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Deep-sea sediments hold large quantities of critical rare earth-elements and yttrium (REY) sequestered in
nanoparticulate biogenic fluorapatite (Cas(COz),(PO4)3-xF144). Understanding their enrichment processes
and improving recovery and mineral processing methods require atomic-scale information about their
chemical form, but it is difficult to obtain. Here, we use novel high-energy-resolution fluorescence-
detected extended X-ray absorption fine structure (HERFD-EXAFS) spectroscopy to elucidate the local
structure of gadolinium (Gd) in the highly enriched REY deposit from the Clarion-Clipperton fracture zone
(CCF2) in the Pacific Ocean. Our findings reveal that Gd is neither incorporated into the apatite structure nor
precipitated alongside Ce in a Ce-PO, precipitate. Instead, it is bound at short-range distances to Ca and
PO, in a defective apatite-type bonding environment within an amorphous matrix that encases fluorapatite
nanocrystals. Density functional theory (DFT) suggests that Gd and Y, whose atomic fraction is ten times
higher than that of Gd, are not dispersed throughout the amorphous matrix, but are likely segregated at
medium-range distances. The entrapment of Ce, Gd, and Y within an amorphous matrix explains, at the
microscopic level, why REY can be easily recovered through straightforward acid leaching. This is due to the
intrinsic instability of disordered atomic structures compared to crystalline phases. This research highlights
the complementarity of HERFD-EXAFS and DFT calculations for atomic-scale analysis of trace elements in
complex natural matrices. It establishes a basis for their use across diverse terrestrial and marine materials.

A long-accepted view is that REY are contained inside the structure of fluorapatite (FAp) in marine sediments. We question this view and show that Gd,

hosted in biogenic FAp from the Clarion Clipperton fracture zone in the Pacific Ocean, is bound to calcium and phosphate within a defective apatite-like

structure, located inside an amorphous matrix surrounding FAp nanocrystals. In practical terms, selective leaching protocols for extracting REY from REY-

rich sediments could target the coating while leaving the crystal core, which is relatively resistant to dissolution, largely intact, potentially reducing reagent
use and limiting co-dissolution of Ca and P from the FAp lattice.

1. Introduction

Situated in the middle of the lanthanide 4f series, gadolinium
(Gd) displays several notable physical characteristics that
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drive its use in various scientific and technological fields,
such as medical imaging, nuclear physics, data storage, and
advanced materials. In its fundamental state ([Xe] 4f7), the
trivalent Gd*>' ion possesses seven 4f electrons with all
spins aligned, resulting in the highest total spin possible
for a mononuclear metal ion (S = 7/2). The large spin
magnetic moment of Gd is extensively utilized in magnetic
resonance imaging (MRI), where Gd is employed as a
contrast agent.' Additionally, its properties,
combined with a Curie point close to room temperature for
both Gd and several of its alloys and salts, enable room-

magnetic
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temperature magnetic refrigeration.> Furthermore, the '*>Gd
and "’Gd isotopes exhibit high neutron capture cross
sections, which are applied in nuclear technology for

This journal is © The Royal Society of Chemistry 2026
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The majority of global Gd production originates from
ion-adsorption clays that form on land as rare-earth
elements and yttrium (REY) leach from granitic rocks and
are then adsorbed by clays in the weathered surface
crust.°*® Deep-sea muds, found in pelagic basins, are rich
in valuable heavy REY, including Gd. Kato et al (2011)"
showed that over 90% of the total REY in bulk sediments
can be efficiently recovered with simple acid leaching (e.g.,
0.5 M HCI for 3 h at 25 °C), indicating the potential of
deep-sea sediments as a resource for REY. The ease of
extraction initially suggested that REY are contained within
the clay portion of the sediment, akin to terrestrial sources.
However, later research revealed that the REY are mainly
associated with carbonate fluorapatite (CFA,
Cas(CO;),(PO,); F11x).">>* There are two types of CFA, one
formed through chemical precipitation (authigenic CFA),>*">°
and the other originating from the remnants of marine
fauna  (e.g, fish bones and teeth, biogenic
CFA),'#17719:21:26229 The prevailing view had been that REY
are incorporated into the structure of CFA. Nevertheless, this
hypothesis does not align with the ease of REY extraction
from marine deposits, as fluorapatite has slow solubility
kinetics,*>*! even at low pH.>>

Recent studies using extended X-ray absorption fine
structure (EXAFS) spectroscopy and electron microscopy have
shown that cerium (Ce)** and yttrium (Y)** are incorporated
into an amorphous Ca-phosphate matrix surrounding CFA

and in engineering for neutron
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nanocrystals (Fig. 1). The REY within this phase are more
susceptible to leaching, because amorphous phases have a
less ordered atomic structure than crystalline phases. Ce (Z =
58) and Y (Z = 39) are not bound together in the amorphous
matrix embedding the CFA grains. Ce occurs as Ce-
phosphate (CePO,) clusters,*® whereas Y is mononuclear at
short-range distances and bonded to CaOs octahedra and
PO, groups in a disordered apatite-type structure.**

This study investigates the incorporation of Gd (Z = 64) in
biogenic CFA. Gd was selected not only for its economic
significance but also for its unique electronic properties and
mid-range position among lanthanides. Both Ce and Gd have
similar concentrations in CFA (2000 mg kg™ vs. 1500 mg
kg™, respectively), while the molar abundance of Y is 10
times higher (8500 mg kg™, (Y/Gd), = 10.0).>" This raises
questions about the crystal chemistry of Gd in CFA: (1) is it
incorporated into the bulk crystal structure or (2) is it
precipitated as a phosphate, either with or without Ce or Y
(GdPO,, (Gd,Ce)PO,, (Gd,Y)PO, structures),® in the
amorphous matrix surrounding the CFA nanocrystals.
Because the Y/Gd atomic ratio is about 10, if Gd-Y clusters
exist, they might not be detectable at the Y absorption edge
using EXAFS,** but should be observed at the Gd edge.

In this study, two biogenic CFAs from the Clarion-
Clipperton fracture zone (CCFZ) in the Pacific Ocean were
collected at 1.94 m (16GC-194, [Gd] = 1548 mg kg ') and 4.70
m (16GC-470, [Gd] = 1756 mg kg ') below the seafloor. They
were analyzed using the high-energy-resolution fluorescence-
detected (HERFD) EXAFS measurement mode.*® HERFD-

Fig. 1

(a) High-resolution transmission electron microscopy image of bioapatite nanocrystals (16GC-194) embedded in an amorphous matrix.

(b—d) FFT patterns of individual bioapatite nanocrystals oriented along the [15-7], [001] and [20-1] zone axes.

This journal is © The Royal Society of Chemistry 2026
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EXAFS effectively removes parasitic absorption edges from
other REY, which would restrict the energy range of the Gd
L;-edge EXAFS signal. This advanced technique has proven
valuable for extracting structural information from multi-
elemental  materials.**?**"™**  EXAFS  analysis  was
complemented with periodic density functional theory (p-
DFT) to evaluate the likelihood of Gd forming polynuclear
Gd-Gd and Gd-Y clusters.

View Article Online
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2. Results and discussion
2.1. EXAFS analysis

2.1.1. References. Fig. 2a compares the Gd EXAFS spectra
and radial structure functions (RSF), obtained by Fourier
transformation (FT) of the EXAFS spectra, for two references:
GdPO,H,0 and a magmatic fluorapatite (m-FAp).
DFT2FEFFIT** calculation indicates that Gd replaces Ca in
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Fig. 2 Gd Ls-edge EXAFS spectra (left) and modulus and imaginary parts of the Fourier transforms (right) for biogenic CFA and references. a)
Magmatic FAp from Imilchil (Morocco) and GdPO4-H,O. b) Magmatic FAp and biogenic CFA. c) Biogenic CFA and Gd-sorbed hydroxyapatite. d)

Gd-sorbed and Gd,Y-sorbed hydroxyapatite.
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the Ca(2) site of m-FAp, as predicted by p-DFT* (Fig. 3 and
S1). The best fit for the GdPO,-H,O spectrum included two O
subshells at 2.34 A and 2.46 A (weighted average (d(Gd-O)) =
2.40 A), two P shells at 3.11 A and 3.70 A, and a Gd shell at
4.02 A, aligning with a previous analysis*® (Fig. S2a, Table 1).
For m-FAp, the optimal model involves one O shell at 2.33 A,
two P shells at 3.14 A and 3.61 A, and one Ca shell at 4.06 A,
which matches the FAp crystal structure®” (Fig. S2b, Table 1).
The increased Gd-O bond distance in GdPO,-H,0O compared
to m-FAp is evident in the FT, where the first peak's modulus
and imaginary part are shifted to higher R + AR values
(Fig. 2a). The Gd-Gd and Gd-Ca pairs are closely positioned
on the FTs (R + AR = 3.7-3.8 A), due to their similar
distances; however, their imaginary parts are offset by
approximately m/4. Fig. 4a illustrates that Gd and Ca exhibit
differing backscattering phase shifts. gc,(k) decreases nearly
linearly with increasing k, while ¢gq(k) displays a complex
pattern with two maxima and a valley at k = 6 A*.*® This
phase contrast accounts for the offset of the imaginary parts
for the Gd-Ca and Gd-Gd pairs in the FTs (Fig. 2a), and can
be used to distinguish Ca from Gd in CFA.

2.1.2. Biogenic CFA. The Gd EXAFS spectra for the two
biogenic CFAs are statistically indistinguishable, indicating

Fig. 3 Structure of FAp. a) Projection along the c direction. The F
atom is located in the middle of the tunnels, and the Ca(2) and P
atoms are exposed to the lumen of the tunnels and to the mineral
surface. b) Polyhedral representation of the local structure of the Ca(2)
site projected along the a direction. The Cag,1 polyhedra are
connected through corners, and they share one edge and four corners
(three are represented) with PO, groups. Ca(1) site, light gray; Ca(2)
site, dark gray; P, light brown; O, red; F, light green.

This journal is © The Royal Society of Chemistry 2026
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Table 1 EXAFS fit parameters of the Gd Ls-edge spectra
Sample Path N R(A) o*(A%)  AE(eV)
m-FAp Gd-0 6.0 233  0.006 -1.8
Gd-P1  2.0° 3.4 0.006”
Gd-P2  3.0° 3.61 0.006°
Gd-Ca  10°  4.06  0.009
GdPO,-H,0 Gd-01  4.3° 234 0.007° 0.6
Gd-02  3.7° 2.46 0.007°
Gd-P1  2.0° 3.11 0.006”
Gd-P2 1.7 3.70 0.006°
Gd-Ca 3.0 4.02  0.010
Gd-HAp Gd-01  5.0° 233  0.009° -0.5
Gd-02  3.0° 2.45 0.009?
Gd-P1 2.0 3.10 0.008”
Gd-P2 2.1 3.67 0.008°
Gd-Ca 2.7 4.08  0.010°
Gd,Y-HAp Gd-01 3.7 232  0.009° -1.0
Gd-02  4.3° 242 0.009”
Gd-P1  2.0° 3.10  0.008”
Gd-P2 1.8 3.66 0.008°
Gd-Ca 2.1 4.07  0.010°
b-CFA Gd-Ca model ~ Gd-O 8.0° 237  0.011 -0.9
Gd-P1 2.0 3.10 0.004°
Gd-P2 1.7 3.69 0.004°
Gd-Ca 4.0 4.07  0.010°
b-CFA Gd-Y model Gd-0 8.0% 237  0.011 -0.9
Gd-P1  2.0° 3.10 0.004°
Gd-P2 2.8 3.66 0.004°
Gd-Ca 4.5 3.86  0.010°

“ Fixed value. ? Parameters constrained to suppress correlations
between ¢ and CN. ¢ Sum fixed to 8. Accuracy: R = 0.02 A, CN = 20%.

that the local structural environments around the Gd atoms
are similar (Fig. S3). Consequently, the two spectra were
averaged for EXAFS fitting and further comparisons to
generate a single, higher-quality spectrum (b-CFA). A
comparison of the FT for b-CFA and m-FAp shows that Gd
has longer Gd-O bond distances in b-CFA, alongside
comparable P and Ca atomic shells in both apatites (Fig. 2b).
EXAFS fitting of b-CFA identified one O shell at 2.37 A (¢ =
0.10 A), two P shells at 3.10 A and 3.69 A, and one Ca shell at
4.07 A (Fig. S2c, Table 1). The experimental resolution in
distance for the b-CFA data (0R = m/(2kmax) = /(2 X 11.25) =
0.14 A)*° was insufficient for attempting to fit its EXAFS
spectrum with two O subshells. Nevertheless, the fitting
results indicate that the O shell has a relatively high disorder
parameter (¢ = 0.11 A), suggesting O splitting, similar to
observations for GAPO,-H,O (2.46 A — 2.34 A = 0.12 A). The
Gd-Ca shell of b-CFA contains fewer Ca atoms (N = 4.0,
Table 1) compared to m-FAp (N = 10), indicated by the
diminished amplitude of the Gd-Ca peak at R + AR = 3.7 A
on the RSF (Fig. 2b). This difference, along with the
difference in Gd-O bond lengths of 2.37-2.33 = 0.04 A
between the two apatites, indicates that Gd is not
incorporated into the crystalline core of the b-CFA structure.
2.1.3. Gd adsorption on HAp. Since Gd is absent from the
CFA structure, it might reside at the mineral surface. This
hypothesis was examined using an inner-sphere sorption
complex on synthetic hydroxyapatite (Gd-HAp). Fig. 2c

Environ. Sci.: Nano, 2026, 13, 1004-1016 | 1007
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Fig. 4 Graphs of the phase shift functions and scattering amplitudes

in the EXAFS function for the Gd-Ca, Gd-Gd, and Gd-Y pairs. a) Phase
shift functions. b) Scattering amplitudes.

compares the EXAFS and FTs of b-CFA and Gd-HAp. Their FTs
are similar, primarily differing in the higher amplitude of the
Gd-P and Gd-Ca peaks for b-CFA. The EXAFS spectrum for Gd-
HAp was best fit with one subshell at d(Gd-0,) = 2.33 A and
another at d(Gd-0,) = 2.45 A ({(d(Gd-0)) = 2.375 A), two P shells
at 3.10 A and 3.67 A, along with one Ca shell at 4.08 A (Fig. S2d,
Table 1). The resolution in distance for this synthetic reference
is OR = m/(2 x 12.75) = 0.12 A, which is sufficient for
distinguishing the two O subshells. The Ca shell of Gd-HAp
consists of N=2.7 atoms compared to 4.0 for b-CFA, suggesting
that Gd is not sorbed either as an inner-sphere surface complex
in b-CFA (Table 1).

The difference in Nc, between Gd-HAp and b-CFA aligns
with our prior research on yttrium, which showed that Y
resides in the amorphous matrix surrounding the CFA
nanocrystals (Fig. 1). In the Y-sorbed HAp reference, Y had
1.6 Ca neighbors at 4.03 A and 2.6 Ca neighbors at 4.11 A
(Table 3 in ref. 34). This suggests that Gd is likely also located
within this external amorphous matrix. This raises the
question of whether Gd is locally associated with Y,
considering that the amorphous matrix hosts ten times more
Y atoms than Gd.*'

2.1.4. Gd and Y co-adsorption on HAp. This inquiry was
addressed by co-adsorbing Gd and Y on HAp in a Y/Gd atomic
ratio of 10. Fig. 2d shows that Gd-HAp and Gd,Y-HAp have
quite similar EXAFS spectra, which at first glance suggests
that Gd and Y do not form polynuclear clusters. However, a

1008 | Environ. Sci.: Nano, 2026, 13, 1004-1016
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more detailed analysis reveals that the EXAFS results are
ambiguous because the Gd-Ca and Gd-Y photoelectron waves
are approximately out-of-phase (¢y(k) — ¢ca(k) = =, Fig. 4a).
Adjusting the Gd-Y distance can counterbalance the phase
shift in the fitting. A mathematical solution analogous to the
Gd-Ca model was obtained with 4.5 Y atoms at 3.86 A and
2.8 P at 3.66 A, in contrast to 4.0 Ca at 4.07 A and 1.7 P at
3.69 A for the Gd-Ca model (Fig. S2e, Table 1). The Gd-Y
photoelectron wave aligns in phase with the Gd-Ca wave at k
= n/[2 x (4.07-3.86)] = 7.5 A™', which corresponds to the
maximum backscattering amplitude of Y (Fig. 4b). However,
the Gd-Y wave amplitude reaches a minimum at k = 4.8 A",
requiring compensation in the fitting process. This minimum
was balanced by increasing Np from 1.7 in the Gd-Ca model
to 2.8 in the Gd-Y model. Gd-Y pairs can also be
incorporated into the fit by raising Ng, above 4.0 since py(k) —
@ca(k) = m. For instance, a satisfactory fit can also be obtained
by setting Nc, = 6.0 and Ny = 2.0. However, the numerical
convergence is unstable, necessitating fixed coordination
numbers during the least-squares minimization.

Based on these considerations, the Gd-Ca and Gd-Y
models are mathematically indistinct. While d(Gd-Ca) = 4.07
A aligns well with a Gd-PO, structure, d(Gd-Y) = 3.86 A does
not. Non-periodic DFT (np-DFT) calculations indicate that
d(Gd-Y) = 3.68 A for an edge-sharing linkage between the Gd
and Y polyhedra, and d(Gd-Y) > 4.0 A for a corner-sharing
linkage (Fig. 5). Additionally, as discussed in the p-DFT
section below, the formation of Gd-Y pairs at such short
distances is thermodynamically disfavored. In summary, our
EXAFS analysis of b-CFA indicates that Gd is bonded to
phosphates and Ca in the amorphous matrix surrounding
the CFA nanocrystals. The next section will discuss the
coordination of Gd and its local structure.

2.2. Coordination of Gd

EXAFS has an inherent error of +1 regarding the number of
scatterers (N), which renders the determination of absolute
coordination number (CN) inaccurate. An alternative is to use
interatomic distances, which typically have errors of +0.02 A,
well within the variations in distance resulting from the
addition or subtraction of an O ligand. The variation of d(Gd-
O) with CN was determined based on the structure of the Gd-
PO, compounds in the inorganic crystal structure database
(ICSD). Gd exhibits CN = 6, 7, 8, or 9. Only one compound was
found for each CN = 6, 7, and 9, and 9 entries for CN = 8. The
Gd-O distances are d(Gd-Og) = 2.28 A, d(Gd-0O,) = 2.35 A, d(Gd-
Og) = 2.37-2.42 A, and d(Gd-0,) = 2.475 A. The EXAFS distance
of 2.40 A for GdPO,H,O is consistent with an 8-fold
coordination, in agreement with its crystal structure.*® The
EXAFS distance of 2.33 A for m-FAp is longer than that of the
CN = 6 compound (2.28 A, Gd(PO;);),”® which consists of single
GdOg octahedra linked by corner-sharing PO, groups. In
contrast, a good match between experiment and theory is
obtained with the p-DFT {(d(Gd-0)) distance of 2.325 A for Gd
substituted for Ca in the (6 + 1)-fold Ca(2) site of FAp.*’

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Edge-sharing (a) and corner-sharing (b) linkages between Gd and Y polyhedra. a) 8Gd(H,0)s-20H-8Y(H,0)¢ complex. b) 8Gd(H,0),-
OH-8Y(H,0); complex. Non-periodic DFT (np-DFT) calculation (ORCA 5.0.3, PBEO/def2-TZVP).”” Gd, purple; Y, light green; O, red; H, light gray.

We conclude that d(Gd-O) = 2.37 A for b-CFA and (d(Gd-
0)) = 2.375 A for Gd-HAp characterize an 8-fold coordination.
If one retains an accuracy of +0.02 A in EXAFS distances, then
both 2.37 A and 2.375 A metric parameters are also
compatible with a 7-fold coordination. Nonetheless, an 8-fold
coordination is more likely, as it is prevalent in Gd-PO,
structures. The O shell splitting in Gd-HAp can be attributed
to water molecules that may deprotonate to OH after Gd
sorption on HAp crystal surfaces.” The apatite surface
structure corroborates this view, as it contains two structured
water layers H-bonded to the mineral surface.”®> Gd may also
include H,O/OH™ ligands in b-CFA, as EXAFS suggests a
splitting in the Gd-O bond distances (¢ = 0.11 A). Gd likely
occupies the Ca(2) site in Gd-HAp, since high-resolution
reflectivity measurements of the {100} surface structure of
FAp showed that this site is exposed to the mineral surface
and is deficient in Ca(2) and/or F atoms.>*

2.3. Connectivity of the GdOg polyhedra

The polyhedral configuration of Gd in b-CFA and Gd-HAp
can be evaluated using the EXAFS distances, as interatomic
distances are shorter when polyhedra share two O ligands
(edge linkage) rather than one (corner or vertex linkage). In
the nine GdOg-PO, crystal structures from the ICSD, d(Gd-
P)egge varies from 3.06 A to 3.18 A, d(Gd-P)comer ranges from
3.58 A to 3.89 A, and d(Gd-Gd)eqge Spans from 3.80 A to 4.04
A. There is no d(Gd-Gd)corer connection, and the separation
between the GdOg polyhedra linked by PO, groups exceeds
5.1 A. Given that a (Gd,Ca)-PO, compound does not exist, the
Gd-(P,Ca) distances for edge and corner linkages were
derived from the Gd(2)-substituted FAp structure calculated
by Dahbi et al. (2025)*° using p-DFT. The Ca(2) site in FAp
exhibits a 6 + 1 coordination, where the seven vertices of the
Ca(O,F)¢s; polyhedron are shared with an edge-linked PO,
group at 3.07 A, four corner-linked PO, groups at 3.26-3.68
A, and 10 corner-linked Ca(O,F)s:; polyhedra at 3.96-4.14 A
(Fig. 3).” The Gd-(P,Ca) distances determined from the np-
DFT model are d(Gd-P)eqge = 3.05 A, d(Gd-P)eorner = 3.18—
3.67 A, and d(Gd-Ca)cormer = 4.00-4.19 A.

Based on the aforementioned polyhedral
considerations, we can now assign the Gd-(P,Ca) EXAFS

This journal is © The Royal Society of Chemistry 2026

distances of b-CFA and Gd-HAp to a specific linkage type.
d(Gd-P1) = 3.10 A is attributed to edge sharing and
d(Gd-P2) = 3.66-3.67 A corresponds to corner sharing
between GdOg and PO, (GdOg-0,-PO, and GdO,-O-PO,
linkages, respectively). d(Gd-Ca) = 4.07-4.08 A is
associated with corner sharing between GdOg and CaOs
(GdO,-0-CaOs linkage). Consequently, Gd has the same
polyhedral connectivity as Ca(2) in FAp at the local scale

(Fig. 3).

2.4. Evaluation of Gd-Gd and Gd-Y pairs from p-DFT

Although Gd-Gd and Gd-Y pairs were excluded from EXAFS
analysis, further insight into the thermodynamic stability of
Gd-REY pairs was gained through p-DFT. To this end, several
atomic configurations and compositions were tested. All
geometrically optimized structures are available in the online
NOMAD repository. The Gd(2)-FAp and
computational parameters from our previous work on the
incorporation of REY in FAp*® served as a basis to calculate
the stability of the Gd(2)-Gd(2) and Gd(2)-Y(2) pairs. This
was accomplished by calculating the energy of the following
chemical reactions.

structures

GdCCCa7g(PO4)48F16 + GdCCCa79(PO4)48F16
— Gd,CcyCa,5(PO4)4sF16 + Cagy(PO4)ssF16 (1)

GdCCCa79(PO4)48F16 + YCCCa79(PO4)48F16
— GdYCc,Ca,g(PO,)4sF16 + Cagg(PO4)ssFis  (2)

The reaction products include the pure cell and the
homo-REY (i.e., Gd-Gd, eqn (1)) or the hetero-REY (i.e., Gd-Y,
eqn (2)) enriched structures, while the reactants are the
singly Gd- or Y-substituted cells. Carbonates (CO3>7) in the
b-CFA structure were not considered, as we previously
showed that they do not link to Y,** and we assumed this
also applies to Gd. Because the substitution of (Gd,Y)*" for
Ca®" is heterovalent, incorporation of REY in FAp requires
charge compensation (Cc in eqn (1) and (2)). Two
substitutional mechanisms were considered: Na* for Ca** (Cc
= Na;Ca,) and Si*" for P*" (Cc = (SiO,);(PO4)-;). Na was
substituted for Ca(1), which is the preferred site for Na.*>*

Environ. Sci.: Nano, 2026, 13, 1004-1016 | 1009
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Table 2 Enrichment energies for eqn (1) and (2)

Substitution pattern Energy (eV)
2.50% Gd enrichment. Eqn (1)

Ce: P — si** -0.121

Cc: Ca*" — Na* -0.071
1.25% Gd + 1.25% Y enrichment. Eqn (2)

Ce: P — si*" -0.128

Ce: Ca®' — Na' -0.101

The reaction energies for the most stable 2Gd and Gd +
Y arrangements identified are consistently negative
(Table 2). A negative reaction energy indicates that
incorporating REY into the same crystal structure is
energetically favorable, promoting the enrichment process.
The energy gain is most important in the case of Si** for
P> Cc with -0.128 eV for the Gd + Y hetero-substitution
and -0.121 eV for the 2Gd homo-substitution. The Na for
Ca Cc is slightly less favorable, with —0.071 eV for Gd + Y
and -0.101 eV for 2Gd.

The energy gain also varies with the REY-REY distance
separation. There is no linear relationship between AE and
d(Gd-Gd,Y) within the 4-12 A distance range examined
(Fig. S4-S6). However, the lowest energy structures were
consistently found for d(Gd-Gd,Y) = 6.1-6.3 A for the two
atomic pairs and Cc mechanisms. In this configuration, the
Gd-Gd and Gd-Y pairs are bridged by a SiO,/PO,
tetrahedron (GdO,-0,-P/SiO-O-Gd/YO; linkage) (Fig. 6).
Thus, Gd and Y tend to cluster within the FAp structure,
without being directly connected through oxygens (ie.,
corner-sharing linkage). An ICSD search shows that GdOg ;-
01,-PO; ,-0-GdO; and YOg;-0;,-PO;,-0-GdO, linkages
are common in GdOg-PO, and YOz-PO, crystal
structures.”*"® Therefore, the lowest energy Gd—(Gd,Y)
linkages in FAp identified by DFT resemble those found in
pure GdOg-PO, and YOgz-PO, compounds. The predicted
clustering of the Gd-Gd and Gd-Y pairs at medium-range
distances in FAp is compatible with experimental data, as
EXAFS is a local probe sensitive to distances within 4-5 A.

View Article Online
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3. Concluding remarks

Our study on Gd localization in biogenic CFA led us to
dismiss its incorporation into the crystal structure, contrary
to earlier hypotheses. p-DFT calculations predict that REY
strongly prefer the (6 + 1)-fold Ca(2) site over the Ca(1) site in
FAp,* which we confirmed with EXAFS measurement of a
magmatic FAp combined with DFT2FEFFIT calculation. Gd
exhibits the same local structure in CFA as Ca(2) in FAp
regarding the GdOg-PO, and GdOg-CaOg polyhedral
connectivity (GdOg;-0,,-PO,; and GdO,-O-CaOs linkages,
Fig. 3b). However, it has fewer Gd-P and Gd-Ca pairs and is
notably 8-fold coordinated to O ligands, some of which are
likely H,O molecules or OH™ groups. The formation of a Gd
inner-sphere complex on the surface of the CFA nanocrystals
is inconsistent with the number of Ca neighbors, which is
50% higher than in the Gd-sorbed apatite reference (Gd-
HAp). Hence, Gd is probably bound within the amorphous
matrix surrounding the CFA nanocrystals. The local Gd
structure, as revealed by EXAFS, can be described as a
defective FAp-type bonding environment.

A similar conclusion was reached for Y,** while Ce is
sequestered as a polynuclear Ce(ur)-phosphate precipitate, also
within the amorphous matrix.** Ce is 7-fold coordinated and
forms CeO,-PO,-CeO; coordinated structures with d(Ce-Ce) =
4.97 A (CeO;5-0,-PO-0-CeO, linkage) (Fig. 7a). In contrast, Gd
and Y are 8-fold coordinated and form Gd/YOg-PO, and Gd/
YOg-CaOg coordinated structures with d(Gd-Ca) = 4.07-4.08 A
and d(Y-Ca) = 4.10 A (Gd/YO,~O-CaOs linkage) (Fig. 7b).**
Cerium also precipitates in igneous rocks, forming monazite,**
a 9-fold coordinated phosphate mineral (°CePO,).>> While
REY(PO,) polymorphs of monazite do not occur naturally, they
can be synthesized. Nucleation of REY(PO,) requires free REY
to be in excess of its solid solubility at a given phosphate
concentration. The solubility constant of Ce for the reaction
REY(PO,)s) — REY®" + PO,* is 107>*?, while those of Gd and Y
are 107>>® and 107>, respectively.®® Therefore, Ce is 5 times
less soluble than Gd and 19 times less than Y. The higher
solubility of REY(PO,) compounds compared to monazite®®

Fig. 6 Polyhedral representation of the local structure of Gd and Y as obtained by p-DFT. a) Gd-Gd model with Si for P charge compensation. b)
Gd-Gd model with Na(1) for Ca(l) charge compensation. c) Gd-Y model with Si for P charge compensation. d) Gd-Y model with Na(1) for Ca(1)
charge compensation. Gd(2) site, purple; Y(2) site, light green; Na, yellow; P, light brown; Si, blue; O, red; F, light green.
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Fig. 7 Coordination of the CeO; (a) and GdOg (b) polyhedra in CFA.
Ce, cyan; Gd, purple; Y, light green; P, light brown; O, red.

leads to the incorporation of REY into the monazite structure
rather than their precipitation as pure phosphate minerals in
nature. In bioapatite, Ce also precipitates as a Ce-phosphate
phase,®® but there is no evidence of Gd and Y in it. Instead, the
two REY are incorporated into a calcium-phosphate matrix and
are likely segregated, as predicted by p-DFT calculations
(Fig. 6). Kato et al.'' found that over 90% of REY could be
extracted from sediment mud with dilute acids, while only 30%
of Ce was recovered. The high leachability of REY is likely due
to their presence in a defective Ca-phosphate phase, since
poorly ordered atomic structures tend to be less stable than
crystalline forms, and FAp is weakly soluble.***' The lower
recovery of Ce is attributed to its incorporation into a less
soluble Ce-phosphate phase.

The energetically favorable Gd-Gd and Gd-Y pairs in
FAp have d(Gd-Gd,Y) = 6.1-6.3 A and Gd0,-0,-P/SiO-O-
Gd/YO; linkage. In the ®Gd-phosphate and ®Y-phosphate
structures from the ICSD, the distances between two GdOg
polyhedra and two YOg polyhedra connected by a PO,
group range from 5.18 to 6.45 A, and they increase with
the REY-O-O-REY dihedral angle (Fig. 8). As a result, the
REY-REY distances are likely broadly distributed at
medium-range distances within the amorphous biogenic
CFA matrix, since the polyhedral configuration of the
polynuclear Gd/Y-phosphate clusters is more flexible in a
disordered medium than in a crystalline structure. The
widespread variation in Gd-Gd/Y distances, along with their
long metrics, further complicates the detection of the Gd-
Gd/Y pairs using EXAFS spectroscopy. The polyhedral
structure of GdOg in the amorphous matrix of biogenic
CFA is illustrated in Fig. 7b.

This research illustrates the unique capabilities of a high-
luminosity wavelength-dispersive spectrometer to measure
the EXAFS spectra of trace elements free of parasitic
fluorescence peaks from the other elements in the matrix.
Combined with atomistic calculations, HERFD-EXAFS can
provide a comprehensive understanding of the molecular-
scale mechanisms governing metal transport and retention
in environmental and engineered systems.

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Relationship between the Gd-Gd distance in GdOg-PO4-GdOg
coordination structures and the Gd-O-O-Gd dihedral angle. The PO,
tetrahedra are connected through their apices to the GdOg polyhedra
(i.e., corner linkage), unless otherwise noted. Black dots: crystal
structures from the ICSD.>*"8 Blue dots: Gd2Y2_62_Si_ECT_E_48 and
Gd2Y2_63_2Nal_55 DFT models from Fig. S5. PO, is replaced with
SiO4 in the Gd2Y2_62_Si_ECT_E_48 model.

4. Materials and methods
4.1. Natural CFA and FAp

The two b-CFA samples (16GC-194, 16GC-470) were collected
during the RV SONNE cruise SO268.®” Their mineralogy and
geochemistry have been characterized previously.*
Micrometric fish bones and teeth were carefully hand-picked
under a binocular microscope and placed on a carbon
adhesive tab for HERFD-EXAFS measurement. The magmatic
fluorapatite (m-FAp) reference consists of a single crystal
from Imilchil, Morocco, containing 385 mg Gd per kg

(ppm).**

4.2. HR-TEM

The high-resolution transmission electron microscopy image
of Fig. 1 was obtained using a Themis Z G3 Cs-probe
corrected microscope (Thermo Fisher Scientific) equipped
with a GATAN 4K OneView camera (resolution ~1.8 A)
operated at 300 kV. A thin lamella of the sample was
prepared using a Zeiss crossbeam 550L focused ion beam -
scanning electron microscope (FIB-SEM).

4.3. REY-sorbed HAp

All chemicals used were of analytical grade or higher and
obtained from Sigma-Aldrich. Our previous study on Y**
showed that Y(um)-carbonate complexation in solution does
not alter the structure of the Y(m) surface complex on HAp.
Given the similar ionic characteristics of Gd(m) and Y(m),
Gd(m) sorption experiments were conducted under
atmospheric conditions. The pH was kept at 7.5 due to the
low solubility of Gd(u) at seawater pH (~8) in the presence of
atmospheric carbonates (Fig. S7), alongside with the
increased HAp dissolution below pH 7.°° The HAp

Environ. Sci.: Nano, 2026, 13, 1004-1016 | 1011
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suspension was prepared as detailed previously,®* but
without NaHCO;. Gd-HAp was synthesized by adding 7.5 mL
of 857 uM GdCl; stock solution to a HAp suspension that
was pre-equilibrated and maintained at pH 7.5 (905 Titrando,
Metrohm). Because b-CFA has approximately 10 times more Y
atoms than Gd atoms,*’ the influence of Y on Gd sorption
was examined by adding 3.75 mL of 857 uM GdCl; (3.21 107°
moles) and 32.1 mL of 872 uM YCl; (28.0 10~ moles) into a
separate HAp suspension (Gd,Y-HAp). The Gd/Y weight ratio
resulted in 1000 mg kg '/5100 mg kg . Both sorption
samples were aged for 7 days at a final volume of
approximately 480 mL. Less than 50 mL of 0.01 M NaOH was
added to maintain the pH during the equilibration period.
After 7 days, the solids were collected and lyophilized for 2
days until reaching constant weight, then stored at -80 °C.

The concentrations of Gd and Y in Gd-HAp and Gd,Y-HAp
were measured using inductively coupled plasma mass
spectrometry (ICP-MS 7900, Agilent, ISTerre, University of
Grenoble-Alpes). The solids were fully digested in a HNO;-HF
mixture (volume ratio 3:4) at 185 °C for 2 h. After
evaporation, the residues were dissolved in 2% HNO; (v/v),
filtered through a 0.22 pm PES membrane (Carl ROTH), and
analyzed. The measured concentrations were 2105 mg Gd per
kg for Gd-HAp, and 1053 mg Gd per kg and 5184 mg Y per kg
for Gd,Y-HAp.

4.4. Synthesis of GdPO,-H,0

The reference was prepared by adding 300 mL of 0.05 M
GdCl; to a vessel containing 60 mL of 1 M Hz;PO, while
continuously stirring.®" Several volumes of 8 M NaOH were
added until the solution became turbid. The suspension was
maintained for three days. The solid was rinsed and
lyophilized to a constant weight. X-ray diffraction (Fig. S8,
ID22, ESRF)”® showed that the as-synthesized compound is
poorly crystallized,”” while EXAFS showed that it is well
ordered at the local scale.

4.5. HERFD-EXAFS spectroscopy

The Gd L;-edge HERFD-EXAFS spectra of the natural samples
(16GC-194, 16GC-470, m-FAp) were collected at station I20-
scanning of the Diamond Light Source (United Kingdom).”
The X-ray beam was monochromatized using a Si(111) crystal
4-bounce monochromator’* with a spot size of approximately
1 x 1 mm” The Yb Ly (3ds, — 2ps») photoemission line
was selected using the Si(333) reflection of 14 spherical
analyzer crystals set at a Bragg angle of 78.49° in a vertical
Rowland geometry. The diffracted intensity was measured
with a Si drift detector (SDD). Multiple EXAFS spectra were
acquired in k-step mode for 10-16 min, with a counting time
of 1 second per point before the edge and from 2 seconds
per point to 10 seconds per point after the edge. It took
between 16 h and 24 h per sample to obtain quality data. All
measurements were performed at 5-6 K, and no changes in
spectral features indicating radiation damage were noted
during the data collection. The multiple scans were averaged
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and reduced with the Athena software,”* and fitted with
WinXAS.”® Theoretical amplitude and phase shift functions
for the Gd-O, Gd-P, and Gd-Ca pairs were generated using
FEFF 8.2 (ref. 76) with the Gd-FAp DFT model from Dahbi
et al.®® The Gd-Y functions were calculated by replacing Ca
with Y in the Gd-FAp model.

4.6. Conventional EXAFS spectroscopy

The Gd L;-edge EXAFS spectra of the references (GdPO,-H,0,
Gd-HAp, Gd,Y-HAp) were collected at room temperature on
beamline BM23 at the European Synchrotron Radiation
Facility (ESRF). Data were collected on pressed pellets in
fluorescence-yield mode with a Vortex®-ME7 silicon drift
detector (Hitachi, Japan). GAPO,-H,O was diluted in cellulose
to prevent overabsorption. Several scans of 10 min were
acquired in continuous scan mode with a 1 eV step and
averaged. Data were processed similarly to those from the
natural samples.

4.7. DFT

np-DFT calculations were performed using ORCA”” and p-DFT
using the Vienna ab initio simulation package (VASP),”®”° as
described previously in our Ce*® and Y** studies. ORCA and
VASP calculations were conducted at the GGA theory level using
the Perdew-Burke-Ernzerhof (PBE)* density functional. The
generalized gradient approximation GGA theory level was
preferred over more demanding hybrid functional
approximations,”""*? as they predict similar atomic distances
to X-ray diffraction ({(d(P-O))&ca = 1.516 A, (d(P-O))¥stye =
1.547 A, {d(P-0))xrp = 1.535 A).%* Furthermore, the cell required
for moderately enriched (<2%) structures (GdCcCayo(PO4)4sF16
in eqn (1) and (2)) is prohibitively big for Hartree-Fock-based
methods. The plane-wave cutoff energy for VASP was set to 500
eV, and weak interactions were included using the density-
dependent dispersion correction (dDsC).***> The electronic
wavefunctions in the VASP were converged to 10~° eV, while the
geometry optimizations ended when all forces were below 0.05
eV A", All periodic structures used 2 x 2 x 2 bulk supercells.
The supercells were prepared by replacing Ca(2) with Gd or Y,
or both, and balancing the charges by substituting a silicate
group for a phosphate group, or a Na* for a Ca>* ion.
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