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ABSTRACT: Detailed geochemical and mineralogical insights into some of the richest rare earth
elements and yttrium (REY)-containing bioapatites from ocean-floor sediments have been provided
by combining laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), electron
probe microanalyses (EPMA), Rietveld X-ray diffraction analysis, and Ce L3-edge high energy-
resolution X-ray absorption near edge structure (HR-XANES) spectroscopy. Bioapatites at 1.94 and
4.70 meters below the seafloor (mbsf) of the Clarion-Clipperton Zone (CCZ) of the Pacific Ocean
have 26,600 (RSD = 15.7%, n = 20) and 30,300 (RSD = 14.6%, n = 10) mg/kg (mg/kg) total REY,
respectively, and bioapatites at 2.28 and 6.95 mbsf of the Peru Basin have 15,500 (RSD = 15.6%, n
=20) and 15,700 (RSD = 17.8%, n =29) mg/kg total REY, respectively. All bioapatite specimens
have a variety of isomorphic substitutions in all atomic positions of the crystallographic structure.
The average crystallochemical formula of bioapatites at 6.95 mbsf of the Peru Basin is
[(PO4)2.71(S104)0.04(CO3,S04)0.25][Cas.57Na0.29Y 0.04][Fo.87Clo.21]. All other substituents are below 0.04
atoms per formula unit. HR-XANES provides the first direct evidence for trivalent Ce in sediment

apatites. The strong negative geochemical anomaly of Ce in fossil bioapatites is well explained by



the occurrence of fourvalent Ce-MnQO:z and CeOz within the sediment and in seafloor

ferromanganese nodules.
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INTRODUCTION

How bioapatite (nominally Cas(PO4)3(OH,F,Cl)) from fossilized fish bones is enriched in rare earth
elements and yttrium (REY) has been a primary focus of marine biogeochemistry,!"!! since the
discovery of REY-rich deep-sea muds in the Pacific Ocean.!? The average REY concentrations of
fossil bioapatites reported so far in pelagic sediments are 6107 mg/kg (RSD = 68.5%, n = 39) in the
Central Indian Ocean Basin (CIOB),® 5779 mg/kg (RSD = 100%, n = 72) in the Tiki Basin in the
Southeast Pacific (TKB),? 6361 mg/kg (RSD = 78.0, n = 184),> 14,126 mg/kg (RSD = 40.8%, n =
32)* and 6182 mg/kg (RSD = 71.8%, n = 79)° in the central North Pacific Ocean, and they range
between 9300 and 32,000 mg/kg in the western North Pacific Ocean.® The enrichment in REY is
considered to take place on the seafloor by post-mortem uptake during sedimentation and after
burial through uptake from pore-waters during diagenesis.>”!* Cerium (Ce) is enriched to a lesser
extent than the other REY because of the oxidative scavenging of Ce(III) to Ce(IV) in contact with
phyllomanganates of the birnessite group (8-MnQO2)'* present e.g. in ferromanganese nodules'® and
mineral coatings.'® The relative depletion in Ce, referred to as the Ce anomaly, takes place under
oxidizing conditions and is still observed over geological time long after the end of the enrichment
process. Therefore, the Ce anomaly is used as a standard tool to assess paleo-redox conditions of
ancient marine environments.

Cerium is usually considered to be trivalent in apatite substituted for Ca. Two coupled
substitution schemes have been proposed to balance the excess of positive charge resulting from the
heterovalent Ce*" «<» Ca®" substitution, Ce*" + Na* <> 2Ca?" and Ce** + Si*" <> Ca?" + P>".172!
Neither of them has been confirmed in sediment bioapatites. In addition, a study of fossil fish,
shrimp, and crab tissues from the Late Cretaceous (95 Myr) showed that 20 + 5% Ce was Ce(IV).2
This result was obtained using Ce Ls-edge X-ray absorption near-edge structure (XANES)
spectroscopy and, if it is confirmed on other bioapatites, will lead to rethink the use of the Ce
anomaly as paleo-redox proxy as Ce(IV) is considered to be oxidized and sequestered only by

MnO:2 in oxic environments.



Here, we use an integrated geochemistry and mineralogy approach to provide further insights
into the enrichment of REY in marine sediment bioapatites More specifically, the aims of this
study are (1) to report remarkably high REY concentrations in bioapatites from sediments sampled
between 2 and 7 meters below the seafloor (mbsf) of the Clarion-Clipperton Zone (CCZ) and the
Peru Basin of the Pacific Ocean, (2) to determine the oxidation state of cerium (Ce) in the
bioapatites and the host sediments to help elucidate the chemical mechanism responsible for its
geochemical anomaly and enrichment in apatite, and (3) to calculate the crystallochemical formula
of the bioapatites to inform the charge compensation mechanism of the REY>* «<» Ca*" substitution.
The mineralogy and chemical composition of the sediments were obtained using bulk Rietveld X-
ray diffraction and inductively coupled plasma mass spectrometry (ICP-MS), and the chemical
composition of the bioapatites were obtained using electron probe microanalyses (EPMA) and laser
ablation ICP-MS (LA-ICP-MS). The oxidation state of Ce in the sediments and bioapatites was
obtained using Ce L3-edge high energy-resolution X-ray absorption near edge structure (HR-
XANES) spectroscopy (also designated HERFD XANES?}). HR-XANES spectroscopy has better

sensitivity to Ce oxidation state and speciation than standard XANES spectroscopy.’*%

MATERIALS AND METHODS

Samples. Core 16GC was collected in 2019 in the CCZ during RV SONNE cruise SO268, and
core 51GC was collected in 2015 in the Peru Basin during RV SONNE cruise SO242/1, both using
a gravity corer (GC) (Figure S1 and Table S1).2628 Upon core retrieval, GCs were cut into one
meter sections that were split into a working and an archive half. The working half was immediately
transferred into the cold room of RV SONNE (ca. 4°C) for sampling under close to in situ
temperature conditions. Sampling was conducted immediately to minimize contact with ambient air
and acid clean materials were used. Two samples were recovered from each core for this study, at
1.94 (16GC-194) and 4.70 (16GC-470) mbsf for 16GC, and at 2.28 (51GC-228) and 6.95 (51GC-
695) mbsf for 51GC. Oxygen penetration depths in the CCZ are several meters, and therefore 16GC
was completely oxic.2%% In contrast, 51GC is suboxic, because the Peru Basin seafloor receives
more organic matter than the CCZ and oxygen penetration depths are only ca. 15 cm.*3!

Based on extrapolation of sedimentation rates of the surface sediment in the eastern CCZ3?
(0.35-0.6 cm/ka) and the Peru Basin®° (0.4 cm/ka), we estimate an age of roughly 332-554 ka for
layer 1.94 m and 783 ka -1.34 Ma for layer 4.70 m of 16GC, and 570 ka for layer 2.28 m and 1.74

Ma for layer 6.95 m of 51GC. It needs to be taken into account, however, that the sedimentation



rate has likely changed over time, the deeper the layer the larger is the impact of compaction and
that part of the GC surface is often lost during sampling (ca. 75 cm and 15 cm for 16GC and 51GC,
respectively) which we cannot account for in this basic age estimation.

X-ray diffraction. The XRD patterns of the four sediments and apatite grains of 51GC-228
were measured using a D8 Advance de Bruker Axs diffractometer and CuKa radiation at 40 kV and
40 mA over a 20 range of 5-90°. Mineral phases were identified with the ICDD powder diffraction
database, and their amounts quantified using the Rietveld BGMN program*® implemented with the
Profex graphical user interface.>* With the exclusion of apatite, minor phases with concentrations <
1 weighted % were excluded from the refinement iterations in order to constrain the final results.

ICP-MS. Geochemical analyses of the bulk sediment were conducted at Jacobs University
Bremen. Sediment from which pore water had been previously extracted by centrifugation were
dried and homogenized. 50-100 mg were then acid pressure digested using a PicoTrace DAS
system with suprapure HC1O4 and HF at 220°C for 12 h. After evaporation and two times addition
of HCI and re-evaporation, samples were taken up in 0.5 M HNO3 and 0.5% HCI (v/v). REY were
analyzed with quadrupole ICP-MS (Perkin Elmer Nexion 350x). The certified reference materials
BHVO-2, MESS-3 and MESS-4 were used to check accuracy and measured values generally fit
well with available certified values. Data were corrected for interferences of Ba on Eu, and LREE
oxides and hydroxides on HREE, by experimentally determined matrix-matched oxide and
hydroxide yields of molecular ions based on Dulski (1994).%

LA-ICP-MS. The LA-ICP-MS analyses were performed on epoxy mounted polished sections,
either of individual apatite grains hand-picked under a binocular (16GC-194, 16GC-470, 51GC-
228), or of the whole sediment (51GC-695) (Figure S2). The number of mineral grains and total
number of measured spots of 16-44 um in size are (10, 20) for 16GC-194, (10, 10) for 16GC-470,
(10, 20) for 51GC-228, and (12, 29) for 51GC-695. In addition, nine measurements were performed
in the clayey matrix of 51GC-695 away from apatite grains with a spot size of 90 pm.
Measurements were conducted on-mass in no-gas mode using an AGILENT 8900 ICP-MS/MS
instrument coupled to a COHERENT 193 nm GeoLas HD laser ablation unit. The laser was
operated with 10 Hz pulse frequency at a fluence of 3 J cm™. Calibration and control of
reproducibility over the course of the analyses were carried out with an international reference
material carbonatite USGS-COQ-1NP prepared as a nano-particulate pressed powder tablet and a
protocol described previously.***” Durango apatite from Gerin et al. (2017)°® and synthetic

hydroxyapatite USGS-MAPS-4 were analyzed together with the samples. The REY concentrations



between individual measurements were uniform with an uncertainty of 1SD, <4% RSD. The 12
grains of 51GC-695 were analyzed by EPMA prior to the LA-ICP-MS measurement. REY
concentrations were normalized to the Post-Archean Australian Shale (PAAS) concentrations
reported by McLennan 340

EPMA. Quantitative chemical analyses of apatite crystals for 51GC-695 were performed at
ISTerre using a JEOL JXA-8230 electron microprobe equipped with five wavelength-dispersive
spectrometers (WDS) and an energy-dispersive detector. The polished section of the epoxy
embedded whole sediment was coated with a few tens of nm graphite film and analyzed for major
and trace elements using an acceleration voltage of 15 kV, a beam current of 20 nA, and a spot size
of 5 um. Volatile F and Cl were analyzed first and with shorter counting times (10-20 s) in order to
suppress possible diffusion.*! Two apatites from Durango, Mexico, were measured, the one

1-38

previously analyzed by Gerin et al.’® and a reference from P&H Developments Ltd. that served as

quality control (QC) material. Details on analytical precisions and determination of detection limits
can be found in Batanova et al.*?

HR-XANES. The Ce Ls-edge HR-XANES spectra of single apatite grains and pressed pellets
of the bulk sediments were measured at the French CRG FAME-UHD (BM16) beamline of the
European Synchrotron Radiation Facility (ESRF) together with the following references: the
Durango apatite from Gerin et al. (2017)*® (Ce(11I)), Ce(NO3)3-6H20 (Ce(IIl)), cerianite
(Ce(IV)02), and an hydrogenic nodule from the Indian Ocean (D20-1B*) (Ce(IV)-sorbed MnQ>).
The Ce La1 (3ds2 — 2p312) fluorescence line was selected using the 331 reflection of five Ge
crystals of 100 mm diameter, spherically bent to a radius of 1.0 m.*** The Bragg angle of the
spectrometer was 84.7° in a vertical Rowland circle geometry. The diffracted intensity was
measured with a Si drift diode detector (SDD) in single photon counting mode. The effective
energy resolution calculated from the full width at half maximum (FWHM) of the Ce(NO3)3-6H20
white-line was about 3.2 eV, compared to 6.1 eV when using an energy-dispersive detector. The
incoming photon energy was selected by a cryogenically cooled double Si(220) monochromator
and calibrated by assigning the maximum of the derivative of the K-edge spectrum for elemental V
to be 5465.0 eV. The stability in energy (better than 0.1 eV) was monitored with the V foil placed
behind the sample pellets. The HR-XANES spectra were measured from 5690 eV to 5850 eV and
normalized to unity at £ = 5850 eV. All measurements were performed at a temperature of 10-15 K
using a helium flow cryostat. No changes in spectral features were noted during the course of data

collection that would indicate radiation damage.



RESULTS

Mineralogy of the bulk sediments. Circa 50% of the sediments consists of clay dominated by
Ca-smectite with minor muscovite and trace of chlorite (Table S2). The other phases systematically
present in subordinate amounts (< 10%) are quartz, plagioclase, phillipsite, halite, and barite (Figure
S3). Gypsum occurs in 51GC-228 and 51GC-695 (1-2%), and calcite, in the form of coccolith,
occurs in 51GC-228 (6.8%) (Figure S4). The XRD pattern of the apatite grains shows broad
maxima from poorly-crystallized apatite along with calcite and quartz diffraction peaks from
impurities (Figure S5).

REY composition of the bulk sediments and bioapatites. The REY and REE contents of the
bulk sediments are 326 and 256 mg/kg for 16GC-194, 470 and 363 mg/kg for 16GC-470, 256 and
181 mg/kg for 51GC-228,% and 592 and 376 mg/kg for 51GC-695% (Tables 1 and S3). These
concentrations are on the low end-side of REY-rich deep-sea muds.'®*” The REY contents of the
16GC core are, however, typical of the CCZ concentrations.” The fossil bioapatites contain on
average 78.1 (16GC-194, n = 20) and 64.6 (16GC-470, n = 10), 60.5 (51GC-228, n = 20) and 26.6
(51GC-695, n =29) times more REY than the bulk sediments (Table 1). A comparison with
previous studies on bioapatites shows that the CCZ apatites contain the highest amounts of total
REY reported to date and the Peru Basin apatites are only equaled by the REY-rich deep-sea mud
from Minami-Torishima Area (MTA), Southeastern Japan (Figure 1).%>%°

Plotting together the four shale-normalized REY patterns for the bulk sediments shows the
following traits (Figure 2a). The two sediment cores differ in their enrichment profiles. The 16GC
core is most enriched in middle REE (MREE), and the 51GC core is most enriched in heavy REE
(HREE). The four patterns display a more or less prominent negative Ce anomaly, and the 51GC
REY pattern has a positive Y anomaly. When superimposed, the REY patterns of the sediment
matrix (n = 9) and apatites (n = 29) for 51GC-695 are similar (Figure 2b), despite the apatites being
on average 35.7 times richer in REY than the matrix (Table 1). The quantitative uptake of REY in
apatites from sediment pore solutions is therefore achieved without fractionation. The light REE
(LREE) pattern of apatites in 51GC shows considerable similarity with the MTA pattern, but the
51GC apatites are more enriched in HREE than the MTA apatites (Figure 2¢). It was seen
previously that the 16GC apatites contained a record amount of total REY. Figure 2¢ shows that
these apatites are also richest on average in all individual REY elements when compared to the

fossil bioapatites analyzed previously >



The Ce anomaly (Ce/Ce*)sn was calculated as the shale-normalized (SN) average
concentration of Ce relative to those of La and Pr. It is positive when (Ce/Ce*)sn > 1, and negative
when (Ce/Ce*)sn < 1. Two equations are commonly used, Al = Ce/(La x Pr)’3,!> and A2 = Ce/(0.5
x La+ 0.5 x Pr).*8 If the Ce, La, and Pr concentrations are from independent measurements, the
uncertainty on the average Ce anomaly can be expressed in terms of the 1SD (noted o) of the Ce,

La, and Pr concentrations using the following propagation equation49
O, (—)2 Ry on (P,

Carrying out the math for the uncertainties of the A1 and A2 equations yields:
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Equations A1 and A2 give the same result to the nearest one-hundredth (Table 1). Because 51GC
samples have a positive La anomaly, the abovementioned equations slightly overestimate the
negative Ce anomaly. In such case, an alternative is to calculate the Ce anomaly using the Pr and
Nd concentrations>® or the Ce/Pr ratios®!. As this would not change the overall interpretation of the
data, we use the more commonly applied equations for comparability.

The two 16GC bulk sediments have a weak negative Ce anomaly (0.63 and 0.55) and their
apatites have a stronger Ce anomaly (0.29(8) and 0.22(5)). The two 51GC bulk sediments have in
contrast a moderately negative Ce anomaly (0.53 and 0.31), but their apatites also have a stronger
Ce anomaly (0.37(9) and 0.22(7)). The Ce anomaly of the 51GC-695 matrix is 0.33(12), that is 0.02
less negative than that of the bulk sediment (0.31), because the latter includes apatites that are more
depleted in Ce (A1 = 0.22(7)) than the Ce-host phases present in the clayey matrix.

Chemical composition of apatites. Forty-one point EPMA were performed on the 51GC-695
apatite grains (n = 12) analyzed subsequently by LA-ICP-MS (Table S4). In general, they confirm
the compositional variability observed by LA-ICP-MS between apatites and between individual
points of measurements on a same grain. In addition to REY, the fossil bioapatites are enriched in
Na (1.22 £ 0.24 wt %), F (2.97 £ 0.49 wt %), and ClI (1.33 + 0.40 wt %), and to a lesser extent in Si
(0.20 £ 0.21 wt %) and Sr (0.11 £ 0.06 wt %). Thus, they have a variety of isomorphic substitutions
in all structural positions of the stoichiometric Cas(PO4)3(OH,F,Cl) apatite formula, which is a



typical feature for most natural specimens.'®3%> The REY contents of the coccoliths for 51GC-
228 were all below the detection limit of EPMA (Table S5).

Oxidation state of Ce. Following the dipole selection rules, electrons are excited at the Ce Li-
edge from the 2p32 core level into unoccupied 5ds.2 states. The 2p3/2 — 5ds/2 transition gives rise to a
single peak for Ce(III) and a doublet for Ce(IV), a difference widely used to distinguish the two
oxidation states in earth materials (Figure 3a).!!"!32254-62 The higher chemical resolution obtained
here by measuring the XANES spectra with a spectrometer** (i.e., HR-XANES mode) is illustrated
in Figures 3a,b. The resulting spectral sharpening is noteworthy, and clearly aids in a better
discrimination of Ce(III) and Ce(IV), on one hand, and of Ce(IV)-MnO: and CeO2, on the other
hand.

Three apatite grains were measured for each sediment and were found to be statistically
identical (Figure S6). Therefore, the 12 spectra were averaged to obtain one spectrum representative
of the sediment bioapatites. This spectrum is similar to those of the Durango apatite and
Ce(IIT)(NO3)3-6H20 (Figure 3a,c). The 51GC-228 bulk sediment also contains only Ce(Ill), with a
limit of detection for Ce(IV) estimated to 8 atom % (Figure 3d). In contrast, 51GC-695 and the two
16GC bulk sediments contain some Ce(IV) seen as a shoulder at 5732 eV and an increase of the
intensity at 5740 eV on their HR-XANES spectra (Figure 3d). The 5740 eV absorption feature is
present on the Ce(III)(NO3)3-6H20 spectrum measured at high resolution (Figure 3a), and therefore
this structure is not diagnostic for Ce(IV), as suggested previously from the lower resolution
XANES measurement of fossil fish, shrimp, and crab tissues from the Late Cretaceous.?? A linear
fit of the 5S1GC-228 bulk sediment spectrum and the Ce(IV)-MnOz reference to the 51GC-695 and
16GC data yielded 24% Ce(IV) for 51GC-695, 31% Ce(IV) for 16GC-194, and 38% for 16GC-470
with a precision of 4% to total Ce (Figure S7a,b,c). Replacing Ce(IV)-MnO:2 with CeO: in the fit
did not improve the fit quality (Table S6). In contrast, inclusion of CeO: in the fit clearly provided a
better description of the data for 16GC-470 with approximately 47% Ce(IV) (Figure S7d, Table
S6). The lesser amount of Ce(IV) in 51GC (0 - 24%) than in 16GC (31 - 47%) is consistent with the

suboxic conditions of the 51GC sediment and the resulting dissolution of MnOx.

DISCUSSION
This study provides detailed insights into the mineralogy of the CCZ and Peru Basin muds, the
geochemical enrichment of Ce and other REY elements in fossil bioapatite, its chemical

composition, and the oxidation state of Ce in apatite and the sediment host matrix. Thanks to its



enhanced sensitivity and resolution, Ce L3-edge HR-XANES appears to be the most straightforward
and reliable way to assess the oxidation state of Ce and the identity of the Ce phase in earth
materials. Besides Ce, this technique has been used previously for the distinction of the As(-
D)/As(II1)/As(V),53%* Se(-1)/Se(IV)/Se(VI),** Eu(I1)/Eu(I1I),*> Au(0)/Au(I)/Au(III),% 7
TI()/TI(IID*, UAV)/U(V)/U(VI),”>7* and Hg(0)/Hg(I1)">"¢ oxidation states.

Amount of apatite. Quantification of the apatite contents was not possible by XRD, because
their amounts fell below the limit of detection (LoD). Specific detection limits in Rietveld analysis
are difficult to establish for they depend on many factors, including the quality of the recorded data,
the exact type of the crystalline phase, its crystallinity, its chemical composition, and the chemical
and mineral composition of the batch sample. A conservative LoD value is 1 wt %.””-”® This
estimate can be benchmarked by the elemental analyses of 51GC-695 for which we have the REY
compositions of the bulk, the clayey matrix (n =9), and the apatite grains (n = 29). Carrying the
calculation yields 1.2 + 0.2 wt % apatite to total mineral phases (Table 1).

Geochemical enrichment in REY. Despite being an accessory mineral in the studied muds,
the REY are strongly partitioned in apatite. The approximately 30 to 70 times enrichment in REY of
fossil bioapatites relative to the clayey matrix, compounded by their trace amounts, yields
extremely high REY concentrations. However, with only 1 wt % apatite in bulk sediment, the
clayey matrix contains the greatest proportion of the whole-sediment abundance of REY,” despite
the much lower weight concentration of REY in bulk sediment. The contribution of the apatite
reservoir to the total Ce content is also small in phosphatized marine ferromanganese nodules.®
This finding from the direct physical measurement presented here contrasts with the findings from
recent sequential extraction where approx. > 70% of REY — except Ce — were found in the
phosphate leachate.®” Although valuable in their own right, sequential extractions are naturally
limited because of the indirect nature of the identified specific phases.®*®! The selectivity of the
bioapatite leaching step used in previous studies®’ of chemically and physically complex sediments
is unknown.

All REY apparently have the same affinity for apatite, as suggested by the similarity of the
REY patterns of the clayey matrix and apatites in 5S1GC-695 (Figure 2b). This is also reflected in
the small standard deviation (4.2) of the 35.5 times enrichment in REY of the 51GC-695 apatites
relative to the clayey matrix (Table 1). The enrichment factor of Ce in the 51GC-695 apatites is
only 22.9, therefore notably outside the distribution range of the other REY values. This finding

suggests that Ce is strongly bound to another mineral phase. One possibility is a birnessite-like



phase (3-MnO2),'* as Ce(I1I) is oxidatively scavenged to Ce(IV) by phyllomanganates of this
family'® and the Ce(IV)-MnO: association common in marine ferromagnaese deposits.'>5?
Occurrence of Ce(IV)-MnO: is supported by the detection of 24 + 4% Ce(IV) in bulk 51GC-695
using HR-XANES. Minor cerianite (CeOz) as an admixture to Ce(IV)-MnO: cannot be excluded,
however, because this mineral is detected in 16GC-470 which has 38 + 4% Ce(IV) (Figure S7d,
Table S6). The co-occurrence of Ce(IV)-MnO2 and CeO: has been reported previously by Marcus

et al.%?

in a deep-sea ferromanganese nodule from the South Pacific.

The oxidative scavenging of Ce(III) to less soluble Ce(IV) on particles in the water column and
at the surface of Mn oxides on the seafloor and seamounts yields a positive geochemical anomaly
((Ce/Ce*)sn > 1) in FeMn crusts and nodules and a resulting negative anomaly ((Ce/Ce*)sn < 1) in
seawater and the Ce(III) host minerals.'> Therefore, the lower negative Ce anomalies (i.e., closer to
1) of the 16GC-194, 16GC-470, and 51GC-695 bulk sediments compared to the constituent apatites
is well explained by the occurrence of Ce(IV) detected by HR-XANES in the three sediments.
Indeed, the Ce anomaly measured in the bulk is a weighted-average of the positive Ce(IV)-MnO2
and CeO2 anomalies and the negative anomaly of Ce(III) present in apatite and clay minerals. When
the Ce(IIl)-apatite contribution is eliminated by measuring the REY concentrations directly in the
clayed matrix away from the apatite grains (51GC-695), the Ce anomaly increases by 0.33 — 0.31 =
0.02 relative to the bulk measurement, as expected (Table 1).

Occurrence of Ce(IV) forms in sediments is consistent with the depletion in Ce of pore-waters
measured at 5-6 mbsf.” However, there is no correlation between the bulk Ce anomalies and the
%Ce(IV) in the sediments (Figure S8a), nor between the difference of Ce anomaly in the bulks and
the constituent apatites, on one hand, and the %Ce(IV) in the sediments, on the other hand (Figure
S8b). The lack of correlation indicates that the Ce geochemistry did not reach thermodynamic
equilibrium at several meters below the seafloor, which is also supported by the coexistence of
several Ce(IV) and Ce(IIl) forms. We conclude from this that the Ce anomaly of apatites is at least
partly inherited from the time of their enrichment in REY at the surface of the seafloor or
immediately beneath during early diagenesis, as suggested previously.?

Chemical formula of apatites. A caveat in the EPMA is the total weight percents of 88.0 &
1.4%, which are much lower than 100 wt % when all elements are analyzed and the quantification
accurate (Table S4). Previous EPMA of fossil bioapatites by Liao et al. (2019, 2022)*° and Bi et al.
(2021)? also deviate from 100 wt %, summing up to 86.9 + 8.6% (n = 58),% 82.9 £ 9.6% (n = 184),

and 84.0 £ 5.5% (n = 111).> Here, experimental errors due to calibration of the X-ray fluorescence

10



intensity with mineral standards and to the measurement protocol, such as background subtraction,
can be dismissed because the Durango reference has a weight percent total of 99.5 + 0.3% (n = 8)
(Table S4). One reason for the difference to 100% is the intensity loss resulting from the high
porosity and surface roughness of bioapatite, which prevent the preparation of flat micropolished
sections conventionally used for quantification procedures in EPMA. 3385 Another reason is the
occurrence in the structure of unmeasured light elements, such as C and H, in the form of carbonate,
hydroxyl groups possibly replaced by water molecules,®® and perhaps organic matter. Carbonate
groups can replace phosphate groups in sediment apatites according to the coupled CO3* + F-
substitution for PO4*,%”-8 as in the carbonate fluorapatite francolite.®® Carbonate substitution was
verified by infrared spectroscopy. Bioapatites display a broad peak at 1430 cm™ assigned to the v3
COs band (Figure S9a).”*** This peak is absent in the Durango apatite which is magmatic-

hydrothermal®*

(Figure S9b). Sulfur, which was not measured, typically amounts to less than 2.0 wt
% in bioapatite from deep-sea pelagic sediments.>**> Notwithstanding the exact reasons for the
deviation of the chemical sums from 100 wt % total, a plot of the concentrations of the four REY
detected by EPMA (Y, La, Ce, Nd) and their concentrations measured by LA-ICP-MS shows
excellent agreement between the two analyses (Table S7 and Figure S10, R? = 0.996).

The chemical formulae of the 41 spots measured by EPMA on the 12 apatites of 51GC-695
were calculated first on the basis of 8 cations per formula unit (pfu) (Table S4). The average
numbers of major elements are 4.72(8) Ca, 2.80(6) P, 0.30(6) Na, 0.90(15) F, and 0.22(6) Cl pfu (n
=41), compared to the theoretical stoichiometry of Cas(PO4)3F for fluorapatite and the measured
formula of (Ca4.95Na0.04La0.02Ce0.02)((P2.96S10.03)04)3.00F0.95Clo.06”> for the Durango reference (Table
S4). The Si and Y contents are 0.04(4) and 0.04(1) pfu, respectively, Al, Fe, Mn, Sr, La, and Nd are
between 0.01 and 0.03 pfu, and all other substituents are below 0.01 pfu. The compositional
variability among the apatites is larger than the analytical uncertainties, which are of the order of
0.01 to 0.02 pfu (Table S4). The analyzed apatites contain under the 8 cations total scheme 2.84(6)
P + Si pfu, 5.16(6) Ca + Na + Y pfu in the two Ca sites, and 1.11(13) F + Cl pfu. The 0.16 excess of
cations in the Ca sites is at least partly due to the lack of C and S in the analysis and the assumption
of 8 cations pfu in the calculation of the chemical formulae. Recalculating the number of atoms pfu
with the assumption of 5 cations in the Ca sites yields: 2.71(9) P, 0.04(4) Si, 4.57(6) Ca, 0.29(6) Na,
0.04(4) Y, 0.87(14) F, and 0.21(6) CI pfu, with all other elements below 0.04 pfu. The total number
of P and Si atoms in the P site is now 2.75(10) pfu, suggesting that this site may contain

approximately 0.25 pfu CO3* and SO4* ions. Incorporation of CO3* ions in the P site, commonly
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5296 in contrast to magmatic-hydrothermal apatites, is further

observed in sedimentary fluorapatites
suggested by (1) the (0.87 + 0.21) — 1.0 = 0.08 pfu excess of F + Cl in the structure with formation
of COsF? species,” and (2) the high amount of Na to balance the electronic charge deficit caused
by the CO3* for PO4* substitutions with parallel Na* for Ca** substitutions.’® Atomistic calculation
of the incorporation of Nd in fluorapatite predicts that the Nd** «<» Ca?" substitution is charge
compensated by parallel Si*" <> P>* substitution preferably to Na™ <> Ca" substitution.”” The
identical pfu value of 0.04(4) for Si and Y provides suggestive evidence for coupled Si-REY
substitution in bioapatite. Under these schemes, and omitting the possible presence of vacancies®®,
OH groups, and water molecules in the channels of the apatite framework, a general
crystallochemical formula is [(PO4)2.71(S104)0.04(CO3,S04)0.25][Ca4.57Na0.29Y 0.04][Fo.87Clo.21]. This

2-686 45 all substituents have been

formula is probably generic to seafloor sediment apatites,
identified previously in fossil bioapatites.

In this work, we have shown that Ce is incorporated in trivalent form in fossil bioapatites from
two sediment cores of the Pacific Ocean. Enrichment in REY is considered to occur by a diffusion
mechanism into the apatite nanopores, rather than by precipitation of authigenic apatite. Future
research will be devoted to testing this hypothesis directly from the structural incorporation of REY

into the apatite structure.
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Figure 1. Total REY concentration of seafloor sediment apatites measured in this study and by

Takaya et al. (2018),* Liao et al. (2019, 2022),>* and Bi et al. (2021),> using LA-ICP-MS.

Figure 2. REYsn patterns. (a) Bulk sediments. (b) Clayey matrix and apatite grains of 51GC-695.
(c) Apatite grains of the four sediments investigated in this study and of the sediment of the western

North Pacific Ocean studied by Takaya et al. (2018).*

Figure 3. Ce L3-edge XANES spectra. (a) Spectra of Ce(II[)NO3-6H20 and a hydrogenetic crust
(D20-1B*) as reference for Ce(IV)-MnO2 measured at normal resolution with an energy-dispersive
detector (EDD) and at high energy-resolution (HR-XANES) with a crystal-analyzer spectrometer
(CAS).** (b) Hydrogenetic crust D20-1B and CeO2 at normal and high resolution. (c) HR-XANES
spectra of all apatite grains and the Durango apatite. (d) HR-XANES spectra of the bulk sediments.
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Figure S1. Geographical location of the two sediment cores.
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Figure S2. Optical (a) and backscattered electron (b) images of apatite grains in the seafloor sediments
16GC-194, 16GC-470, 51GC-228 (a), and 51GC-695 (b).
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Figure S3. Rietveld-refined XRD patterns of 16GC-194 (a), 16GC-470 (b), 51GC-228 (¢), and 51GC-
695 (d). The purple-colored patterns at the bottom represent the residuals (difference between
measured and calculated diffraction pattern). Step size: 0.026° 20, counting time = 12 s/pt.
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Figure S4: Optical (a) and backscattered electron (BSE, b) images of coccoliths from 51GC-228.
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Figure S7. Percentages of Ce(IIl) and Ce(IV) in the bulk sediments 16GC-194, 16GC-470, and 51C-
695 determined by least-squares fits (LSF) of their Ce L3-edge HR-XANES spectra. (a-c) Two-
component fits with the spectra for the 51GC-228 bulk sediment (containing only Ce(IIl)) and for the
D20-1B hydrogenetic nodule (Ce(IV)-MnO: reference). (d-f) Three-component fits with the 51GC-
228 bulk sediment, the D20-1B, and the CeO: spectra. The precision of the percentages of Ce(Il1) and
Ce(IV) in the fits was estimated to be equal to the variation of their best-fit values when the fit residual
(NSS) was increased by 20%. NSS is the normalized sum-squared difference between the data and fit
expressed as X[(Ydawa-yrit)’ }/Z(ydata’). See detailed results in Table S4.
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Figure S8. (a) Ce anomalies of the bulk sediments as a function of their percentage of Ce(IV) relative
to total Ce. (b) Difference between the Ce anomalies of the bulk sediments and the constituent apatites
as a function of the percentage of Ce(IV) relative to total Ce in the bulk sediments. The %Ce(IV)
values are those from the 51GC-228 + D20-1B two-component fits in Table S4. Replacing the two-
component fit %Ce(IV) value for 16GC-470 (38%) by the three-component fit value (47%, Table S4),
does not change the interpretation of the data.
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Figure S10. Concentrations of Ce, Nd, La, and Y in 12 apatite grains of sediment 51GC-695 measured
by LA-ICP-MS and EPMA.
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