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Fluorapatite (FAp), which occurs in various geological settings, contains rare earth
elements (REE) for which unveiling the crystal chemistry is a key geochemical issue,
especially for unravelling the conditions of fractionation and crystallisation. However,
no consensus has been reached regarding their binding modes in FAp, with studies
suggesting REE3*-Ca?* substitution at the Ca(1) site, or at the Ca(2) site, or involving
adsorption mechanisms. Our contribution here is based on yttrium K-edge X-ray
absorption spectroscopy (XAS), performed on two genetically contrasting minerals:
a hydrothermal FAp (from Durango, Mexico), and a sedimentary phosphorite (from
Morocco). The results clearly show that Y substitutes for the Ca(2) site in both FAp.

However, the spectral differences observed for the sedimentary FAp (B-type carbonated-FAp) suggest a sorption model that is
either i) a mixture of Y-Ca(2) substitution and Y-adsorbed as an inner shell complex, or ii) Y-Ca(2) substitution along with
carbonate groups replacing phosphate groups in the surrounding atomic shell. These models of yttrium sorption in FAp shed
new light on the understanding of rare earth partitioning and enrichment processes, with major geochemical implications such as
i) the identification of crystallising fluids and temperature in magmatic-hydrothermal settings, and ii) preservation of past

seawater-porewater conditions in sedimentary settings.
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¥ Introduction

Fluorapatite (FAp; Cas(POy)3F) is an accessory mineral that hosts
significant amounts of rare earth elements (REE, including
yttrium) from ~200 to 20,000 ppm (Emsbo et al., 2015), where
Y exhibits similar behaviour to heavy rare earth elements
(HREE, from Gd to Lu) and is therefore associated with them.
For Earth Sciences, REE normalised patterns in FAp are proxies
to i) reconstruct partitioning models and determine partition
coefficients (Blundy and Wood, 2003), ii) identify the source flu-
ids, their chemical composition and their REE complexation
(Mackie and Young, 1973; Krneta et al., 2018), iii) characterise
the deposition/crystallisation conditions such as temperature,
pH, redox (Chen et al., 2002; Kocsis et al., 2016), and iv) reveal
the potential late diagenetic or hydrothermal alterations
(Reynard ef al., 1999; Cherniak, 2000). The crystal chemistry of
REE in FAp also controls its partitioning and normalised patterns
(Blundy and Wood, 2003). In addition, it can potentially provide
valuable insight into the crystallisation conditions such as tem-
perature (Khudolozhkin et al., 1973; Pan and Fleet, 2002 and
references therein), fluids (Mackie and Young, 1973) or diffusion
(Cherniak, 2000). However, determining the sorption models of
REE is not systematically well constrained and is at the heart of
many studies since FAp can potentially integrate REE in two
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distinct crystallographic Ca sites, namely the 9 fold coordinated
Ca(1) and the 7 fold coordinated Ca(2) sites (Hughes et al., 1991)
(Fig. S-1a, b), and can also show nano-crystallinity typically
observed in sedimentary deposits (Aubineau et al., 2022) that
may favour adsorption mechanisms and apparent no-fractiona-
tion behaviour (Reynard et al., 1999). In order to maintain elec-
troneutrality, each of the above sorption models may involve
coupled substitutions such as (Pan and Fleet, 2002 and referen-
ces therein):

REE* + Nat =2Ca%* Eq. 1
REE* + Si*t = Ca?* + P>+ Eq. 2
REE* + O = Ca?* + F~ Eq. 3
OREE* + [ygcaney = 3Ca2* Eq. 4

In a study based on ligand type, Urusov and
Khudolozhkin (1974) suggested that light (L)REE preferentially
occupy the more covalent Ca(l) position, while HREE display
preference for the more ionic Ca(2) position. Conversely,
X-ray diffraction structure refinements on synthetic REE-doped
FAp suggest that LREE are favoured in Ca(2) while HREE are
favoured in Ca(1) (Hughes ef al.,, 1991; Fleet and Pan, 1995).
Moreover, Borisov and Klevtsova (1963) have demonstrated that
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substitutions of both LREE and HREE for Ca occurred only at the
Ca(2) site which was confirmed by EPR (Electron Paramagnetic
Resonance) spectroscopy (Chen et al., 2002). In natural marine
environments, Kashiwabara et al. (2018) proposed that deep
sea muds mostly trap REE by adsorption onto FAp crystals.
Similarly, Reynard et al. (1999) conclude that the REE adsorption
is likely to occur in the case of sedimentary/biogenic FAp.

To contribute to the understanding of the crystal chemis-
try of REE, and more specifically HREE in FAp and geochemical
implications that follows, we propose a direct characterisation of
the yttrium speciation (i.e. fixation modes, coupled substitutions
and crystallographic preferences) using X-ray absorption spec-
troscopy (XAS) at the Y K-edge. XANES (X-ray absorption near
edge structure) and EXAFS (extended absorption near edge
structure) spectra are analysed by quantitative refinements, lin-
ear combinations and wavelet analysis (Mufoz et al., 2003). This
study focuses on two representative and genetically contrasting
natural FAp: i) of hydrothermal origin (H-FAp) from Durango,
Mexico, and ii) of sedimentary origin (S-FAp) from Moroccan
phosphorites, and mainly composed of B-type carbonated
FAp (i.e. FAp showing carbonate-phosphate substitutions).

I Yittrium Speciation in Model Compounds

Two model compounds, Y,O3 and synthetic Y-adsorbed FAp
(Y-ads), were studied and used for qualitative and quantitative
analysis of spectroscopic data. Their normalised XANES and
EXAFS spectra show contrasting spectral signatures (Fig. 1la
and b, respectively). For both compounds, the wavelet analysis
of the EXAFS spectra (Fig. 2a and b, respectively) shows a maxi-
mum of the 1% neighbours’” amplitude (ie. R+ ®)=1.75 A)
localised around 5.5 A1, For Y,Os, the second and third shells
are significantly shifted at higher k (wavenumber) values due to
the presence of yttrium (Fig. 2a). However, the presence of
oxygen in these shells moderates the shift of the amplitude term
(maximum ~7.5 A~"), showing a strong asymmetric shape due
to the distribution of Y, O and Y at distances of 3.53(4),
4.02(3) and 4.01(5) A, respectively (Table 1).

Regarding Y-ads, the EXAFS shell fitting reveals the pres-
ence of 8.1(8) oxygen 1*' neighbours located at 2.38(1) A (Fig. 2b,

Table 1), which is consistent for Y-adsorbed species
(Ragnarsdottir et al., 1998). Additionally, the best fit is obtained
with two Ca as 2" neighbours at 2.98(2) A, suggesting a triden-
date ionic bonding with the FAp crystal surface in the c axis
channel. Note that in such a configuration (Fig. 3b), a typical
O-Y-0O angle of about 73°, characteristic of the regular 8 fold
polyhedron, is preserved (Ni et al., 1995). The 3™ shell observed
on the wavelet modulus (Fig. 2b) shows a contribution at high
k values (~8.5 A~1), which is in agreement with the presence
of one Y fitted at 3.87(3) A (Table 1). The latter probably results
from Y pairs adsorbed on a single c axis channel, consistent with
the formation of Y polyatomic species or Y polymerisation in
water (Ragnarsdottir ef al., 1998).

The shell fitting performed on the EXAFS spectrum of hydro-
thermal FAp (H-FAp) reveals the presence of 7.0(7) oxygen
located at 2.37(2) A (Table 1), confirming that Y integrates the
FAp crystal lattice within the 7 fold coordinated Ca(2) site by a
substitution mechanism (hereafter referred to as Y(2); Fig. 3a).
The fitted next nearest neighbour environment around Y, which
consists of 5 P distributed between 3.09(1) and 3.70(1) A, and
10 Ca at an average distance of 4.16(1) A (Table 1), shows con-
sistency with the theoretical Ca(2) atomic landscape (Tables 1,
S-1b). In contrast, the radial distribution function around
Ca(1) shows an intense peak in the Fourier transform (FT) mag-
nitude (see ab initio EXAFS calculations and corresponding FT in
Fig. S-2), due to the presence of 2 Ca located as close as 3.42 and
3.45 A (Table S-1a). This feature appears strongly incompatible
with the yttrium atomic landscape observed and successfully
fitted in H-FAp (Fig. 2¢, Table 1).

The lack of a high k contribution in the next nearest envi-
ronment around Y eliminates the hypothesis of a coupled sub-
stitution involving a second heavy trivalent cation such as REE
plus a vacancy (i.e. Eq. 4). Thus, the charge compensation is likely
to meet the assumptions presented in Equations 1, 2 and 3,
although these cannot be formally verified since the contrast
in atomic number and coordination number (CN) between,

Yttrium Speciation in Hydrothermal
Fluorapatite
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Figure 1 X-ray absorption spectra collected at the Y K-edge for Y,03 and Y-ads FAp model compounds, and H-FAp and S-FAp samples.
(a) Normalised XANES spectra, (b) k>-weighted EXAFS spectra. Roman numerals (I to IV) refer to characteristic spectral features. Blue dotted
line represents the linear combination fit (LCF) result based on Y-ads and H-FAp components, suggesting a mixture of 59 % Y substituted at

the Ca(2) site and 41 % of adsorbed Y for S-FAp.
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Figure 2 Wavelet transform analysis of EXAFS spectra with corresponding k3-weighted EXAFS spectra and Fourier transform (black solid
lines). Results of multi-shell fits are shown in both the k-, and R-spaces (shifted dotted lines), (a) Y,0s3, (b) Y-ads, (c) H-FAp, (d) S-FAp with the
mixed “Y(2) + Y-ads” model in blue and the “Y(2) + carbonate” model in red.

respectively, Na and Ca, Si and P, and O and F are too subtle to
be distinguished.

Yttrium Speciation in Sedimentary
Fluorapatite

The fit of the S-FAp EXAFS spectrum provides, for the 1% atomic
shell, an average coordination of 7.4(9) (Table 1), which is slightly
higher than that obtained for H-FAp, but within the margin of
error. We also note on the wavelet modulus of S-FAp (Fig. 2d), a
major difference in the 3 neighbour shell, at (R + ®) ~ 3.25 A
(Fig. 2c), where a clear contribution arising from 3 P and 3 O
(at 3.39 and 3.67 A, respectively) is observed for H-FAp, but
absent for S-FAp. To interpret these discrepancies, we propose
two distinct structural models that were successfully fitted
(Table 1, Fig. 2).

The first one (blue dotted lines in Fig. 2d) involves a mix-
ture of two speciation models: a Y(2) substitution and an inner
shell Y adsorption, the latter tending to decrease the intensity of
the contribution located at (R + @) ~ 3.25 A. Note that a mixture
with Y(1) results in a failed fit and is therefore excluded given the
absence of its typical contribution of Ca located at ~3.43 A

(Figs. S-1a, S-2b, Table S-1a; (R+®) =~ 3 Ain Fig. 2c and d).
Additionally, different features of the XANES and EXAFS spectra
tend to corroborate such a scenario (Fig. 1). Among them, the
maximum of the white line (feature I in Fig. 1a) is significantly
higher for Y-ads compared to H-FAp, while it shows an inter-
mediate value for S-FAp. In accordance, the linear combination
fit (LCF) of the EXAFS spectrum (Fig. 1b) also suggests a mixture
of Y(2) and Y-ads.

The second model (red dotted lines in Fig. 2d) rather
implies Y(2) together with two concomitant carbonate groups
(CO3)* replacing two phosphate groups (PO,)%" in the 3
atomic shell. The presence of carbon in the neighbouring of
yttrium causes the decrease in intensity of the (R + ®) ~ 3.25 A
contribution; light elements (C) having lower back scattering
amplitudes than heavier elements (P). This model is in perfect
agreement with i) the nature of S-FAp, which is identified as
B-type carbonate-FAp (Figs. S-5, S-6), and ii) the location of
structural carbonate groups, as determined by high resolution
transmission electron microscopy on B-type carbonate-FAp
(Kis et al., 2019). Such a “Y(2) + carbonate” model implies a
significant distortion of the crystal lattice (Table 1) and a co-
location of C and REE, which is consistent with the results of
Liao et al. (2019) in analogous samples. In this case, the excess
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Table 1 EXAFS fitting results for selected Y-standards and natural FAp samples and corresponding theoretical structural model. CN stands for
the coordination number, R for the radial distance, o> for the Debye-Waller factor and Ac; for the anharmonic parameter. The estimated
parameters have uncertainty values in brackets, while fixed parameters do not. Linked estimated parameters share one of these superscript
symbols: +, ++, *, **. Theoretical structures references: (1) Faucher and Pannetier (1980); (2) Ni et al. (1995); (3) Hughes et al. (1990).

Theoretical mod.el of lqcal Multiple shell fitting Fit information and statistics
structure applied to fit
Fitted
RIPE| Cluster i | N | R | on | R | 2@ |ac@s | Fited | PEE | Reactor
parameters freedom (%)
Y-O, 6.0 2.28 6.0 230 (1) | 0.008 (2)
Y,0;5 Y,0, Y-Y, 6.0 3.55 6.0 354 (4) | 0.003 (1) 8 17 1.9
Y-Y, 6.0 4.05 6.0 401 () | 0.004 (2)
Y-, 5 12.0 4.09 12.0 4.02 (3) | 0.009 (2)
Y-O, 8.0 2.38 81(8) | 238 (1) | 0.008 (1) | 0.0007 (2)
Y-ads Y adsorbed®? | Y-Cay 2.0 2.96 2.0 2,96 (2) | 0.011 (2) 8 17 2.9
Y-Y, 1.0 3.87 1.0 3.87 (3) | 0.006 (3)
Y-04 7.0 2.44 7.0 (7) | 2.37(2) | 0.008 (1) | 0.0015 (4)
Y-P, 1.0 3.08 1.0 3.09 ()* | 0.002 (1)
Y-P, 1.0 3.26 1.0 3.28 ()T | 0.002 (1)*
H-FAp Ca(2)FAp® Y-O, 3 3.0 3.35 3.0 3.40 4)*tt| 0.015 (6)* " 10 17 0.95
Y-P5 1.0 3.49 1.0 351 (1)* | 0.002 (1)
Y-P, 2.0 3.68 2.0 3.70 (D)t | 0.002 (1)"
Y-Cay » 10.0 4.03 10.0 416 (1) | 0.015 (1)
Y-O, 7.5 2.44 749) | 2.38(4) | 0.009@2) | 0.0017 (7)
Y-Cay 1.0 2.96 1.0 298 (2) | 0.008 (3)
Y-P1,» 1.0 3.17 1.0 3.16 6)* | 0.006 (8)*
S-FAp Ca(2)FAp®+ Y-P5 0.5 3.49 0.5 3.49 (6)* | 0.006 (8)" 10 17 1.3
(1% fit) Y adsorbed®? | Y-P, 1.0 3.68 1.0 3.68 (6)* | 0.006 (8)"
Y-Y, 0.5 3.87 0.5 4.06 2)**| 0.014 3)"*
Y-Ca 5 5.0 4.03 5.0 412 2)**| 0.014 3)**
Y-O, 7.0 2.44 7409) | 2.38@) | 0009(@2 | 0.0017 (7)
Y-P;,, 2.0 3.17 2.0 3.14 2)* | 0.008 (3)°
S-FAp Ca(2) B-type Y-P5 1.0 3.49 1.0 3.36 2)* | 0.008 (3)° 11 17 0.4
(2nd fit) FAp® Y-C4 2.0 3.68 2.0 3.47 (4) | 0.005 (7)
Y-Cay , 10.0 4.03 10.0 424 (6) |0.019(3) | 0.0023(9)

of charge of Y3* could be balanced according to the following
equations:

Y3 + Dvacancy +Na* + 2CO32_ =3Ca%t + 213043—
Y3+ + I:lvacancy + 2CO32_ + 02— = 2Ca2+ + 213043_ +F

Eq. 5
Eq. 6

where the vacancies likely refer to Ca(2) sites, and sodium, fluo-
rine or carbonates are most often in excess relative to rare earth
elements. However, it is not possible to formally distinguish
these two hypotheses using the approach proposed here, and
further in situ characterisation at the micrometric scale is
required.

! Geochemical Implications

In accordance with the crystal lattice strain partitioning model, it
is proposed that the partition coefficient of REE in magmatic-
hydrothermal FAp originates from the crystallographic prefer-
ence of HREE for the Ca(1) site, and LREE for the Ca(2) site
(Hughes et al., 1991). However, in the case of Durango FAp,
we clearly point out that Y substitutes for Ca in the Ca(2) site.

This could suggest that a partition model involving the Ca(1) site
for HREE is not appropriate for the Durango FAp, where a
HREE-depleted normalised pattern (Fleet and Pan, 1995) could
rather reflect the progressive ionic incompatibility of REE for the
Ca(2) site along the lanthanide series. These assumptions should
be taken with caution given that the Durango FAp does not
prevail for all other FAp, and given that REE patterns may vary
significantly depending on the fluid conditions (Krneta et al.,
2018). Indeed, it is possible that the Durango H-FAp undergoes
geochemical processes that favour Ca(2), as diffusion of REE in
the Ca(2) site through the c axis channel may occur during ther-
mal events (Cherniak, 2000). Furthermore, the different com-
plexation modes in solution play a role in the distribution of
REE between Ca(2) and Ca(1) sites involving Na or Si coupled
substitutions (Mackie and Young, 1973). For example, the pref-
erence of REE for Ca(2) decreases with increasing Si content or
temperature in the 700-1200 °C range (Khudolozhkin et al.,
1973; Pan and Fleet, 2002 and references therein). This could
confirm that the Durango FAp was more likely formed at a
medium temperature with saline fluids, in agreement with the
literature (Gleason et al., 2000 and references therein).
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Hydrothermal FAp (H-FAp)
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Figure 3 Fluorapatite crystal structure projected along c axis showing yttrium speciation models, (a) H-FAp: substitution at the Ca(2) site,
(b) S-FAp: mixture of substitution at the Ca(2) site together with an inner shell adsorption at the c axis channel, (c) S-FAp: substitution at the
Ca(2) site with concomitant Creplacing P and Ca vacancy. Si, Na and O labels indicate potential coupled substitutions required to compensate

the excess of electronic charge due to Y3*-Ca?* substitution.

In this perspective, systematic in situ X-ray absorption
studies of REE on other natural FAp could provide more infor-
mation on the hydrothermal-magmatic fluids or be used as a
geothermometer, which could lead to a major re-interpretation
of geochemical processes and crystallisation conditions (Krneta
etal., 2018). This could also make it possible to decipher the effect
of extrinsic (e.g., temperature, source fluids) and intrinsic
(e.g., crystal-chemical) variables on REE patterns (Rakovan et al.,
2001; Borst et al., 2020).

For sedimentary FAp, the assumptions for Y speciation,
which include either mixed “Y(2)+ Y-ads” speciation or the
“Y(2) + carbonates” speciation, are both compatible with an
adsorption-diffusion-substitution process (Koeppenkastrop and
de Carlo, 1992). Both models can explain why REE in carbon-
ated-FAp show a normalised pattern without fractionation, char-
acterised by HREE enrichment so-called “past seawater pattern”
(Reynard ef al., 1999). The Y(2) + carbonate model is particularly
relevant because REE are mainly complexed by carbonate groups
in seawater, which also shows a HREE-enriched pattern (Schijf
and Byrne, 2021). We thus assume that the conservative (i.e. with-
out fractionation) REE uptake in FAp is likely to be promoted by
carbonate complexation, where both REE and carbonates are
trapped in the FAp lattice during early diagenesis by their direct
uptake from the hydrated layer (Cazalbou et al., 2004). Since
REE and carbonates are mainly enriched concomitantly in a
strongly distorted crystal fringe located in the outer edges of
FAp nanocrystallites (Liao et al., 2019; in agreement with our
EXAFS results), the crystal chemistry effect on the partitioning
is inhibited while the effect of the fluid complexation (i.e. REE car-
bonate ions in seawater or porewater) is predominantly recorded,
which likely implies non-Henry’s Law behaviour for the REE par-
titioning in S-FAp (Pan et al., 2003).

Therefore, in situ X-ray absorption studies of REE could be
applied to marine geochemistry to estimate whether overprint-
ing of REE FAp fractionation has occurred, and whether a
reliable seawater-porewater signature is preserved. This is par-
ticularly valuable for examining temporally laminated structures
containing FAp, such as phosphorite grains or some polymetallic
nodules, used to unravel past seawater conditions and their

temporal changes like pH, redox, or ocean circulation (Kocsis
et al., 2016).

! Condlusions

We studied the speciation of yttrium, a geochemical proxy for
HREE, in hydrothermal and sedimentary FAp minerals using
X-ray absorption spectroscopy. Analyses of Y K-edge XANES
and EXAFS spectra, including ab initio calculations, shell fitting,
wavelet analysis and linear combination show that:

1) Y exclusively substitutes for Ca in the Ca(2) site in the
hydrothermal Durango FAp;

2) Y can be found either as a mixture of Ca(2) substituted and
inner shell tridentate adsorbate in the ¢ axis channel in
sedimentary FAp, or as substitution for the Ca(2) site with
coupled substitution of a carbonate group in the direct sur-
rounding atomic environment in B-type carbonated FAp.

Regardless of the FAp origin, the charge compensation
mechanism is likely to be based on coupled substitutions
such as:

Y3+ 4+ Nat =2Ca%*
Y3+ 4 Sitt = Ca?t + P5+
Y+ O =Ca*t +F-
Although the latter substitutions were not distinguished by our
approach, we excluded the 2Y*" + [yacancy = 3Ca®* substitution

due to the failure to detect Y or other heavy elements in the near-
est atomic shell around Y.

For the sedimentary B-type carbonated FAp, we suggest
that the following substitutions are likely to occur:

Y3+ + Dvacancy + Nat + 2CO32_ =3Ca2+ + 2PO43_

Y3+ + Dvacancy + ZCOSZ_ + 02— = 2Ca2+ + 21:7043_ +F
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Regardless of geological context, Y speciation provides crucial
information for a better understanding of REE partitioning
and the geochemical information derived from it.
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