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Abstract: The powder infrared spectra of a sulfate-bearing calcitic coral sample are recorded at room temperature in
attenuated total reflectance (ATR) geometry and at low temperature in transmission geometry. The comparison of ATR spectra
recorded with diamond or Ge crystal confirms that the width and the shape of the prominent absorption bands, related to
COj; groups, are dominantly affected by macroscopic electrostatic interactions. In contrast, the temperature-dependence of the
position and width of weak and narrow absorption bands, related to CO3 or SO4 groups, can be interpreted in terms of thermal
expansion, anharmonic coupling, and local strain fluctuations. The three SO, stretching bands display a contrasted thermal
behavior, the frequency of one of them increasing with temperature. Based on first-principles calculation, this unusual
temperature dependence is traced back to the anisotropy of calcite thermal expansion. These results sustain the previously
proposed atomic-scale model of sulfate in calcite and attest to a dominantly structural nature of sulfate in the investigated
sample. Accordingly, structurally substituted sulfur in deep-sea calcitic bamboo coral could be used as proxy of seawater

sulfate.

Key-words: infrared spectroscopy; biogenic carbonates; carbonate-associated sulfate; anharmonicity.

1. Introduction

Calcium carbonate minerals occur as major phases in
sedimentary environments and correspond to the main
lithospheric reservoir of carbon (Berner et al., 1983). They
are known to naturally incorporate chemical impurities
at trace or minor concentration levels (e.g., Bender
et al., 1975; Boyle, 1981; Morse & Bender, 1990). These
impurities can bring important information on the
physical-chemical parameters prevailing during their
formation. For example, the concentration and isotopic
composition of elements such as magnesium, strontium,
boron, or sulfur are quantitatively used for paleoenvir-
onmental reconstructions (e.g., Graham et al., 1982;
Mitsuguchi et al., 1996; Palmer et al., 1998; Elderfield &
Ganssen, 2000; Kampschulte & Strauss, 2004; Riiggeberg
et al.,2008). The presence of chemical impurities can also
modify the pathways of crystal growth, the relative
stabilities of polymorphs, the size and shape of mineral
particles, as well as their elasticity and hardness (e.g.,
Berner, 1975; Paquette & Reeder, 1995; De Yoreo &
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Vekilov, 2003; Wasylenki et al., 2005; Vavouraki et al.,
2008; Kunitake et al., 2013; Long et al., 2013; Coté et al.,
2015).

From a crystal-chemical perspective, incorporation of
impurities in minerals can display various levels of
complexity. Isovalent cationic substitutions are often
described by considering the strain related to the insertion
of arigid ionic sphere into an elastic continuum (Blundy &
Wood, 1994). Such model can be refined by explicitly
considering the site relaxation, i.e., the local changes in the
crystal geometry around the impurity (e.g., Reeder et al.,
1999). In contrast, heterovalent substitutions and incorpo-
ration of molecular species with stiff chemical bonds in
a more compliant matrix potentially involve a greater
variety of charge compensating mechanisms, coordination
states and geometric arrangements (e.g., Reeder et al.,
1994; Balan et al., 2014, 2016). In biominerals, an
additional complexity arises from their composite nature,
involving variably ordered inorganic and organic phases
(e.g., Weiner & Dove, 2003; Erez, 2003; Allemand et al.,
2004). In this case, the occurrence of trace elements in host
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crystal sites or in foreign nano-phases or molecules can
appear as an open question and bears on their use as
geochemical proxies.

Beside the determination of partition coefficients from
controlled synthesis experiments (e.g., Busenberg &
Plummer, 1985) or the chemical analysis of extant
biological species (e.g., Takano, 1985; Vielzeuf et al.,
2013), spectroscopic and diffraction-based studies may
help to unravel the incorporation mechanisms of impuri-
ties and to determine the modification of material
properties caused by these impurities. Focusing on
molecular impurities, chemically selective methods such
as X-ray Absorption spectroscopy (Reeder et al., 1994;
Tang et al., 2007; Branson et al., 2015) and Nuclear
Magnetic Resonance spectroscopy (Sen et al., 1994;
Klochko et al., 2009; Rollion-Bard et al., 2011;
Mavromatis et al., 2015; Noireaux et al., 2015) have
been used to determine the location and coordination states
of selenate, chromate and borate in carbonate minerals.
Infrared and Raman spectroscopy can also detect specific
signals related to the internal vibrational modes of
molecular groups (e.g., Takano et al., 1980; Takano,
1985; Riccardi, 2007; Fernandez-Diaz et al., 2010;
Floquet et al., 2015). These experimental studies can be
sustained by molecular modeling approaches (e.g.,
Fernandez-Diaz et al., 2010; Balan et al., 2014, 2016;
Arroyo-de Dompablo et al., 2015), bringing straightfor-
ward relations between the spectroscopic properties,
thermodynamic parameters, and atomic-scale arrangement
of the trace molecular group in its crystalline host.

The present study focuses on the infrared spectroscopic
properties and location of sulfate in biogenic calcite.
Sulfate is a common impurity in carbonate minerals (Gill
et al., 2008). The sulfur isotopic composition of
carbonate-associated sulfate is currently used as a proxy
of the seawater sulfate isotopic composition (e.g.,
Strauss, 1999; Kampschulte & Strauss, 2004; Riccardi
et al., 2006). It brings important information to infer the
global balance between oxidized and reduced forms of
sulfur over geological times (Halevy et al., 2012). Sulfate
groups also significantly affect the growth of carbonate-
group minerals (Vavouraki et al., 2008). The seawater
sulfate concentration, together with Mg/Ca ratio, has
been suggested as a key parameter controlling the
preferential formation of aragonite vs. calcite in past
oceans (Bots ef al., 2011). Numerous studies suggest that
sulfate groups are structurally incorporated in carbonate
minerals (Takano et al., 1980; Pingitore et al., 1995;
Kontrec et al., 2004; Vavouraki et al., 2008; Vielzeuf
et al., 2013; Balan et al., 2014; Tamenori et al., 2014,
Floquet et al., 2015). Sulfate incorporation is easier in
calcite than in aragonite and facilitated by the occurrence
of Mg up to 2-3 wt% in calcite (Takano, 1985). However,
other forms of sulfur, such as S-containing aminoacids
and sulfated sugars, have also been observed to be
associated to the organic fraction in biogenic carbonates
(Cuif et al., 2003; Dauphin et al., 2005; Vielzeuf et al.,
2013; Tamenori et al., 2014; Nguyen et al., 2014; Floquet
et al., 2015).

Here, we analyze in details the infrared spectroscopic
properties of a sulfate-bearing deep-sea calcitic coral
(bamboo coral). Deep-sea corals have important geo-
chemical implications because they potentially offer long-
term records of ocean water-mass variability, related to
climatic parameters fluctuations (Murray Roberts et al.,
2009). The Fourier-transform infrared (FTIR) spectrum is
recorded at room temperature in attenuated total reflec-
tance (ATR) geometry and its temperature-dependence is
explored in transmission geometry. The present results
show that the spectroscopic properties of the biogenic
calcite, i.e., the host crystalline matrix, can be interpreted
in the light of the inorganic calcite properties whereas the
temperature-dependence of the sulfate absorption spec-
trum brings a new support to the previously proposed
structural model of sulfate in calcite (Balan et al., 2014).

2. Analyzed sample

The analyzed sample is a deep-sea calcitic coral (bamboo
coral; phylum Cnidaria, class Anthozoa, subclass Octo-
corallia, family Isidae) collected off the coast of Chile at
around 77°E, 33°S at 500 m water depth during dredging
operation. Optically clean fragments were selected under a
binocular microscope and were gently ground in an agate
mortar. Minor and trace element compositions were
measured at Service d'Analyse des Roches et Minéraux
(SARM) national facility (Nancy, France) following the
method described in Carignan ef al. (2001). They include
Mg (3.0 wt% MgO), Na (0.45% Na,0), Sr (2447 ppm), B
(~100 ppm) and sulfate (~3000 ppm). The reproducibil-
ities of major and trace element measurements are
around +2% and +10%, respectively.

3. Infrared spectroscopic measurements

Infrared spectra were recorded using a Nicolet 6700 FTIR
spectrometer equipped with an Ever-Glo source, KBr
beamsplitter and DTGS-KBr detector. The spectra were
obtained between 500 and 4000 cm ' by averaging 100
scans with a resolution of 1 cm™'. The room temperature
ATR-FTIR spectrum was recorded on the sample powder
packed at the surface of a diamond or Ge ATR crystal
using a Quest ATR device (Specac). Low-temperature
FTIR transmission measurements were performed on a
composite pellet made of the calcite sample and a diluting
KBr matrix. The pellet was obtained by compressing a
mixture of about 10 mg of gently ground sample diluted in
300 mg of dried KBr under a pressure of 10%*kgcem 2. It
was oven-dried overnight to remove adsorbed water, and
pressed again at the same pressure before insertion in the
high-vacuum chamber. During the measurements, the
sample temperature was controlled using an ARS CS-204
SI cryocooler fitted with KRS-5 windows and a Si diode
fixed on the sample holder. Measurements were collected
from 10 to 290K by steps of 40 K.

The position of the maximum of the bands was
determined on the raw spectra. Accuracy on the position is
estimated to be better than +0.2 cm ™ '. The analysis of the
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width was performed using the autocorrelation method
exposed in Salje et al. (2000) and further used in Blanch
et al. (2007) and Balan et al. (2010, 2011). This method
provides an efficient way to extract a robust width
parameter A, from spectra displaying complex band
shape and baseline, for which conventional fitting
procedure using symmetric lorentzian or gaussian-type
functions would lead to disputable results. It is particularly
well suited to analyze the usually moderate changes of
linewidths with temperature. For a simple lorentzian
shape, the extracted autocorrelation parameter A, is
close to its full-width at half maximum (FWHM).

4. Theoretical modeling

The sensitivity of vibrational modes to thermal expansion
was theoretically assessed by computing the mode
frequencies at selected cell geometries. Calculations were
performed within density functional theory framework,
using periodic boundary conditions and the generalized
gradient approximation (GGA) to the exchange-correlation
functional, as proposed by Perdew, Burke and Ermnzerhof
(PBE functional; Perdew et al., 1996). The ionic cores were
described using the latest version of ultra-soft pseudopo-
tentials from the GBRYV library (Garrity et al., 2014). The
electronic wave-functions and charge density were expand-
ed using a finite basis set of plane-waves with 40 and 200 Ry
cutoffs, respectively, corresponding to a convergence of the
total energy better than 1mRyatom '. The structural
relaxation and vibrational mode calculations were per-
formed using the PWscf and Phonon codes of the Quantum
ESPRESSO package (Giannozzi et al., 2009; http://www.
quantum-espresso.org).

A periodic model of sulfate-bearing calcite was built
from a rhombohedral 2 x 2 x 2 super-cell of calcite (80
atoms) as in Balan ez al. (2014). The geometry of the initial
model was obtained by varying the internal coordinates to
minimize the forces on atoms to less than 10> Ry a.u.”,
while the cell parameters were kept fixed to those of the
theoretically relaxed pure calcite (hexagonal cell param-
eters: a=5.05A, c=17.2 A). This initial model is assumed
to correspond to the low-temperature (7= 0 K) structure of
substituted sulfate in calcite. The temperature dependence
was then considered by modifying the cell-parameters of
the model using the experimentally determined variations
of the calcite cell-parameters (Rao et al, 1968). Two
theoretical expanded geometries were considered by
increasing the c¢ cell-parameter by 0.25 and 0.5% and
by using the corresponding experimentally determined
variation of the c¢/a ratio. These two geometries correspond
to a relative volume expansion of 0.16 and 0.33%,
respectively, with an anti-correlated c¢ cell-parameter
increase and a cell-parameter decrease. Based on the
linear variation of the cell-parameters as a function of
temperature reported by Rao et al. (1967), they correspond
to a temperature increase of ~84 and ~168 K, respectively.
The two expanded models correspond to a homothetic
expansion of the structure at 7=0K, ie., internal

coordinates are kept fixed to those determined on the
initial geometry without further minimizing the total
energy of the system. For the three cell geometries (i.e.,
AV/Vy=0, 0.16 and 0.33%), harmonic frequencies of the
SO, internal modes were calculated at the Brillouin zone
center (I" point) using the linear response theory (Baroni
etal.,2001). They were obtained by diagonalizing a partial
dynamical matrix restricted to displacements of atoms
belonging to the sulfate group only. As previously shown
(Balan et al., 2014), this approximation leads to SO,
vibrational frequencies differing by less than 3 cm™' from
those obtained from the full dynamical matrix.

5. Results and discussion
5.1. ATR spectrum of biogenic calcite

The ATR spectrum of the calcitic coral sample displays the
absorption bands commonly observed in calcite (Fig. 1). A
full interpretation of these bands has been given by, e.g.,
Hellwege et al. (1970) and White (1974). The vibrational
modes of calcite were also determined by theoretical
calculations (e.g., Pavese et al., 1992; Prencipe et al.,
2004; Valenzano et al., 2006). In the investigated
frequency range, all the observed calcite bands correspond
to the internal vibrational modes of the carbonate groups
and can be related to those of the isolated CO;z group,
referred to as vy, v,, v3 and v4 (White, 1974). The v, and v,
modes are not degenerated and correspond to the totally
symmetric C-O stretching mode and to the oscillating
motion of the C atom perpendicularly to the CO; plane,
respectively. The degenerated v3 and v4 modes correspond
to anti-symmetric C—O stretching and to bending modes,
respectively.

The intense bands related to the v; and v, CO5; modes are
comparatively broader than the other absorption bands (Fig.
1a). In the diamond ATR spectrum, the v CO; band extends
from about 1000 to 1490 cm ™!, while the v, CO;3 band
extends from about 840 to 890 cm ™. Both bands display the
peculiar asymmetric shape due to joint effects of the
macroscopic electrostatic properties of the sample and
experimental ATR geometry, as discussed in details by
Aufortetal. (2016). Briefly, this shape can be understood by
considering that the sample properties are well described by
the effective dielectric properties of a solid/air composite
obtained within the Bruggeman (1935) approach. In this
case, the imaginary (absorptive) part of the dielectric
function extends from the transverse to the longitudinal
optical (LO) frequencies of the modes, explaining the
asymmetry of the bands toward higher wavenumbers. For
the v; COj5 and the less intense v, CO3 band of pure calcite,
the experimental splitting between transverse optical (TO)
and LO frequencies is 142cm ™' and 18 cm ™", respectively
(White, 1974). The relatively low refractive index of
diamond (n=2.4), although leading to a stronger absorbance
and better signal/noise ratio than more refractive ATR
crystals such as Ge (n =4), induces additional modifications
of the band shape with respect to the absorptive part of
the sample dielectric function. They consist in a shift and a
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Fig. 1. (a) ATR-FTIR spectrum of biogenic calcite recorded using a
diamond ATR crystal. At the bottom are shown enlarged views of
the v, COj3 (b) and v; COj3 (¢) bands comparing the ATR spectra
recorded using diamond and Ge crystals. To facilitate the
comparison, the intensity of the Ge ATR spectrum has been
multiplied by two. The transverse optical (TO) and longitudinal
optical (LO) frequencies of the v, and the v; CO3; modes of pure
calcite (White, 1974) are reported. Note the similar shape of the v,
and v3 CO5 bands. The differences observed between the diamond
and Ge ATR spectra attest to the role of macroscopic electrostatic
effects on the band shapes. The weak band related to '*CO5 species
(marked with an asterisk in (a)) and that related to the v; CO; mode
are not affected by these effects.

pronounced asymmetry toward lower wavenumbers. This is
particularly apparent when comparing the diamond ATR
spectrum with that obtained with a Ge crystal (Fig. 1band c).
The maximum of the v; CO; band at 1393 cm™ ' is shifted by
about —14cm ™! from the TO frequency of pure calcite,
whereas this shift is only of —2 cm ! for the v, CO; band
observed at 870.5 cm™'. Thus, the two prominent vy and v,
COj; absorption bands in the powder infrared spectrum of
calcite are strongly affected by electrostatic effects. Because
of their consequent broadening, they are not expected to
provide detailed information on the atomic-scale structure
ofthe sample. Similar conclusions were previously obtained
for the intense bands in the powder infrared spectrum of
apatite (Balan et al., 2011; Aufort et al., 2016).

The v; and v, CO3 modes induce a smaller polarization of
the crystal, as attested by smaller LO-TO splitting values
(White, 1974). Therefore, they are less affected by

electrostatic interactions than the v; and v, COj; bands.
They appear as weaker and narrower features in the
spectrum (Fig. 1a) and can provide more information on
microscopic (atomic-scale) structural parameters. The v,
CO; mode isnot IR active in perfect calcite but is commonly
observed as a weak band in natural and synthetic calcite
samples (e.g., Bottcher et al., 1997; Xu & Poduska, 2014;
Floquet et al., 2015). In the investigated sample, it appears
as an asymmetric band at 1085.5cm ™', overlapping with
the low-frequency tail of the broad vy CO; band. The
observed asymmetry is related to this overlap, which
induces a mixing between the imaginary and real parts of the
dielectric function (Aufort et al., 2016). The v4 CO3; mode
observed at 713.6cm " is IR active but the corresponding
experimental splitting of LO and TO modes is only of
3em™ ! (White, 1974). In the investigated sample, its
FWHM is significantly larger, amounting to ~17cm ™.
This indicates that electrostatic effects cannot represent a
dominant contribution to its width and shape. Its position is
consistent with the presence of Mg in the calcite structure
(Bottcher et al., 1997; Dauphin, 1999). A weak and narrow
band s also observed at 848 cm ™' on the low-frequency side
of'the v, CO5 band. This weak feature is observed in various
carbonate minerals and has been related to the v, vibration
of the '*COj; isotopic species, which naturally occurs with
an abundance of 1.1% (Sterzel & Chorinsky, 1968;
Belousov et al., 1970; White, 1974; Floquet et al., 2015).
However, it could also be related to a combination mode
involving the v, CO; mode and a lattice mode (Donoghue
et al., 1971; White, 1974; Carteret et al., 2013). Several
combination bands are observed at higher frequency. A
combination of v; and v, modes is observed at 1797.9 cm ™',
while a combination of v; and v; modes is observed at
2518.2 cm™ . This last value is consistent with the presence
of Mg in the sample (Bottcher et al., 1997).

The weak bands (Fig. 1a) observed at 611, 630, 1144.2
and 1163.2cm ™" can be ascribed to internal vibrations of
SO, groups (Takano et al., 1980; Takano, 1985; Riccardi,
2007; Floquet et al., 2015). The vibrations of an isolated
SO, group with Td symmetry consist in two triply
degenerated v; (S—O stretching) and v, (rocking) modes, a
doubly degenerated v, (scissoring) and a non-degenerated
v; (totally symmetric S—O stretching) mode. In the calcite
structure, the degenerated modes are split by interaction
with the host crystal structure (Balan et al., 2014). The
doublet at 611 and 630 cm ™! corresponds to v,4 vibrations,
whereas that at 1144.2 and 1163.2 cm ™" can be ascribed to
vy vibrations. The feature at 1248cm™' observed by
Floquet et al. (2015) on a calcitic red coral sample is not
present in the studied calcitic coral sample.

5.2. Low-temperature dependence of internal CO;
modes in biogenic calcite

As discussed above, the temperature dependence of
relatively weak and narrow bands is expected to bring
more detailed information on microscopic order param-
eters than the broad prominent bands of the powder IR
spectrum of calcite (e.g., Xu & Poduska, 2014).
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Accordingly, the signal/noise ratio of the weak absorption
bands has been improved by increasing the calcite/KBr
ratio of the sample measured in transmission geometry
whereas the saturated strong v; and v, absorption bands
were not analyzed.

The v, and v, CO; bands, as well as the v, *CO;
feature, display small changes with temperature (Fig. 2).
Their shift between 10 and 290K is smaller than 1cm ™"
and the temperature dependence of their width is also
weak.

The width parameter A, of the v4 and v, 13C0; bands
displays the temperature dependence typically ascribed to
anharmonic coupling between the vibrational excitation
and other vibrational modes of the structure (e.g.,
Menéndez & Cardona, 1984): it consists in a low-
temperature quantum saturation domain in which the
linewidth is almost temperature-independent followed by
a marked increase in the linewidth at higher temperature
(Fig. 2). This behavior relates to the decay of the excitation
in two phonons and can be fitted using an equation of the
form (Salje et al., 1991; Blanchard et al., 2014):

A(T) = Aq + Bcoth(6s/T) (1)

where 7 is the temperature (K) and A4y, B and 6g are
adjustable parameters. In this formalism, the temperature-
independent domain extends from 0K to a critical
temperature 7; ~0g/2. Previous investigations of the
temperature dependence of the calcite vibrational spec-
trum have shown that four-phonon processes can also
contribute to the homogeneous broadening of the bands
(Sakurai & Sato, 1971; Sood et al., 1981; Delfyett et al.,
1989). Notably, four-phonon processes lead to the phase
relaxation of the vibrational excitation by phonon-phonon
scattering. Three- and four-phonon processes could be
discriminated by their different temperature dependence
but this would require investigations at higher temper-
atures than in the present study (Sakurai & Sato, 1971) or
dedicated experiments (Delfyett et al., 1989). According-
ly, we restrict our analysis to the generic ansatz given by
Eq. (1).

For the v, and v, >CO; bands, the variation of the
linewidth with temperature does not exceed 0.2cm™ ' in
the investigated range (Fig. 2). This indicates that, beside
the instrumental resolution (~1 cm "), the observed width
is mostly determined by inhomogeneous broadening
contributions. These contributions include macroscopic
electrostatic interactions and the dependence of vibration-
al frequencies on local strain fluctuations. The electrostatic
contribution should be negligible for the v, *CO5 band
which is related to a highly dilute species. The v, *COs5
mode also displays a very small dependence on variations
in the crystal cell geometry, as attested by the theoretical
analysis of Gueta et al. (2007) and observations on the
isostructural mineral magnesite (Grzechnik et al., 1999;
Clark et al., 2011). Consequently, the v, 13CO; band
displays a very small width parameter at 0K (A.or~2.6
cm ). For the v, band, the electrostatic contribution
would not exceed 3 cm™', corresponding to the LO-TO

splitting value. Its more significant width (~11cm™")
thus attests for a significant distribution in the environment
of carbonate groups. In biogenic minerals, local strain
fluctuations may arise from the incorporation of chemical
impurities and finite size effects. In the case of calcitic
coral, Mg and sulfate incorporation are expected to play
a major role in the fluctuations of the local environment
of CO; groups (Floquet et al., 2015).

The position of the v4 and v, 13C0; bands also displays
a quantum saturation domain at low temperature followed
by a more pronounced shift above a critical temperature
(Fig. 2; Table 1). Compared with the linewidth, the mode
frequency variation contains an additional contribution
related to the thermal expansion of the crystal structure
(Menéndez & Cardona, 1984; Lazzeri et al., 2003). In
calcite, this contribution is however expected to be
significantly smaller (Sakurai & Sato, 1971). Here, we
note that the results obtained on the v, '>CO5 band are well
consistent with those reported by Sakurai & Sato (1971)
for the v, '*CO; mode of a single crystal of optical-grade
natural calcite, i.e., a damping coefficient at 300 K of
1.9cm™" (to be compared to Ago,=2.8cm™ ' at 290K in
the present study) and an anharmonic shift of 0.3 cm ™' (to
be compared to 0.4cm ™' at 290K in the present study).
This agreement further confirms the very small sensitivity
of the v, CO3 mode to variations of its local environment
(Gueta et al., 2007). It is fully consistent with the
interpretation of this band as related to the '*CO5 species,
instead of to a two-phonon absorption. A significantly
different behavior and a larger linewidth would be
expected in the case of a combination band involving
low-frequency vibrational modes.

The behavior of the v; CO5; band (Fig. 2) is not easily
explained within the same framework. Its position shows a
linear variation with temperature without perceptible low-
temperature saturation domain. The corresponding slope is
—3.6x 10 cm "K' (Table 1). Its width parameter
displays a low-temperature saturation domain with
relatively dispersed values but it is followed by a decrease
with increasing temperature. This variation of the width of
the v; CO3 band cannot be simply related to anharmonic
phonon decay, which tends to decrease the phonon lifetime
(thus increasing the linewidth) with increasing tempera-
ture (Delfyett et al., 1989). The observed behavior should
thus arise from a temperature-related change in the
inhomogeneous broadening of the band. The v; CO3 band
displays two characteristics that could be linked to its
anomalous behavior. The observed absorption is indeed
exclusively related to a break of the IR selection rules,
most likely induced by local distortions of the structure. In
addition, it overlaps with the low frequency tail of the
strong v3 CO;5 band. As discussed for the ATR spectrum,
this overlap leads to a marked asymmetric shape
depending on the respective contribution and position
of the narrow and broad resonances (Aufort et al., 2016).
Whatever its precise origin, the overall change of the width
with temperature remains small, typically within 0.2 cm ™.
As for the v4 CO;5 band, the observed width should be
mostly related to local strain fluctuations. Both bands
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Fig. 2. Low-temperature transmission spectrum of CO; bands (left panels). The vertical lines indicate the band position at 10 K. The
temperature dependence of the position dw =w — wy (squares, bold curves) and width A, (circles) parameters are reported in the right
panels. Note the quantum saturation observed at low temperature for the v, and v, '*CO5 bands. The width parameter has been determined
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The parameters of the fits using Eq. (1) are reported in Table 1.
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Table 1. Temperature-dependence of position and width of selected CO; and SO4 bands. Measurements are fit with Eq. (1), which defines the
quantities Ao, B, Ts. The average slope of the frequency w and of the width parameter (A oy, defined in Salje et al., 2000) as a function

of temperature, dw/d7T and d(A..)/dT, respectively, are also reported.

Band Position Width
0o (10K) (em™ ") 4y (ecm™!) B (em™!) 05 (K) dw/dT (em 'K™") 4y (em™") B (em™!) 05 (K) d(Aco)/dT (cm 'K

vy CO; 716.4 0.85 —095 197 - 11.4 1.6 496 -

v, 3CO; 8487 0.45 —049 194 - 26 0.17 21 -

v, COs 1086.8 - - - =36x107° 11.4% —0.5%  260% -

vy SO4 (A)  611.8 - - - <dl 12.0 - - 52x1073

(B) 631.8 6.7 —6.7 347 - " - -

v3 SO, (C) 1142.9 - - —  66x1073 27.7 - — 441x1073

(D) 1168.2 - - - —126x107° " - .

(E) 1175.8 - - - nd " - _—

* The fitting parameters of the v; CO3 width are not related to anharmonicity (see text).

indeed display comparable width (Table 1) and the related
modes have a similar sensitivity to pressure changes (Salje
& Viswanathan, 1976; Clark et al., 2011).

5.3. Low-temperature dependence of internal SO,
modes in biogenic calcite

The room-temperature spectrum (Fig. la) of the sample
displays four bands which can be ascribed to the v4 and v3
SO, vibrations. In the spectrum recorded at 10 K, the bands
at611.8and 631.8cm™ (labeled A and B in Fig. 3), as well
as an additional broad feature observed at 673 cm ™', can be
ascribed to the triply degenerated v, vibration split by the
interaction of the molecular species with the crystalline host.
The three bands related to the split v; vibration are observed
at 1142.9, 1162.8 and 1175.8cm™ ' (bandsC, D and E in
Fig. 3). A very weak feature is observed at 1021 cm ™'
corresponding to the v, band. The v, bandat 612 cm ™' (band
A) does not display any apparent shift with temperature,
whereas that at 631.5cm ' (band B) shows a slight
frequency decrease with temperature, analogous to that
observed for the v, and v, *CO; bands. Its 05 value of 347 K
corresponds to a coupling with a mode at ~241 cm ', thus
enabling an efficient decay toward the low-frequency
domain of the calcite density of vibrational states (Catti
etal.,1993). A more contrasted behavior is observed amon%
the v3 SO, stretching bands. The band C at 1142.9cm™
shifts toward the high frequency values with increasing
temperature; whereas the two other bands display a marked
shift toward the lower frequencies (Fig. 2). The position of
the high-frequency band E at 1175.8cm ™" could not be
determined over the whole temperature range because of'its
overlap with band D when the temperature increases. For
the three bands, the magnitude of the shifts is significantly
larger than that observed for the CO; modes and the v4 SO,
bands (Figs. 2 and 3). The overall width parameter A,
determined for the two bands A and B displays an increase of
~2cm” ' with temperature, whereas its increase for the three
v; bands reaches 14cm™'. In both cases, the width
parameter is affected by variations in the line splitting
and related band overlaps.

Insight in the origin of the observed lineshift can be
obtained by considering the theoretical variation of the
vibrational frequencies of the SO, group as a function of
crystal thermal expansion. The theoretical model of SO, in
calcite (Fig. 4) is identical to that previously obtained by
Balan et al. (2014). The SO, group is slightly tilted with
one S—O bond approximately oriented along the c-axis
(S-01), two S—O bonds in the perpendicular plane (S—O2
and S—04) and the last S—O3 bond with an intermediate
orientation. A full modeling of the temperature-dependent
vibrational properties of the system would require
minimization of its free-energy as a function of internal
coordinates at a given temperature, using e.g., the quasi-
harmonic approximation (Catti et al., 1993; Quong & Liu,
1997; Lazzeri & de Gironcoli, 1998). This approach
requires extensive calculation of the phonon density of
states and is hardly applicable to large system sizes, such
as those considered in the present study. For this reason, a
simplified approach is used. It consists in calculating the
harmonic vibrational frequencies of SO, groups for
systems obtained by a homothetic expansion of the cell
geometry (clamped atomic positions). All inter-atomic
bonds are thus considered to deform in a similar way. The
frequency variations related to rigid molecular groups (e.
g.,CO3, SO,) are likely to be overestimated with respect to
those related to vibration of softer bonds (e.g., Ca—0).
Meanwhile, a reasonable account of the contrasted
behavior of the modes with a similar nature, such as the
S—0 stretching modes, is expected. We also recall that
anharmonic frequency shift results from a sum of a lattice
thermal expansion contribution and of the direct phonon-
phonon anharmonic interactions as described in Menéndez
& Cardona (1984). The present approach only considers
the first contribution.

As previously observed (Balan et al., 2014), the
theoretical frequencies of internal SO, vibrational modes
are underestimated by ~5% (Table 2). This underestimation
is ascribed to the usual overestimation of bond lengths and
underestimation of corresponding force constants by the
GGA. All the v4 modes display a small frequency lowering
when the crystal cell expands, with the low-frequency mode
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Fig. 3. Low-temperature transmission spectra of SO, bands (top panels). Note the contrasted shift of bands B, C and D (left bottom panel).
Global width parameters A, (right bottom panel) have been determined after a linear baseline subtraction on the domain 590-650 cem ! (v4
SO,) and a non-linear Stineman baseline (Stineman, 1980) on the domain 1100-1220 cm™" (v3 SO4). The parameters of the fits using Eq. (1)
for band B and linear behavior for the other curves are reported in Table 1. The vertical lines indicate the band position at 10 K, whereas the
vertical arrows point to the position of shifted bands at room temperature.

displaying the weakest dependence. This behavior is
consistent with the contrasted shifts experimentally
observed for the two bands A and B. A more contrasted
behavior is predicted by calculations for the stretchin]g
modes (Table 2; Fig. 4). The mode computed at 1073 cm™
corresponding to the band C (Fig. 3), is mostly related to the
coupled stretching vibration of the S—02 and S—O4 bonds. It
displays a frequency increase as a function of the crystal cell
expansion. In contrast, the mode calculated at 1109.9 cm” ),
corresponding to band D, is related to the S—O3 stretching
vibration. It displays a moderate decrease as a function of the
crystal cell expansion. Finally, the mode calculated at

1153.8cm ™", corresponding to band E, is related to the

S—O1 stretching and displays a strong and likely over-
estimated dependence on the crystal cell geometry. Thus, the
simple theoretical assessment of the dependence of
vibrational frequencies of the SO4 group on the cell
parameters is consistent with the contrasted behavior
measured for the experimental v; SO,4 bands, and more
specifically with the positive shift of the lowest frequency vz
SO, band (band B) as a function of temperature. This
contrasted behavior can be traced back to the anisotropy of
the crystal expansion, which corresponds to a decrease of the
a cell-parameter and concomitant increase of the ¢ cell-
parameter (Rao et al., 1968). Accordingly, the shift of the v;
SO, bands in calcite seems to be mostly related to the
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Fig. 4. Model of sulfate substituted for carbonate in calcite (after
Balan et al., 2014). The three-fold axis of the structure is vertically
oriented. The carbonate groups correspond to the black triangles.
The S atom is in yellow, calcium atoms in blue, oxygen atoms in red.
The calculated dependence of vibrational S—O stretching frequen-
cies (v3 SO4) on crystal cell expansion is reported on the right.
Note the contrasted behavior of the three modes, depending on the
structural orientation of the corresponding S—O bonds. (Online
version in color.)

Table 2. Sulfate mode frequencies and their dependence on crystal
cell volume. Measurements (exp) vs. calculations (theo). The
parameter ¥ (Aw/AV) corresponds to the frequency variation as a
function of relative cell-volume change.

Mode wgeo (cm™") Vo (Aw/AV) (theory) (cm™ weyp, (em ™)

v, SO, 587.8 ~130 611.8 (A)
592.9 ~260 631.8 (B)
632.9 -310 673.0

v1 SO, 962.7 ~820 1021.0

V3 S041073.1 (S—(02,04)) +660 1142.9 (C)
1109.9 (S-03) —410 1168.2 (D)
1153.8 (S-O1)  —6230 1175.8 (E)

Note: The dominant contribution of S—O bonds for the v; SO, modes
are indicated in parenthesis. Oxygen labels refer to Fig. 4.

thermal expansion of the structure, with a weaker role of
phonon-phonon anharmonic coupling between the localized
vibrational modes and the vibrational density of states
of the crystal host. This behavior differs from that of the
COj; groups. In the case of the high-frequency modes
of a molecular impurity in a crystal host, the number of
anharmonic decay channels can be small, leading to weaker
anharmonic effects at low temperature.

5.4. Concluding remarks

The combination of spectroscopic and molecular model-
ing tools appears as a powerful approach to unravel the
status of chemical impurities in complex samples, such as
biominerals. More specifically, the investigation of the
low-temperature dependence of vibrational bands is
expected to provide pertinent information about the
dynamic interactions of molecular impurities with their
crystalline host (Yi et al, 2013). Interestingly, the
anharmonic behavior observed on carbonate modes is
well consistent with that previously observed on highly
ordered calcite crystals, suggesting that the substantial

occurrence of Mg and sulfate impurities in the biogenic
sample only has a moderate effect on mode-coupling
parameters.

The comparison of experimental and theoretical results
validates the atomic-scale model proposed for the sulfate
incorporation at the carbonate site of the calcite structure.
It further confirms the structural location of sulfate in
deep-sea calcitic coral. According to the infrared
spectroscopic observations, sulfate ions in deep-sea
bamboo coral mainly substitutes for carbonate ion and
the occurrence of S linked to the presence of organic
matter (e.g., Dauphin & Cuif, 1999; Cuif et al., 2003;
Dauphin et al., 2005) plays a lesser role. One consequence
is that the observation of S in deep-sea bamboo coral is not
a reliable proxy of the presence of S-bearing organic
molecules. On the contrary, sulfur as structurally
substituted sulfur (SSS; Kampschulte & Strauss, 2004)
in deep-sea calcitic bamboo coral could be used as proxy
of seawater sulfate.
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