical variations in the
surrounding environment [19–21]. The evolution of the watershed (annual cycles in
rainfall and soil erosion and/or sediment inputs) can be understood looking at the
trace element profiles of bivalves by laser ablation inductively coupled plasma mass
spectrometry (LA ICP-MS) [22]. The measurement of Mg/Ca ratio and Ca isotopes
in foraminifera represents a relevant proxy for the evaluation of paleotemperature
[21], and B/Ca ratio is used as a paleo-pH proxy to investigate the evolution of the
carbonate saturation state in the oceans [2, 23].

Previous literature has shown that bivalves accumulate trace elements from the
external environment and thatmetal detoxification can occur by their deposition in the
mineral structures (shell and/or microspherules [24]) leading to structural alterations
in the nacreous layer [25]. In foraminifera, morphological deformities were observed
both in fossils and inmodern specimens, probably in response to environmental stress
[26].

Among trace elements, Zn is relevant for natural healthy biochemical processes,
and it is an essential nutrient in many phytoplankton enzymes, particularly those
of eukaryotes [27], playing an important role in marine primary production. Deter-
mination of Zn and other trace or major elements in carbonates allows to develop
sensitive proxies to reveal paleocean characteristics. For instance, Liu et al. [28]
have demonstrated that Zn/Fe ratio in shallow marine carbonate rocks has potential
to provide a quantitative tracer for the long-term redox evolution of the oceans. Also,
the Zn/Ca ratio of benthic foraminifera has been successfully used to reconstruct
past deep ocean nutrient concentrations, providing insights into the changes in the
physical circulation of the ocean through Earth history [4].

Zinc may result toxic in high concentrations originating from natural and/or
anthropological contamination sources [29, 30]. Despite the rapid development of
the research addressed to trace metals in marine (micro)organisms, the coordination
chemistry and mineral speciation of Zn incorporated into the biomineralized shell
of bivalve and foraminifera have been over-looked compared to other more harmful
elements, though they represent a fundamental knowledge in order to assess the nature
of Zn biomineral phases and the biological mechanisms involved in the detoxifica-
tion. These have important implications to achieve information on the biomineraliza-
tion mechanism, helpful to understand the biogeochemical processes and to develop
effective biomonitoring techniques. In our studies, we have developed a research
topic aimed to understand the fate of Zn in foraminiferal and bivalve shells [31, 32]
through a multi-technique approach that combines state of the art complementary
techniques namely: i) transmission electron microscope (TEM), ii) scanning trans-
mission X-ray microscopy (STXM), and iii) X-ray micro-fluorescence (μ-XRF) to
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localize Zn at the micro and nanoscale; iv) X-ray absorption spectroscopy (XAFS)
to individuate the Zn coordination chemistry; v) X-ray diffraction (XRD) to identify
mineralogic phases.As representative examples,we describe in detail theZn incorpo-
ration in different bivalve genera (Donax, Lentidium and Chamelea) and in the shells
belonging to two benthic foraminiferal species (Elphidium aculeatum belonging to
the Rotaliida order, and Quinqueloculina seminula belonging to theMiliolida order),
collected from polluted environments. Specifically, bivalves were collected from the
abandoned mining site of Malfidano (SW Sardinia, Italy), and foraminifera from
La Maddalena Harbour (N Sardinia, Italy), an area characterized by past military
activity.

10.2 Investigated Areas and Samples

10.2.1 Bivalve Samples

The Malfidano area is located in the Iglesiente mining district (SW Sardinia,
Fig. 10.1a-point 1, and Fig. 10.1b). Themain deposits consist of Paleozoic formations
represented by Cambrian–Ordovician rocks. The Lower Cambrian successions are
made up of siliciclastic sedimentary rocks, carbonate intercalations (Nebida Group)
and shallow water platform carbonate rocks (Gonnesa Groups [33]). TheMiddle and
Upper Cambrian–Lower Ordovician successions comprise nodular limestones and
slates (Campo Pisano Formation, Iglesias Group). Aeolian dunes along the coast and
fluvial deposits in the internal area are the main Quaternary outcrops.

The mine was active from 1870 to 1980, and ore deposits consisted both of
primary sulfides, resulting from the metamorphism and magmatism of the Variscan
Orogeny [34], and calamine deposits. In the Iglesiente mining district, the primary
sulfides included sphalerite (ZnS) and galena (PbS), with a normal Zn grade of about
8–12 wt%, that occurred in columnar, massive, lens- and vein-like shapes in the
carbonatic formations [34]. The calamine deposits formed from different weathering
events that developed within the Dolomia Gialla (hydrothermal Dolomia Geodica).
The principal Zn-bearing minerals were smithsonite (ZnCO3) and hemimorphite
(Zn4Si2O7(OH)2 · H2O), associated with nodules of supergene or remnant galena
and sphalerite [35, 36] with an overall Zn grade exceeding 20–22 wt% [34].

In June 2016, bivalve shells of similar sizes were collected from surface sea-bed
sediments alongBuggerru andSanNicolò beaches (Fig. 10.1a–c). Themost abundant
genera were Donax, Lentidium and Chamelea (Fig. 10.1d). At least 50 specimens
for each genus were collected, immediately stored in bags and transported to the
laboratory. About 20 specimens per genus for each beach were selected, polled into
one sample and ground for mineralogical investigation, chemical analysis, and XAS
analysis.
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Fig. 10.1 Localization of Sardinia island (a); bivalve sampling site (b); detail on mining wastes
disposed near the Buggerru beach (c); selected photos of bivalve genera collected at Buggerru and
SanNicolò beaches (d); foraminiferal sampling site (e), and selected photos ofElphidium aculeatum
and Quinqueloculina seminula collected near the La Maddalena harbor (f)

10.2.2 Foraminiferal Samples

La Maddalena Harbour is located in the La Maddalena Island (NE Sardinia;
Fig. 10.1a-point 2). This island belongs to the La Maddalena Archipelago. The
archipelago, with a surface of about 200 km2, is characterized by a complex system of
inlets, promontories, bays, channels and paleo-fluvial valleys (rias) [37]. It represents
the uppermost part of the NNE Hercynian plutonic basement, and mainly consists
of leucogranites, crossed by a N-S-trending late dyke system.
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TheLaMaddalenaArchipelago isminimally affected by intense industrial activity
[38], the anthropogenic impact is limited to the La Maddalena and S. Stefano mili-
tary harbors [38–40]. Specifically, La Maddalena Harbour was devoted to military
activities for more than a century, as refined in preparation for the G8 meeting in
2009. The superficial sediments of the La Maddalena Harbour show an enrichment
in pollutants such as As, Hg, Zn, Cu, Pb, Cd and hydrocarbons (C > 12), with a
maximum concentration of Zn in sediments of around 1600 ppm [40].

Surface sediment samples for the investigation of the Zn incorporation in
foraminiferal shells were collected at one station (UC02BIS) from a short core with a
length of 3m inOctober 2011 (Fig. 10.1e). Only the topmost sediment layer (0–2 cm)
was used for analysis. Sediments were preserved in ethanol and Rose of Bengal (2 g
of Rose of Bengal in 1000 ml of ethyl alcohol) for foraminiferal recognition [41].
A constant volume of approximately 50 cm3 was dried at 50 °C and weighed. After
drying and sieving the residues on a 63-μm mesh, the foraminifera were examined
under a binocular microscope. At least 300 living benthic foraminifera from each
sample were picked for micropalaeontological analysis. Benthic foraminifera were
identified according to several taxonomic works [42–45]. Specifically, we investi-
gated the Zn coordinative environment in individual tests of two species of benthic
foraminifera,Elphidium aculeatum (Rotaliida, low-Mg calcite) andQuinqueloculina
seminula (Miliolida, high-Mg calcite) (Fig. 10.1f).

10.3 Analytical Methods

10.3.1 Bivalve Analysis

Shell sampleswerewashed in laboratorywith deionizedwater andwere brushedwith
a nylon toothbrush to eliminate sand, algae and other impurities. Samples were then
washed several times in Milli-Q water and dried at room temperature for one week.
Samples were ground in an agate mortar and analyzed by XRD using laboratory θ-θ
equipment (Panalytical) with Cu Kα radiation (λ = 1.54060 Å), operating at 40 kV
and 40 mA, and an X′celerator detector.

Acid digestions were performed by EPA method 3050 with slight modifications
according to Conners et al. [46]. Zinc and Fe concentrations were quantified by
inductively coupled plasma optical emission spectroscopy (ICP-OES, ARL Fisons
ICPAnalyzer 3520 B), and inductively coupled plasmamass spectrometry (ICP-MS,
Perkin-Elmer, Elan 5000/DRC-e, USA). For the acid digestion method, potential
contamination, precision and accuracy were evaluated processing blank solutions,
duplicate samples and the certified referencematerial B.C.S. No. 368—dolomite. For
ICP-OES and ICP-MS analysis, reference solutions (SRM 1643e and EnviroMAT
Drinking Water, High EP-H-3 and Low EP-L-3) were analyzed every five samples
to estimate method precision and accuracy.
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Zinc andFe distributionswere investigated by scanning transmissionX-raymicro-
scope (STXM) at the TwinMic beamline, at Elettra-Sincrotrone Trieste (Trieste,
Italy) [47–53] and by Energy-dispersive X-ray spectroscopy transmission elec-
tron microscopy (EDS TEM) at the NIMP (Laboratory of Atomic Structures and
Defects in Advanced Materials, Magurele, Romania). Calcium and sulfur distribu-
tions were further investigated by STXM combined with XRF elemental mapping
analysis at the I08-SXM beamline in Diamond Light Source, Didcot, UK (for details
in sample preparation and instrument characteristics see Medas et al. [31]). The
linear correlation ρA-B between the fluorescence intensities of A and B elements in
the maps was calculated to evaluate the relative distribution of selected elements in
the shells. The correlation analysis was carried out using a python script based on
the numpy [54] and scipy [55] libraries.

XASmeasurements were carried out at the XAFS beamline of Elettra synchrotron
radiation facility (Trieste, Italy [56]) at the Zn K-edge (9.659 keV) to probe the Zn
coordination chemistry. The XAFS data analysis was performed in the near edge
region (XANES) using the linear combination analysis (LCA)method [57, 58]. High
quality XAS spectra were acquired in transmission geometry on a set of Zn reference
compounds for sake of comparison and used for LCA, including organic (e.g. Zn
malate, Zn citrate, Zn cysteine, etc.) and inorganic (e.g. Zn sulfide—sphalerite, Zn
hydroxycarbonate–hydrozincite, Zn phosphate–Zn3(PO4)2, etc.) compounds. Zn K-
edge rawXAS data were treated following the standard procedure for data treatment,
normalization and extraction of structural signal [59].

10.3.2 Foraminiferal Analysis

Foraminiferal specimens were divided in two groups accordingly to the Mg-calcite
shell composition:Elphidium aculeatum (Rotaliida, low-Mg calcite) andQ. seminula
(Miliolida, high-Mg calcite). The low- and high-Mg calcite composition is related to
differences in the biomineralization mechanisms: E. aculeatum provides the calcite
shell from extracellular synthesis, on the contrary Q. seminula builds its own shell
through intracellular mechanism ([18] and references therein).

The foraminiferal specimens were washed and rinsed three times in ultrasonic
bath with ultrapure water for 3 min in order to remove impurities and to avoid
the contribution of small sediments grains. Selected foraminiferal shells had been
previously investigated by ESEM (environmental scanning electron microscopy) in
low-pressure mode for morphological and chemical composition analyses (without
any Au or C surface coating). Mineralogical analysis was performed by laboratory
XRD as for bivalves.

The Zn K-edge XAS measurements were carried out on bulk samples while Zn
K-edgeμ-XASmeasurements were carried out on single specimens of E. aculeatum
and Q. seminula. Bulk measurements were conducted in fluorescence geometry at
the Elettra-XAFS beamline (Trieste-Italy; [56]) on two independent sample sets
each one comprising about 50 mg (corresponding to approximately 300 specimens)
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of Elphidium spp. and Quinqueloculina spp. tests belonging to different species.
The foraminiferal shells were ground and mixed with cellulose matrix and pressed
in order to obtain homogeneous pellets suitable for careful handling. Measurements
were carried out keeping the samples at liquid N2 temperature in a wide energy range
(up to 10.640 keV), suitable for extended X-ray absorption fine structure (EXAFS)
signal analysis.

The μ-XAS measurements were carried out at the ESRF-BM23 beam-
line (Grenoble-France; [60]) using a 4 × 4 μm2 X-ray spot. Each specimen was
firstly explored on the basis of fluorescence maps (at 12 keV X-ray beam energy) to
individuate the metal distribution (mainly Ca, Fe and Zn). The Zn K-edge μ-XAS
data were collected in the near edge (XANES) region (from -100 to 150 eV range
around the Zn K-edge) in selected Zn rich spots.

10.4 Results

Investigated bivalve shells are mainly made up of aragonite (Table 10.1) with Zn
concentration varying between 2 and 80 mg/kg and the highest values were observed
in samples from Buggerru, where mining tailings are dispersed in the marine sedi-
ments or near to the beach (Fig. 10.1c). Iron shows variable concentrations in all the
analyzed samples (8–30 mg/kg).

Selected representative STXM-XRF maps (TwinMic beamline) of thin cross
sections of the bivalve shells are shown in Figs. 10.2a, b. The Pearson linear corre-
lation coefficient ρij between i and j fluorescence intensities (i, j = Ca, Zn, Fe) has
been calculated to depict the relationship among Zn, Fe and Ca distribution within
the shell. Correlation analysis reveal that Zn and Fe are weakly correlated (ρZn-Fe =
0.09–0.15) suggesting that they are located in different phases. Also, Zn and Fe are
weakly correlated to Ca (ρZn-Ca = 0.23, ρFe-Ca = 0.08), indicating that Zn and Fe
are not homogeneously dispersed in the aragonite matrix but may likely occur in Fe
or Zn rich specific phases embedded into the shell matrix [31]. Accordingly, TEM
analysis (Fig. 10.3a–f) reveals that Zn and Fe clusters occur in different regions of
the aragonite biocomposite matrix, resulting in a low correlation coefficient (ρZn-Fe

Table 10.1 List of bivalve samples, sampling locality,mineralogical composition and concentration
of Zn and Fe from the Malfidano area

Sample Locality Mineralogy Zn (mg/kg) Fe (mg/kg)

Donax San Nicolò Aragonite 2.5 10

Lentidium San Nicolò Aragonite 3.6 10

Chamelea San Nicolò Aragonite 8.3 20

Donax Buggerru Aragonite 27 7.7

Lentidium Buggerru Aragonite 29 20

Chamelea Buggerru Aragonite 81 30
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Fig. 10.2 STXM analysis (a and b) of a selected sample ofChamelea collected at Buggerru. Bright
field (absorption) image (a) and LEXRF maps of Zn and Fe (b). Maps 1, size 80 × 80 μm2, scan
64 × 64 pixels; map 2, size 80 × 40 μm2, scan 64 × 32 pixels. Linear-combination analysis of
the XANES spectra (c). Zn phosph (Zn phosphate), hdz (hydrozincite) and Zn-cyst (Zn cysteine).
Contribution fractions (sum fixed to 100%) of the Zn phases identified by the LCA (uncertainty
around 5–8%) (d)

Fig. 10.3 STEM images (a and b) with the EDS maps of Zn (c and d) and Fe (e and f) in bivalve
shells. Arrows indicate Fe concentrated spots
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= 0.12). Also, Fe can occur as concentrated spots, in agreement with the observed
low correlation to Ca (ρFe-Ca = 0.08) (for the complete dataset of ρ values see Table 3
in [31]).

Zinc speciation in bivalve shells was investigated by XANES analysis in
samples having the highest Zn concentration (Lentidium, Donax and Chamelea from
Buggerru). Figure 10.2c shows bivalve shell spectra and the phases identified by the
LCA. The XANES spectral features are smoother and broader with respect to the
reference compounds, likely due to several Zn-phases and/or disordered Zn coordi-
nation environment in the shell samples. Comparing the ZnXANES spectral features
of bivalve samples with those of the reference compounds, the similarity with the
Zn phosphate spectrum is clear. LCA of XANES spectra was performed to deter-
mine the main Zn-phases present in these bivalve samples and the results are shown
in Fig. 10.2c–d. In Lentidium and Donax the main contribution comes from the Zn
phosphate (51–55%), followed by hydrozincite (22–25%) and Zn cysteine (23–24%)
in similar amount. On the other hand, in Chamelea, characterized by the highest Zn
content (81 mg/kg) in this study, Zn cysteine (56%) is the most abundant Zn species,
followed by Zn phosphate (33%) and hydrozincite (11%), suggesting that cysteine
synthesis in the investigated bivalves increaseswhen theZn uptake from the organism
is higher and the excess of Zn is incorporated in the shell as a non-toxic form.

The μ-XRF analysis was used to investigate Ca, Zn and Fe distribution in the
foraminiferal shells (Fig. 10.4a). The distribution of Zn and Fe in foraminiferal
shells showes clear differences in comparison with bivalve samples. Both Zn and
Fe distributions depict spots and inhomogeneities, but Zn appears more broadly
diffused in homogeneous halos on the Q. seminula specimens. The relatively high
correlation between Zn and Fe ρZnFe (> 50%) in all samples (up to 70% for E.
aculeatum) suggests that Fe and Zn tend to be co-located, while the low ρCaFe (<
15%) in both foraminiferal taxa samples points out the Fe segregation in Fe-rich
spots. Interestingly, the correlation between Ca and Zn is largely different in E.
aculeatum being ρZnCa < 30% and in Q. seminula being ρZnCa > 50%. This finding
quantifies the observation that Zn is mainly localized inE. aculeatum while it is more
broadly distributed in Q. seminula shell.

The analysis of ZnK-edgeXAFS spectra frombulk samples revealed a clear struc-
tural difference between average Zn environment in E. aculeatum and Q. seminula.
XAFS spectrum of E. aculeatum depicts features similar to hydrozincite, whereas Q.
seminula specimen shows XAFS features of a largely more disordered environment,
similar to fourfold-coordinated Zn adsorbed on calcite (Zn4c, see below) (Fig. 10.4b).

Since theμ-XRF data highlighted a nonuniform Zn distribution within the calcite
shell,we exploited theμ-XANESas a tool to get further details about the coordination
chemistry of Zn in the shells. We collected Zn K-edge μ-XAS spectra at different
spots in the samples, characterized by low (L), medium (M) and high (H) normalized
fluorescence Zn/Ca intensity ratios RN (see [32] for details) (Fig. 10.4c), and we
exploited theLCA to individuate and quantify theZn-phases in the shells (Fig. 10.4d).
In a preliminary screening among the reference compounds, we found three main
Zn containing phases in all the μ-XANES spectra: Zn-hydrozincite, Zn/calcite and
Zn4C, the last associated to Zn adsorbed on calcite or hydroxyapatite (the spectra
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Fig. 10.4 Results of μ-XRF and μ-XANES on foraminifera. μ-XRF maps for E. aculeatum (top
row) and Q. seminula (bottom row) at the Ca, Zn and Fe fluorescence lines (a). Moduli of the
Fourier Transform (|FT|) of Zn K-edge EXAFS spectra (blue points) measured for hydrozincite
mineral reference and bulk samples (about 300 specimens) of E. aculeatum and Q. seminula (b).
The |FT| of EXAFS best fit procedures are shown as red lines for completeness. Experimental (blue
points) and LCA best fit (red lines) of selected Zn K-edge μ-XANES spectra on E. aculeatum (left
column) andQ. seminula (right column) (c). ZnK-edgeμ-XANESweremeasured at selected points
in the low (L), medium (M) and high (H) regions of the normalized fluorescence Zn/Ca intensity
ratio RN (see [32] for details). Experimental (blue points) and LCA best fit (red lines) of selected
Zn K-edge μ-XANES spectra on E. aculeatum (Hy—hydrozincite, 4c—fourfold-coordinated Zn
adsorbed, ZnP—Zn3(PO4)2, ZnS—sphalerite, Calc—Zn-Ca solid solution) (d)
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are very similar pointing out very similar Zn adsorption site geometry in calcite and
hydroxyapatite).

Our analysis of μ-XANES spectra suggests an intra-specimen variability related
to the local Zn concentration. Particularly, high values of the hydrozincite fraction
correspond to higher Zn concentration (Zn richer spots, frequent in E. aculeatum and
rare in Q. seminula), while Zn/calcite and Zn4C phases are favored in regions having
lower Zn concentration. Moreover, the Znμ–XANES features also showed the pres-
ence of other components such as Zn-sulphide (ZnS) and Zn-phosphate Zn3(PO4)2 in
some spots of theElphidium spp. samples.Noticeably, furtherHR-TEM investigation
on the same specimens revealed aggregates of Zn carbonate nanocrystals, having an
individual size of ~5 nm. Based on the SAED pattern, we identified the main reflec-
tions of hydrozincite. In other areas of the E. aculeatum shell, we found Zn to be
co-located with S, and the SAED pattern revealed the presence of nanocrystalline
sphalerite, ZnS, confirming results obtained by μ-XANES analysis.

10.5 Discussion and Conclusions

In our bivalve and foraminifera case-study, we found that large fraction of Zn occurs
in independent phases such as Zn-phosphate, Zn-cysteine and even nanocrystalline
hydrozincite. Peculiarly, Zn in bivalves does not seems to be incorporated into arag-
onite lattice or adsorbed onto the surfaces of Ca-carbonate (nano)crystals. This
suggests that, under environmental stress, Zn incorporation in bivalve shells occurs
with the biosynthesis of phases other than Ca-carbonate. These results point out that
bivalves can use different biogeochemical reactions, involving cysteine molecule,
phosphate or carbonate ions, to regulate trace element concentrations and their chem-
ical speciation. At the present step of the research, we are not able to assess if these
Zn-independent phases were formed as a by-product of the molecular machinery,
exploited by the mollusks for the Ca-carbonate synthesis that could be activated also
without Zn stress.

This study provided insight into the understanding of cellular control of biomin-
eralization in foraminifera. Combining μ-XRF and μ-XAS techniques, we found
that Zn occurs as a solid calcite solution or it is adsorbed onto calcite surfaces and
inter-grain spaces due to foraminiferal cellular biosynthesis. Other Zn phases were
also detected by XAS and TEM: specifically, hydrozincite was found along with a
Zn/Ca solid solution and it is most likely produced during the primary biomineral-
ization process. The occurrence of sphalerite crystals close to calcite aggregates and
the presence of detectable amounts of S within the shells, element present in metal-
lothioneins, often used by foraminifera for metal detoxification [61, 62], suggest
that sphalerite could be a product of the biosynthesis process but further studies
are required to exclude a post-mortem precipitation. Zinc speciation, size of crystal
domains and distributions in the shells differ for the two investigated taxa. In calcite
needles of Q. seminula, Zn is uniformly distributed, and it occurs in a less ordered
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environment, indicating that Zn is incorporated more easily during the biologically
controlled mineralization processes.

Application of synchrotron techniques such as STXM and μ-XRF to the case-
studies allowed us to identify colocalization and chemical distribution of Ca, Zn and
Fe across the shells. Moreover, the elemental selectivity and coordination chemistry
sensitivity of XAS technique were applied, allowing us to identify the chemical and
mineral species of Zn. Understanding biomineralization processes, their structural
properties, coordinative and chemical environment offers a uniqueopportunity to take
steps forward in understanding geological record and environmental reconstruction.
Paleothermometers and proxies based on elemental ratios and isotopes can be better
developed and usedwhen data onmicroscopic processes and structures are comprised
in the models [28]. In this study, we provided relevant information for speciation and
location of Fe and Zn in some biominerals. This new knowledge will be of future
benefit for the understanding of isotopes fractionation and chemical distribution
variability across biomineralization depending on foraminifera and bivalve species.
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