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A B S T R A C T   

Deep-sea REY (lanthanides and yttrium) can be initially scavenged by nano ferromanganese (oxyhydr)oxides via 
ion adsorption and lattice substitution, while subsequent aging and partial recrystallization induced by reduction 
during diagenesis usually cause release and redistribution of REY. Previous studies find positive correlations 
among REY, goethite (α-FeOOH) and phosphorus/phosphate in some marine (micro)nodules, but the mechanism 
responsible for these correlations is yet unclear. The interaction between iron oxyhydroxides and metal oxy-
anions has been studied extensively, but no study focuses on interactions between iron oxyhydroxides, REY, and 
phosphate. This study investigates the immobilization and release mechanisms of REY by synthetic goethite at 
macro- and molecular scales by comprehensive usage of ad/desorption experiments, inductively coupled plasma 
mass spectrometry, X-ray absorption fine structure (XAFS) spectroscopy, and density functional theory calcu-
lations. The results indicate that goethite exhibits an adsorption preference for heavy REY, displaying obvious 
lanthanide tetrad effects. Phosphate (0.02 mM ≤ CP ≤ 0.2 mM) however, greatly enhances REY adsorption by 
forming ternary complexes, particularly light REY. EXAFS interpretations further confirm the formation of 
ternary complexes in La-adsorbed samples, and that phosphate can link trivalent REY and goethite on the sur-
face. Moreover, some CeIII is further oxidized to CeIV with the help of dissolved oxygen. These observations 
illuminate how phosphate contributes to rare earth enrichment during early diagenesis. As goethite recrystal-
lization is common in hypoxic environment, we further monitored REY behavior during recrystallization and find 
that previously adsorbed La/Ce and phosphate are released and combined to form LaPO4/CePO4 precipitates. 
Importantly, the CeIV reduced during recrystallization indicates that the positive Ce anomaly is likely to pass 
down, potentially explaining why a positive Ce anomaly is observed in diagenetic nodules and apatite at lower 
depth. Our study provides insights into the role of phosphate in REY-adsorption on goethite and possible 
mechanisms of REY enrichment, and desorption during early diagenesis, corresponding with REY patterns 
observed in marine iron oxyhydroxides.   

1. Introduction 

REY (lanthanides and yttrium) are a group of 16 elements sharing 
similar chemical and physical properties. They are economically 
important and widely used in a variety of industrial applications, 
including electronics, clean energy, aerospace, and automotive in-
dustries. REY can be found in the Earth’s crust (Weng et al., 2015) and 
shallow deep-sea sediments (Pattan et al., 1995; Kato et al., 2011). 
Global deep-sea samples of the Pacific, Indian, Atlantic and Arctic Ocean 

suggest that deep-sea sediments are a potential REY reservoir with high 
ΣREY concentrations (up to ~8000 ppm within 10 msbf; meters below 
seafloor; Yasukawa et al., 2018) (Fig. 1 and Table S1). To facilitate 
future use of deep-sea REY, research on REY enrichment in and 
extraction from deep-sea deposits is booming. 

Ferromanganese (micro)nodules are the major hosts of deep-sea REY 
next to bioapatite (mostly fish debris) and may help transfer REY to 
bioapatite (Takahashi et al., 2015). REY contents of (micro)nodules in 
REY-rich muds, generally being diagenetic or hydrogenetic, can reach 

* Corresponding authors. 
E-mail addresses: eessxm@mail.sysu.edu.cn (X. Sun), lidf3@mail.sysu.edu.cn (D. Li).  

Contents lists available at ScienceDirect 

Chemical Geology 

journal homepage: www.elsevier.com/locate/chemgeo 

https://doi.org/10.1016/j.chemgeo.2024.121966 
Received 18 November 2023; Received in revised form 25 January 2024; Accepted 28 January 2024   

mailto:eessxm@mail.sysu.edu.cn
mailto:lidf3@mail.sysu.edu.cn
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2024.121966
https://doi.org/10.1016/j.chemgeo.2024.121966
https://doi.org/10.1016/j.chemgeo.2024.121966
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2024.121966&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Chemical Geology 649 (2024) 121966

2

up to 1000–3500 ppm (Dekov et al., 2003; Li et al., 2020a). The major 
mineral phases of ferromanganese (micro)nodules are ferromanganese 
(oxy)hydroxides/oxides (e.g., Mn phase mineral: δ-MnO2, vernadite, 
birnessite, todorokite; Fe phase mineral: FeOOH, ferrihydrite, and 
goethite; Vereshchagin et al., 2019). The laser ablation (LA) ICP-MS 
spots and laser element mappings of these (micro)nodules show that 
REY (except for cerium) are positively correlated with Fe and P-bearing 
components (Zhou et al., 2020; Li et al., 2020b; Fig. 2 and Table S2), 
which are subsequently identified as goethite by X-ray diffraction (XRD) 
and transmission electron microscopy (TEM; Zhou et al., 2020; Li et al., 
2020b). While near the East Pacific Rise, some REY-rich sediments show 
similar positive correlations with both Fe and P, suggesting the impor-
tant role of iron oxyhydroxides and P in the formation of REY-rich 
(micro)nodules and muds (Kashiwabara et al., 2018). 

Iron oxyhydroxides, including ferrihydrite and goethite, serve as 
crucial environmental sorbents of metals in the soil settings (Cornell and 
Schwertmann, 2003). These Fe-bearing minerals in (micro)nodules also 
affect the geochemical cycling of metals in the marine environment, 
particularly critical metals including REY (Takahashi et al., 2007). A 
wealth of previous research shows that iron oxyhydroxides adsorb metal 
cations via outer-sphere complexation (physical interaction), inner- 
sphere complexation, and/or isomorphic substitution (e.g., Cornell 
and Schwertmann, 2003; Liu et al., 2021). The first work concerning the 
surface adsorption of seawater REY on goethite reports that α-FeOOH 
non-selectively adsorbs REY from seawater, while crystalline goethite 
preferentially scavenges light REY (La–Eu) (Koeppenkastrop and De 
Carlo, 1992). On the contrary however, two later studies show that iron 
oxyhydroxide tends to adsorb more heavy REY (Gd–Lu, Y) at pH > 6.2, 
with REY showing an apparent M-type lanthanide tetrad effect (Bau, 
1999; Ohta and Kawabe, 2001), and meanwhile Ce oxidation weakens as 
adsorption progresses (Bau, 1999). These studies investigate the REY 
patterns on goethite at conditions pertinent to seawater and hot spring 
environments. However, the adsorption mechanisms and the effects of 
anions on REY adsorption, which are ubiquitous in seawater and pore-
water, are unknown. According to previous studies, phosphate can 
couple with goethite and enhance the adsorption of some metal cations 
on goethite (Antelo et al., 2005; Hinkle and Catalano, 2015; Liu et al., 
2021), yet how and why goethite is positively correlated with P in REY- 
rich (micro)nodules is unclear. Furthermore, during early diagenesis, 
(micro)nodules often undergo reduction and oxyhydroxides such as 
goethite are generally recrystallized and dissolved in the presence of FeII 

under hypoxic conditions (Gorski and Fantle, 2017). Besides numerous 
cations and oxyanions can be reduced by adsorbed-FeII on synthetic 
goethite or hematite as reported, such as UVI, TcVII, and arsenate (Antelo 
et al., 2005; Jaisi et al., 2009; Taylor et al., 2017). Previous X-ray ab-
sorption fine structure (XAFS) spectroscopy analyses suggest that some 
elements (e.g. Ni and Sc) can incorporate into the goethite lattice during 
recrystallization (Hinkle and Catalano, 2015; Qin et al., 2021). Never-
theless, nothing is known about the effects of this process on REY 
redistribution in (micro)nodules during diagenesis. REY have large ionic 
radius (ionic radius of light REY in 9-fold coordination and heavy REY in 
8-fold coordination: 1.216–0.977 Å; Shannon, 1976; Borst et al., 2020) 
and are unlikely to substitute into the goethite lattice (Cornell and 
Schwertmann, 2003). 

Here we discuss the effects of inorganic P (phosphate) on REY 
adsorption by goethite, therefore we pay attention to the adsorption 
mechanisms of REY on goethite with and without phosphate. Then we 
investigate the behaviors of REY during the recrystallization of goethite 
in the presence of phosphate in FeII-containing hypoxic conditions. At 
the molecular level, we use XAFS analyses combining with density 
functional theory (DFT) calculations and X-ray adsorption near edge 
structure (XANES) to investigate the adsorption configurations of REY 
on goethite and monitor the valence of Ce after adsorption and recrys-
tallization in the presence of phosphate, respectively. At last, we try to 
present an improved understanding of REY enrichment in marine fer-
romanganese (micro)nodules during early diagenesis focusing on La and 
Ce based on the results. 

2. Materials and methods 

2.1. Materials 

Chemical reagents, including NaH2PO4⋅H2O (> 98%) and 
FeCl4⋅4H2O (> 99.95%) from Shanghai Macklin Biochemical Co., Ltd., 
Fe(NO3)3⋅9H2O (>98%) from Alfa Aeser and goethite from Sigma- 
Aldrich were both used as received. HNO3, NaOH, and HCl of analyt-
ical grade, obtained from Guangzhou Chemical Reagent Factory, were 
further distilled with DST-1000 Acid Purification Systems. The charac-
teristics of different samples were determined by XRD (Fig. S1) and high- 
resolution transmission electron microscopy (HRTEM; Fig. S2), and the 
detailed information of XRD and HRTEM is in section 2.5. 

Fig. 1. Estimated marine rare earth and World Mine Reserves. Data of world mine reserves is from USGS (2022). Contents of ΣREY at different surface layers within 
10 m samples of deep-sea sediments from the Pacific, Indian, Atlantic and Arctic oceans (Kato et al., 2011; Yasukawa et al., 2016; Menendez et al., 2017; Mimura 
et al., 2019; Zhang et al., 2019; Tanaka et al., 2020; Sattarova et al., 2023). The cores are collected during KR13, MR13, MR14, MR15 KR13, KR14 and the 30th 
DaYang cruises, DSDP and ODP expeditions; the piston core samples are obtained from the Ocean Research Institute of the University of Tokyo; box corer are from 
cruises 77 and 83 of the R/V “Akademik Lavrentyev”. For detailed data of deep-see sediments see Table S1. The map was created by using the Python interface for the 
Generic Mapping Tools (PyGMT) v0.7.0. 
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2.2. Batch adsorption experiments 

Background solution of NaNO3 was prepared by mixing NaOH and 
HNO3. The stock solution of REY was prepared by using background 
solution to dilute the multi-elements standard solution of REY and Sc 
(GNM-M160181-2013B; 100 mg/L of each REY in 5% HNO3), from 
Guobiao (Beijing) Testing & Certification Co., Ltd. (GBTC). Another 
stock solution of La, Ce and Lu was diluted to 10 mg/L with each stan-
dard solution (100 mg/L in 5 HNO3, from GBTC) with same background 
solution. Herein, La and Lu were selected to represent light and heavy 
REY, respectively. Meanwhile, as a redox-sensitive element, Ce was also 
investigated. The FeII solution was prepared as described by Qin et al. 
(2021) in an anaerobic chamber (Ar: 98%; H2: 2%) with an oxygen 
concentration of <0.8 ppm. The pH of all stock solutions was adjusted by 
adding a small amount (<20 μL) of 0.05 M NaOH and 0.05 M HNO3. 

Before batch adsorption, the kinetics of REY adsorption was first 
studied by adding 100 mg goethite to a 0.1 mg/L REY solution (0.01 M 
HNO3). Then we investigated the adsorption of REY on goethite and how 
phosphate, pH, ionic strength (IS) and carbonate affect this process. 
According to previous research: 1) REY concentrations in ferromanga-
nese (micro)nodules generally range from 100 to 3500 ppm; 2) Phos-
phate contents of porewater can reach up to 0.02 mM in shallow deep- 
sea sediments (Dekov et al., 2003; Mizell and Hein, 2015); 3) REY ions in 
seawater generally complex with carbonate and form REY‑carbonate 
ions (Tang and Johannesson, 2010). Therefore, different REY/ 
REY‑carbonate (CREY = CREY‑carbonate = 0.1, 0.2, 0.5 or 1 mg/L; 20 mL) 
and phosphate stock solutions (Cp = 0.02, 0.04, 0.2 mM; 20 mL) were 
prepared. In group goethite, goethite (100 mg) and different REY/ 
REY‑carbonate stock solutions were added to 50 mL centrifuge tubes 
(polypropylene). Here, sample G-0.1 means sample with initial CREY =

0.1 mg/L, while samples GC-0.1 represents sample treated with 0.1 mg/ 
L REY‑carbonate, and so does others. In group goethite + phosphate, the 
same amount of goethite was first reacted with different phosphate stock 
solutions. After 24 h, the mixture was centrifuged at 4000 rpm for 10 
min, and phosphate-adsorbed goethite was separated from the previous 
solution and rinsed with 1 mL MQ for three times. Then, the phosphate- 
adsorbed goethite reacted with different REY/REY‑carbonate stock so-
lutions (0.1, 0.2, 0.5 or 1 mg/L; 20 mL). Similarly, sample GP0.02–0.1/ 
GPC0.02–0.1 is tread with 0.02 mM phosphate and 0.1 mg/L REY/ 
REY‑carbonate sequentially. IS of both reaction groups was set to 0.01 M 
HNO3. Each sample was thoroughly mixed by a vortex mixer and then 
placed in an oscillator at room temperature. The pH of REY‑carbonate 
adsorption on goethite was set to 7.8. However, the REY adsorption 
experiments were carried out under pH 6.8 to avoid precipitation 

(Table S3). REY-adsorption on goethite at different pH (2− 12) and IS 
(0.01 and 0.5 M NaNO3) was also performed, and the other reaction 
conditions were the same as before. 

After adsorption, all the samples were centrifuged at 4000 rpm for 
10 min and the supernatant was filtered by a MillexGP 0.22 μm filter- 
unit. The filtrate was subsequently diluted with 2 vol% purified nitric 
acid and analyzed with Agilent 7700 ICP-MS (inductively coupled 
plasma mass spectrometry) equipped with an Agilent ASX-500 auto-
sampler. A multi- element standard solution (GNM-M160181-2013B) 
was used to prepare the external standards of 0, 0.1, 0.5, 1, 2, 5, 10, 20, 
50, 100 μg/L in 2% HNO3. The Residues of samples were digested with 
10 M HCl in centrifuge tubes after 24 h and then evaporated at 80 ◦C. 
After dissolved in 1 mL HNO3, they were diluted to 50 mL for ICP-MS 
analysis to calculate their recoveries. And the recoveries 
(91.2–108.5%) showed that the experiments are reliable. 

According to the detection limits of TEM, HRTEM and XAFS, an 
additional adsorption experiment was conducted to obtain better 
analytical results of La, Ce and Lu. The phosphate-adsorbed goethite 
(samples GP0.2–5 and GP0.2–10) was added to 20 mL La + Ce + Lu 
solutions (CLa = CCe = CLu = 5 mg/L or 10 mg/L). After the adsorption 
experiment, the solid phase was also separated and rinsed with Milli-Q 
water. Residues were dried in a freeze-drying machine and packed 
into polyethylene bags. 

2.3. Desorption 

10.0 mmol/L of CH3COONH4 solution and 2.0 mmol/L of EDTA-2Na 
solution were added to sequentially extract adsorbates on goethite. In 
general, CH3COONH4 leaches ions fixed on goethite via ion exchange, 
and EDTA-2Na extracts the chelated species. As for the residues, they 
can be the products of more stable inner complexes or surface precipi-
tation (Borst et al., 2020; Qin et al., 2021). 

2.4. Recrystallization experiments 

Goethite recrystallization was conducted on samples GP0.2–5 and 
GP0.2–10 after batch adsorption. Firstly, the supernatant was separated 
from the residue after centrifugation at 4000 rpm for 10 min, purged 
with pure nitrogen for 45 min, and then stirred for 24 h exposing in an 
anaerobic chamber to remove residual dissolved oxygen. After that, 
each of the deoxygenated supernatant along with 1 mM FeII solution was 
mixed with corresponding solid. After reacting and aging in anaerobic 
chamber for 21 days, the solid products were rinsed thoroughly, and 
then naturally dried before packed into polyethylene bags. 

Fig. 2. Correlation of Fe content with REY (exclusion of Ce) (a) and P content (b). a, correlation between Fe and REY (exclusion of Ce) contents in different marine 
nodule samples of ESPO (Eastern South Pacific Ocean; Zhou et al., 2020) and WPO (Western Pacific Ocean; Li et al., 2020b); b, correlation between Fe and P contents 
in different marine nodule samples. For detailed data see Table S2. 
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To identify the occurrence of lattice substitution during recrystalli-
zation, La-/Lu-substituted goethite was synthesized after Persson et al. 
(1996) and Qin et al. (2021). Take La-substituted goethite for example, a 
90 mL of 5.0 mol/L KOH solution was added to a bottle containing 50 
mL of 1.0 mol/L (Fe + La)(NO3)3 solution, and the molar ratios of Fe and 
La in different substitution samples are 9:1, 49:1 and 99:1. Then the 
suspension was aged at 70 ◦C and mildly shaken on an orbital oscillator 
at 20 rpm. After 14 days, solid phase was separated and washed in a 3.0 
mol/L H2SO4 solution at 45 ◦C for 2 h. Finally, wash the solid with Milli- 
Q water until the solution pH reaches to ~7.0 to remove possible 
adsorbed species and precursors of goethite. 

2.5. Structures and morphology of samples using XRD, SEM and TEM 
analyses 

XRD analyses were finished on Rigaku Rapid II X-ray diffraction in 
the School of Marine Sciences, Sun Yat-sen University, operated at 50 kV 
and 30 mA with Mo Kα radiation and at a scan rate of 1◦/min with a 
0.02◦ step. 

SEM observation was done by TESCAN MIRA at an accelerating 
voltage of 20 kV in the School of Marine Sciences, Sun Yat-sen Univer-
sity. HRTEM data was obtained by the FEI Talos F200S TEM at 
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences 
(GIGCAS), operating at 200 kV. For preparation, a few of the samples 
were sonicated in the ultra-pure acetone for 30 min. Suspensions were 
pipetted onto an ultrathin lacy‑carbon-coated HRTEM Cu-grid and then 
dried at room temperature. These samples were analyzed for goethite 
morphology and elemental distribution. HRTEM was equipped with a 
bright field (BF) detector, a high angle annular dark field (HAADF) de-
tector, and an energy dispersive X-ray spectroscopy (EDS). EDS mapping 
was applied to characterize the Fe, P and REY distributions, and corre-
sponding semi-quantitative results were obtained with detection limit of 
0.1%. 

2.6. Adsorption mechanisms inferred by XAFS analyses and DFT 
calculation 

To better understand how REY are adsorbed in the presence of 
phosphate, La was selected to study the behavior of non-redox sensitive 
rare earth elements on goethite before and after recrystallization in the 
presence of phosphate, and meanwhile, the valance of redox sensitive Ce 
was observed. To avoid interference between two elements, La-L1 XAFS 
and Ce-L3 XANES of samples were analyzed. XANES and XAFS data were 
obtained by BL14W1 at Shanghai Synchrotron Radiation Facility. 
Quantum chemical calculations were performed in Quantum Espresso to 
obtain the geometry of the surface complex model of goethite (Gian-
nozzi et al., 2009). The Kohn-Sham equation-based Quantum Espresso 
code was employed to implement the DFT calculation. To define the 
exchange-correlation energy, the generalized gradient approximation of 
Perdew-Burke-Ernzerhof (GGA-PBE) was selected (Sancho-García et al., 
2003). G-centered 4 × 4 × 4 Monkhorst-Pack grid was chosen to sample 
the Brillion zone of the systems. For self-consistent calculation, the en-
ergy and charge density criteria were set to 1 × 10− 6 eV for convergence. 
Note that the experimental lattice constant and atomic coordinates were 
used for the calculation and the spin-orbit interaction (SOI) was not 
considered for the band structure calculation. For energy calculations, 
the formation energy was calculated following formula: E(total) = E 
(top) – 2E(base), where E(total), E(top) and E(base) are the energy of the 
total system, surface adsorbate and -FeOH base, respectively. 

3. Results 

3.1. Adsorption kinetics 

Kinetics data for REY adsorption on goethite at CREY = 0.1 mg/L 
demonstrates a rapid adsorption rate of REY (~ 45%) within 2 h, and 

equilibrium is attained after 8 h (Fig. 3a and Table S4). To obtain 
equilibrium in the following batch experiments, the reaction time is set 
to 24 h. Two fitting models, pseudo-first-order and pseudo-second-order 
models are applied to simulate the adsorption kinetics data (Wu et al., 
2018; Qin et al., 2021). As shown in Fig. 3a, the kinetic data agrees 
better with the pseudo-second-order model (R2 = 0.98) instead of the 
pseudo-first-order model (R2 = 0.83). According to the simulation re-
sults, REY adsorption on goethite is mainly controlled by chemical 
adsorption rather than mass transport or physical interactions (Wu et al., 
2018). 

3.2. Adsorption behavior 

3.2.1. Effects of pH, ionic strength 
According to Fig. 3b and Table S5, REY adsorption on goethite is pH- 

dependent both in group goethite and goethite + phosphate, suggesting 
that the adsorption capacity of goethite for REY varies with pH, similar 
to that of other metal cations (Peacock and Sherman, 2004; Antelo et al., 
2005). Overall, the percentage adsorption of group goethite increases 
with pH, from ~13% at pH 4.0 to ~65% at pH 8.1. This can be explained 
by the REY species and the surface properties of goethite. As calculated 
by Visual MINTEQ ver. 3.1 (Gustafsson, 2018), the REY species are all 
positively charged at pH 2 to 12. Notably, at pH > 6.8, the precipitation 
of REY not complexed by carbonate inevitably contributes to the high 
percentage adsorption, especially at high pH (e.g., pH = 9.8) (Fig. 3b 
and Table S5). With the presence of phosphate during adsorption, 
however, the adsorption percentage reaches ~100% at even low pH, 5.7 
for Cp = 0.02 mM and 3.0 for Cp = 5 mM (Fig. 3b and Table S5). 

Apart from low pH, high ionic strength (IS) can also decrease the REY 
adsorption. In adsorption groups with different IS, 0.01 and 0.5 M 
NaNO3, average REY adsorption in high IS samples reduces by nearly 
64%, from 82.33% to 18.27% in samples GP0.2–1, and 10.59% to 2.95% 
in samples G0.1 (Fig. S3; Table S6). 

3.2.2. Effects of phosphate on REY/REY‑carbonate adsorption 
Compared to group goethite, REY adsorption in group goethite +

phosphate is much higher in different REY solutions (Figs. 3c-f and 
Table S7). The adsorbed phosphate on goethite improves the REY 
adsorption to ~100% (Figs. 3c–f), especially in solutions with high REY 
concentrations (Figs. 3e–f). As a result, the adsorption capacities of REY 
on goethite with phosphates range from ~2000–3000 ppm. More 
importantly, the REY patterns in different adsorption groups also differ. 
In group goethite, goethite preferentially adsorbs heavy REY, showing 
an obvious lanthanide tetrad effect, which becomes stronger as REY 
concentrations of the solution increase (Figs. 3c–f). The lanthanide 
tetrad effect, also called M type lanthanide tetrad effect, demonstrates 
the REY partition patterns comprised of four upward-curved segments 
(La–Nd, Nd–Gd, Gd–Ho and Ho–Lu), showing the shape of two “M” 
(Masuda and Ikeuchi, 1979). However, with phosphate the adsorption of 
light REY greatly increases from <50% to 100% as phosphate concen-
tration rises to 0.2 mM (Fig. 3f). As a result, the fractionation between 
light and heavy REY decreases and the tetrad effect becomes weaker 
(Figs. 3e–f). 

Adsorption of REY‑carbonate on goethite are presented in Fig. S4 
(see the data in table S8), with errors better than 2%. According to the 
results, almost all the REY‑carbonate complexes (~ 90%–100%) are 
scavenged by both group goethite and group goethite + phosphate even 
with high initial REY‑carbonate concentration (1 mg/L). In samples 
with high CREY‑carbonate (Figs. S4c-d), the adsorption rates of heavy REY 
are ~10% lower than that of light REY, which is opposite to the results 
demonstrated by samples without carbonate. 

3.3. Desorption experiments 

During the desorption experiments, a relatively small proportion of 
REY (<10%), especially heavy REY (Table S9), is extracted by 
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CH3COONH4, while ~12–70% of REY is leached by EDTA-2Na solution. 
The results show that less heavy REY are leached by either extraction 
eluents (Table S9), and EDTA-2Na solution can leach more REY than 
CH3COONH4 solution, especially in samples with phosphate. Besides, 
compared to the samples with no phosphate, the total desorption rates of 
REY extracted by two complexing agents has significantly increased 
except for samples with high REY concentrations (CREY = 1 mg/L), from 
~32% to the maximum of ~95%. 

3.4. Mineralogy and REY behavior before and after goethite 
recrystallization 

The XRD patterns of samples with and without phosphate are iden-
tical to the standard pattern of goethite (Fig. S5), indicating no new 
substance formed after REY adsorption. Similarly, no substance other 
than goethite is found in SEM image (Fig. 4a). After 21 days of recrys-
tallization in FeII solutions however, the surfaces of REY-adsorbed 

Fig. 3. Adsorption of REY by time (a), pH (b) and of different initial REY concentrations (c-f) in group goethite and goethite + phosphate. a, kinetic data and 
corresponding model fits for REY adsorption on goethite (T = 293 K, pH = 6.8, MGth = 0.1 g/L, CREY = 0.1 mg/L, IS = 0.01 mol/L NaNO3 b, effects of pH on the 
adsorption of CREY with or without phosphate (T = 293 K, MGth = 0.1 g/L, CREY = 1 mg/L, CSc = 10 mg/L, IS = 0.01 mol/L NaNO3, 24 h), and the Sc data is obtained 
from Qin et al. (2021); c-f, batch adsorption of group goethite and goethite + phosphate under different CREY and CP (T = 293 K, pH = 6.8, MGth = 0.1 g/L, IS = 0.01 
M NaNO3, 24 h). 
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goethite become rough, and clusters of nano-phase substances are 
observed (Fig. 4b). According to XRD results, no new substance with fine 
crystallinity is observed, in consistence with samples without recrys-
tallization (Fig. 4c). However, the characteristic peaks of recrystallized 
samples have obviously lower intensities than those of the unrecrystal-
lized samples (Fig. 4c), indicating the formation of nano-sized goethite 
with poorer crystallinity (Fig. 4b). Except for the nano-sized goethite, 
another REY-bearing substance is also found under TEM observation 
(Fig. 5). In the recrystallized samples an amorphous floccule is noticed, 
and the elemental maps show that they are composed of P and REY 
(Fig. 5b). Meanwhile, according to ICP-MS results, a slight decline in 
REY concentration is shown in the recrystallized samples (GP0.2–5-FeII 

and GP0.2–10-FeII), with La, Ce and Lu concentrations decreased by 
1–5% (Table 1). Notably, all elements are distributed evenly on the 
goethite surfaces. 

3.5. XAFS analyses 

3.5.1. La-L1 edge XAFS 
The La L1-edge XANES (Fig. 6a) spectra of the La-adsorbed goethite 

before and after recrystallization are both different from that of La2O3 
but similar to that of La(OH)3 and LaPO4. The feature peaks of LaPO4 at 

~6269 eV (A peak) and La(OH)3 at ~6270 eV are very close, but their 
shapes are different. According to linear combination fitting (LCF), La 
(OH)3 is not a component of any sample (Table 1). The corresponding 
La-adsorbed samples and LaPO4 are selected to fit the recrystallized 
samples, and the results show that LaPO4 are the major component, 
accounting for a minimum of ~78% (Table 1). 

More details of the complexes are obtained from the EXAFS spectra. 
The k3χ(k) spectra of La L3-edge EXAFS and the corresponding RSFs 
(phase shift not corrected) of samples are shown in Fig. 6b and c. The 
uncrystallized samples exhibit the second peak at ~5 Å− 1 in the k3χ(k) 
spectra, while the recrystallized ones show the peak at a higher range, 
5.5–5.8 Å− 1. In R space, the La-adsorbed sample with a lower La con-
centration (5 mg/L, samples GP0.2–5 and GP0.2–5-FeII) exhibits a sec-
ond strong peak at R + ΔR = ~3.0–3.1 Å, whereas the sample with a 
higher concentration (10 mg/L, sample GP0.2–10) has a weak peak at R 
+ ΔR = 2.5–3 Å. By applying the curve-fitting method to the RSFs of the 
samples, the quantitative analysis illustrates that two different La⋅⋅⋅Fe 
distances (3.26 and 3.54 Å) are in accordance with the EXAFS spectrum 
of sample GP0.2–10 (Table 2). In all La-adsorbed samples, La is coor-
dinated to nine oxygens at the distance of 2.53–2.54 Å in the first shell. 
The presence of a higher shell after La⋅⋅⋅Fe shell(s) is identified as La⋅⋅⋅P 
shell with distance of 3.87 Å. 

Fig. 4. XRD, SEM results of the REY-adsorbed samples. a-b, SEM images of GP0.2–10 and GP0.2–10-FeII with an accelerating voltage of 30 kV; c, XRD patterns of 
REY-adsorbed samples before and after recrystallization (radiation of Cu Kα). 
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Fig. 5. TEM images and elemental maps of the REY-containing samples. TEM images of sample GP0.2–10 (pictures a1-a6) and GP0.2–10-FeII (pictures b1-b6) were 
acquired under HRTEM-HAADF mode. The corresponding elemental maps were for La, Ce, Lu, P and Fe (pictures a2-a6 and b2-b6). Frame in b1 emphasizes floccule 
of REY phosphate. 
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3.5.2. Ce-L3 edge XANES 
Trivalent and tetravalent Ce species show entirely different features, 

as the former shows only one sharp peak and the latter one has two 
distinctive peaks at higher energy (Fig. 6d; Takahashi et al., 2000). 
Similar features are seen in the studied samples. The signature peaks of 
tetravalent Ce (at ~5727 eV) are dominant in the samples with lower Ce 
concentration (GP0.2–5), showing two strong peaks (at ~5729 eV and 
~ 5735 eV) with similar intensities. Whereas in the high concentration 
samples (GP0.2–10 and GP0.2–10-FeII), the higher intensity of the 
former peak indicates that more trivalent Ce is fixed on these two 
samples than sample GP0.2–5. 

3.6. DFT calculations 

According to DFT calculations, the theoretical bonds of the ternary 
complexes are quite different on different crystal faces. Generally, there 
are three main adsorption faces on goethite, {001}, {021} and {110}. 
On {001} and {021} faces, the theoretical La–O bond is smaller 
(2.05–2.26 Å), but La–O bond on the {110} face is much bigger, around 
2.26–2.37 Å. Besides, the La⋅⋅⋅Fe distance on {001} face is larger than 
La⋅⋅⋅P distance, while the La⋅⋅⋅Fe distances on the other faces overwhelm 
the La⋅⋅⋅P ones. The distances of 3.81 Å, 3.01–3.08 Å and 3.27–3.52 Å for 
La⋅⋅⋅Fe correspond to 3.37–3.38 Å, 3.37 Å and 3.88 Å for the La⋅⋅⋅P 
distances on {001}, {021} and {110} faces, respectively. Among them, 
the calculated La–O and La–Fe bond lengths in the {110} face are 
highly comparable to the EXAFS interpretations of La-adsorbed goethite 
(RLa⋅⋅⋅Fe = 3.26–3.55 Å and RLa⋅⋅⋅P = 3.87 Å, Table 2). This consistency 
suggests that La is predominantly adsorbed on the {110} face of 
goethite. 

4. Discussion 

4.1. Effects of phosphate on the adsorption of synthetic goethite 

4.1.1. Effects of phosphate 
Phosphate is an important component of porewater in shallow sed-

iments, and in some ferromanganese (micro)nodules phosphate is 
positively correlated to REY and Fe contents (e.g. Hensen et al., 2005; Li 
et al., 2020b). Our results show that REY adsorption on goethite in 
groups goethite and goethite + phosphate varies with pH, but phosphate 
helps mitigate the negative impacts of low pH. Without P REY adsorp-
tion on goethite is substantially reduced below pH 6.0 (< 30%). Because 
goethite is generally positively charged under acidic conditions, REY 
adsorption can be limited by electrostatic repulsion between goethite 
and positive REY species, indicating the dominance of outer-sphere 
complexes. This is why laterites (< 100 ppm) formed at low pH gener-
ally have lower REY enrichment than those in hydrogenetic ferroman-
ganese (micro)nodules (Ulrich et al., 2019), and iron oxyhydroxides 
including goethite may be important main hosts for middle and heavy 
REY (Guan et al., 2019; Li et al., 2020b). With phosphate, however, 
adsorption is enhanced under acidic conditions, suggesting that phos-
phate (0.2 mM ≥ CP ≥ 0.02 mM) can greatly mitigate the effect of pH 
and hence greatly improve the adsorption capacity of goethite to ~3000 
ppm. One possible explanation is that phosphate adsorbed on goethite 
helps neutralize the positive charge on the surface under acidic condi-
tions, thus promoting REY adsorption. Such positive impact can be 
found in the co-adsorption system of Cd and phosphate by goethite (Liu 
et al., 2021), where Fe-P-Cd ternary complexes (phosphate-bridged) are 
formed. 

The presence of phosphate has not only improved REY adsorption 
but also affects the REY enrichment patterns on goethite. In group 
goethite, specific adsorption of heavy REY over light REY on goethite is 
observed, which is consistent with the enrichment of heavy REY in deep- 
sea REY-rich muds (Kashiwabara et al., 2018). Interestingly, there is an 

Table 1 
La speciation in studied samples by linear combination fitting (LCF) of La L1-edge EXAFS spectra. Fitting data was acquired with ATHENA.  

Sample La(OH)3 La2O3 LaPO4 GP0.2–5 GP0.2–10 Suma R factor 

% 

GP0.2–5-FeII 0 0 78(9)a 21(1) / 100 0.614 
GP0.2–10-FeII 0 0 100 / 0 100 0.390  

a The uncertainties in the last digit are shown in parentheses. 

Fig. 6. La L1-edge and Ce L3-edge XAFS results. a, La L1-edge XANES spectra for synthetic materials; b, k3-weighted χ(k) spectra of La; c, RSFs (phase shift not 
corrected) of La; d, Ce L3-edge XANES spectra for synthetic materials. Solid lines in pictures a-d are spectra obtained by experiments, and grey-black dash lines in 
pictures a, b and c are calculated spectra by a curve-fitting analysis (see data in Table S3). 
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obvious tetrad effect that grows stronger as CREY increases (Fig. 3c and 
f). However, the REY adsorption on goethite does not always increase 
with the elevated REY concentrations; it declines at higher concentra-
tions (≥ 0.5 mg/L) probably due to the high IS caused by increasing REY 
concentration. In the co-adsorption system of phosphate, the negatively 
charged oxyanions increase the REY, especially light REY adsorption on 
goethite geometrically and even exponentially at high REY concentra-
tion (1 mg/L; Fig. 3f and Fig. S3). 

4.1.2. Effects of high IS and carbonate 
To make the simulation conditions closer to the seawater environ-

ment, samples treated with high IS and REY‑carbonate complexes are 
also studied. Although the REY adsorption in groups goethite and 
goethite + phosphate is both notably influenced by high IS (0.5 M 
NaNO3; similar to that of seawater), adsorption of REY during co- 
adsorption is still substantially increased compared to group goethite 
and the adsorption patterns of REY remain unchanged (Table S7). And 
importantly, the role that carbonate plays during REY adsorption seems 
to be the same as phosphate, both of which significantly accelerate the 
REY adsorption on goethite and also reinforce the adsorption capacity of 
goethite (up to 2000 ppm for La in sample GP0.2–10). However, ac-
cording to the FT-IR analytical results exerted by Ohta and Kawabe 
(2000), no feature peaks of carbonate are shown in the spectra of FeIII 

precipitates with REYIII adsorbed. These observations indicate that 
goethite can rapidly scavenge REY from seawater while leaving 

carbonate in solution; and because of the extremely low REY content in 
seawater, the REY pattern should be identical to seawater. 

4.1.3. Adsorption mechanisms 
For better understanding of how P, goethite and REY are positively 

related in some (micro)nodules, the adsorption mechanisms of REY on 
phosphate-adsorbed goethite are investigated. Physical interactions 
(forming outer-sphere complexes), chemical binding (forming inner- 
sphere complexes), surface precipitation and/or lattice substitution al-
ways occur during cations immobilization. 

The simulation results of the saturation pH of rare earth hydroxide 
under the same conditions suggests no precipitation is formed under pH 
6.8 (Gustafsson, 2018). The adsorption kinetics data of REY on goethite 
were simulated with the pseudo-first-order and pseudo-second-order 
models (equations referred to Qin et al., 2021). Fig. 3a shows a better 
agreement between kinetic data and the pseudo-second-order model 
(R2 = 0.98), which implies the adsorption of REY on goethite in goethite 
is dominated by chemical binding rather than physical interactions (Wu 
et al., 2018). More importantly, if substitution occurs during the 
adsorption, the crystal structure and characteristic peaks of goethite 
could change. However, according to XRD and SEM analyses goethite 
grains are observed with no structural changes in either micro or 
nanoscale, meaning neither lattice substitution nor new substances 
formed in both reaction systems during the aerobic adsorption of REY. 
Therefore, goethite mainly immobilizes REY via chemical interaction 
and the possibility of surface precipitation and lattice substitution is 
excluded. 

Subsequent desorption results give more detailed information about 
the adsorption mechanism. Generally, two kinds of complexations are 
formed during adsorption, outer-sphere, and inner-sphere complexa-
tions. As outer-sphere complexes are formed via physical interactions, 
they are easily extracted by weak complexing agent such as 
CH3COONH4 (Wu et al., 2018). On the other hand, the chemically 
bonded inner-sphere complexes can be easily leached by a stronger 
desorption agent like EDTA-2Na. Our result shows up to ~87% of 
adsorbed REY remained in the residue. According to the desorption re-
sults, there should be few or no REY precipitations are formed during 
REY adsorption by goethite at pH 6.8. Therefore, the residual phase can 
be stronger inner-sphere complexes (Borst et al., 2020). The dominating 
fractions of inner-sphere complexes shown in the desorption experi-
ments also agree well with the kinetic data, indicating that REY and 
phosphate mainly combine with goethite via inner-sphere complexa-
tion. As a result, we conclude that the REY (except for Ce) are adsorbed 
on goethite mainly through inner-sphere complexation. 

The adsorption configurations of REY on goethite were obtained 
from the XAFS spectra of the uncrystallized samples. The LCF results of 
La L1-edge XAFS spectra of the La-adsorbed goethite before recrystalli-
zation show that La(OH)3 is not the component of the samples, further 
denying the possible existence of REY hydroxides precipitation. The 
presence of the higher La–Fe and La–P shells after La–O shell and the 
corresponding distances indicate the formation of ternary complexes. 
The higher-shell contributions in uncrystallized samples are best fit at 
~3.55 Å for La⋅⋅⋅Fe and ~ 3.87 Å for La⋅⋅⋅P, which are in better coor-
dination with the configuration we optimized for LaIII and phosphate on 
goethite clusters in face {110} by DFT calculations, rather than the 
{001} or {021} faces. Both the EXAFS interpretations and DFT calcu-
lations suggest that on the {110} face, La and phosphate share one ox-
ygen atom and bind separately to two adjacent oxygen atoms on the 
goethite surface to form ternary complexes. A similar preference for 
adsorption positions is also discovered in the Sc adsorption on goethite 
(Qin et al., 2021). Additionally, two different La⋅⋅⋅Fe distances (3.26 and 
3.54 Å) identified in EXAFS imply another kind of complexes may 
formed in high La solution during adsorption, and the complexes can be 
binary complexes of REY and goethite due to excessive REY. 

As a redox sensitive element, Ce does not behave the same as La 
during adsorption, but with the help of dissolved oxygen some Ce is 

Table 2 
Structural parameters of samples obtained by a curve-fitting analysis of La L1- 
edge EXAFS spectra. Fitting data was obtained with ATHENA and ARTEMIS.  

Sample Shell CN R (Å) ΔE0 

(eV) 
σ2 (Å2) χ2

v R 
factor 

LaPO4 La-O 9.1 
(6)a 

2.39 
(9) 

6(8) 0.003 
(1) 

128 0.023 

La-P 3 3.13 
(5)  

0.018 
(4)   

La-La 2 3.98 
(1)  

0.007   

La(OH)3 La-O 8.6 
(9) 

2.39 
(9) 

-3(7) 0.011 
(6) 

156 0.019 

La-La1 2 3.74 
(2)  

0.001 
(1)   

La-La2 6 4.27 
(9)  

0.002 
(8)   

GP0.2–5 La-O 8.9 
(8) 

2.53 
(6) 

-4(8) 0.015 
(5) 

32 0.026 

La⋅⋅⋅Fe2 1 3.55 
(6)  

0.012 
(5)   

La⋅⋅⋅P 1 3.87 
(2)  

0.004 
(6)   

GP0.2–5- 
FeII 

La-O 9.3 
(1) 

2.56 
(3) 

-4(9) 0.003 
(1) 

50 0.025 

La⋅⋅⋅P 3 3.14 
(1)  

0.010 
(7)   

La⋅⋅⋅Fe2 1 3.49 
(6)  

0.003 
(1)   

GP0.2–10 La-O 9.0 
(2) 

2.54 
(2) 

-2(1) 0.005 
(8) 

58 0.023 

La⋅⋅⋅Fe1 0.5 3.26 
(4)  

0.016 
(2)   

La⋅⋅⋅Fe2 1 3.54 
(9)  

0.011 
(3)   

La⋅⋅⋅P 1 3.87 
(6)  

0.002 
(5)   

GP0.2–10- 
FeII 

La-O 8.9 
(6) 

2.71 
(4) 

2(3) 0.013 
(8) 

69 0.023 

La-P 3 3.18 
(9)  

0.003 
(5)   

CN: coordination number; R: interatomic distance; ΔE0: threshold E0 shift; σ2: 
Debye-Waller factor; χ2

v : reduced chi-square value. 
a The uncertainties in the last digit for CN, R, ΔE0, and σ2 are reported in 

parentheses. 
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fixed on goethite in a different way. In this case, some CeIII ions are 
oxidized on the goethite surface during adsorption. During the experi-
ment, the content of each REY in REY reaction solution is monitored and 
there is no significant decrease in Ce content after the solution is filtrated 
and analyzed with ICP-MS. Considered that 1) if CeIII is directly oxidized 
by dissolved oxygen, CeIV oxides will form and precipitate, and 2) the 
redox potential of CeIV-CeIII (1.42–1.50 V) is much higher than that of 
FeII-goethite (~ 0.24 V) at room temperature (Paulenova et al., 2002; Hu 
et al., 2021), CeIII should be oxidized by dissolved oxygen under the 
catalysis of goethite. Due to the limited amount of dissolved oxygen, 
however, the valence of the extra CeIII in high Ce solutions remains 
unchanged, whose feature peak overwrites the first peak of CeIV 

(Fig. 6d), similar to the XANES results for REY-rich muds in Pacific 
Ocean (Kashiwabara et al., 2018). 

In conclusion, goethite mainly adsorbs REY through inner-sphere 
complexation without phosphate. In samples with phosphate, ternary 
complexes are formed with phosphate linking REY and Fe on goethite, 
and most REY are fixed on the face {110}. More importantly, due to 
limited oxygen, some redox sensitive Ce is oxidized shortly after 
adsorption by goethite. 

4.2. REY release during recrystallization 

Goethite recrystallization is common in early diagenesis of (micro) 
nodules. In our study, the ICP-MS and XAFS analyses indicate that both 
light and heavy REY are released during goethite recrystallization 
(Table S10 and 2), and meanwhile, IOH is formed according to the XRD 
and STEM results. Apart from that, a flocculent mineral attached to 
goethite is also noticed in the recrystallized samples when compared to 
that of uncrystallized ones and is identified as REY phosphate via 
elemental mapping results (Fig. 5b). Precipitation of REY phosphate 
indicates the release of REY and phosphate, implying the fixation of REY 
on goethite is weakened after recrystallization and aging for 21 days 
(Mustafa et al., 2006), causing the precipitation of phosphate and REYIII. 

In the meanwhile, some of the previous adsorbed and oxidized CeIV 

on goethite is partly reduced to CeIII during recrystallization, showing a 
significantly higher peak at ~5727 eV than another peak (Fig. 6d). 
Considered that the redox potential of CeIV-CeIII (1.42–1.50 V) is much 
higher than that of FeII-goethite (~ 0.24 V) at room temperature (Pau-
lenova et al., 2002; Hu et al., 2021), CeIV can be easily reduced and 
release during recrystallization. It is suggested that after the recrystal-
lization and dissolution of goethite, the previously fixed CeIV is reduced 
and released, and can be subsequently fixed by other REY hosts, and the 
intensity of Ce-reduction reaction generally increases with depth 
(Takahashi et al., 2015). In this scenario, the Ce anomalies possessed by 
goethite or other dissolved ferromanganese (oxy)hydroxides/oxides can 
be passed down after their dissolution. This observation provides 
explanation for the positive Ce anomalies shown in bioapatite and co-
incides with the previous suggestion that the positive Ce anomaly of 
apatite must can be inherited from its previous hosts of ferromanganese 
(micro)nodules (Takahashi et al., 2015; Liao et al., 2019, 2022; Zhou 
et al., 2020). 

During the reductive dissolution of goethite, some cations may enter 
its lattice (Frierdich and Catalano, 2012). However, attempts to syn-
thesize La/Lu-substituted goethite revealed the coexistence of acicular 
goethite and an unidentified discoid La/Lu-mineral when their pro-
portions exceeded 0.1% in the bath solution (Fig. S6). This observation 
indicates that either La or Lu incorporation into goethite is challenging 
due to their larger ionic radius differences with Fe (Cornell and 
Schwertmann, 2003). Furthermore, the LaPO4 identified in XAFS ana-
lyses of recrystallized samples suggests that most La are desorbed (Fig. 6 
and Table 1). However, since goethite inevitably possesses lattice de-
fects in both natural and laboratory-synthesized samples (Hou et al., 
2022), the possibility of lattice substitution cannot be excluded, espe-
cially in the newly formed IOH. 

In conclusion, REY adsorbed on goethite are massively released, and 

the tetravalent Ce is partially reduced and then released after recrys-
tallization for 21 days, which indicates that these reactivated CeIII can be 
transported along porewater to find their next hosts. The observations 
are consistent with the positive Ce anomaly showed in the REY distri-
bution patterns of ferromanganese oxides and bioapatite suggesting that 
not only manganese oxides, generally considered to be MnO2, but also 
iron (oxy)hydroxides can help passing positive Ce anomaly to bio-
apatite. Although manganese oxides are considered to be main providers 
of positive Ce anomaly in sediments (Koeppenkastrop and De Carlo, 
1992; Takahashi et al., 2000), the role of iron minerals should not be 
neglected (Liao et al., 2022). 

4.3. Implications for REY enrichment during early diagenesis 

Combining the synthetic goethite adsorption experiments with pre-
viously published research on marine (micro)nodules and bioapatite, we 
have a clearer view of REY enrichment and variations of REY/ 
REY‑carbonate distribution patterns between two hosts during early 
diagenesis. Our study elucidates the followings: 1) According to batch 
adsorption, the presence of phosphate and carbonate elevates the 
adsorption of light REY (as goethite preferentially adsorbed heavy REY 
in solution without phosphate and carbonate) and substantially in-
creases the REY adsorption capacity of goethite. 2) At molecular-scale, 
REY are immobilized by forming inner-sphere or ternary complexes 
with phosphate on the predominant {110} face of goethite. 3) Different 
from other REY, CeIII can be subsequently oxidized by dissolved oxygen 
on the goethite surface under oxic conditions. 4) Furthermore, most of 
the adsorbed REY are released during recrystallization under hypoxic 
conditions, which possibly controls the redistribution of REY in deep-sea 
sediments. 

These findings allow a clearer schematic model of how REY (except 
for Ce) and Ce are scavenged by goethite near the oxic-suboxic frontier 
(OSF) is established (Fig. 7). In the oxic zone (Fig. 7a), REY enrichment 
is relatively low in goethite and other ferromanganese oxides (Fig. 7b) 
due to the extremely low REY concentration of seawater and shallow 
porewater (Hensen et al., 2005). However, with carbonate complexed 
REY can be scavenged efficiently. In the zone where the impact of 
seawater overwhelms porewater, iron oxyhydroxides scavenge REY 
through inner-sphere (major) and outer-sphere complexation (minor), 
with the REY patterns identical to seawater. Meanwhile, with sufficient 
oxygen (Fig. 7a), Ce can be oxidized and fixed on the iron oxyhydroxides 
(Fig. 7b) and manganese oxides (Takahashi et al., 2000; Kashiwabara 
et al., 2018). Because both oxides are the main REY hosts during this 
period, if they scavenge all REY in similar adsorption rates form 
seawater and fix Ce by oxidation, their REY pattern should be the same 
as seawater except for a strong positive Ce anomaly (Fig. 7c). 

In the sub-oxic zone where (micro)nodules are buried deeper, with 
continuous consumption of oxygen and rising phosphate concentration 
(Hensen et al., 2005; Mizell and Hein, 2015; Ren et al., 2022), manga-
nese oxides start to reduce and release massive REY ions at OSF (Fig. 7a). 
With the help of phosphate, REY released by manganese oxides can be 
rapidly adsorbed to the adjacent iron oxyhydroxides, forming ternary 
complexes of REY and phosphate (Fig. 7b). Meanwhile, some REY can 
also be transferred to (bio)apatite through porewater, and at this point, 
competition for REY inevitably happens between iron oxyhydroxides 
and bioapatite. The REY pattern of iron oxyhydroxide is still similar to 
seawater, but with a weakened positive Ce anomaly due to the reduction 
and release of some CeIV as Mn minerals dissolve (Fig. 7c). 

In the hypoxic zone (Fig. 7a), as burial depth increases, reduction 
dissolution of iron oxyhydroxides starts. Less stable iron oxyhydroxides 
are reduced first, releasing REY and FeII. The released REY are ulti-
mately transferred to different hosts (most likely bioapatite) or diffuse 
towards the oxic zone for another cycle during the early diagenesis. 
Under such circumstances, CeIV will be reduced and released, and the 
reduction grows stronger with depth. In the meanwhile, massive release 
of Ce enables the adjacent porewater or their new hosts (e.g., apatite) to 
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inherit the positive Ce anomalies previously possessed by ferromanga-
nese minerals (Fig. 7c). Our observations provide evidence for iron 
oxyhydroxides being efficient but transient repositories of REY, which 
indicates that the positive Ce anomaly of apatite can be inherited from 
ferromanganese oxides during early diagenesis. 

5. Conclusions 

Our study simulates how REY are adsorbed by iron oxyhydroxides 
from seawater and then released to porewater under hypoxic conditions, 
likely leading to their transferal to bioapatite (fish teeth and bones). Our 
observations are in good agreement with REY abundance and distribu-
tion in natural samples. In summary, we find that firstly, goethite can 
adsorb REY (especially heavy REY) and the adsorption efficiency in-
creases geometrically in the presence of phosphate, while during aerobic 
adsorption, the adsorbed CeIII is further oxidized to CeIV on the goethite 
surface by dissolved oxygen. Secondly, almost all REY are released 
during goethite recrystallization in hypoxic environment; notably, CeIV 

is also reduced and released during recrystallization. Finally, our ex-
periments demonstrate that iron oxyhydroxides and phosphate play a 
crucial role in REY enrichment during early diagenesis. 
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Appendix A. Supplementary data 

Supplementary materials contain a series of ten supplementary ta-
bles and six figures. Table S1 and S2 are the previously published data 
used in Fig. 1 and Fig. 2, respectively. Table S3-S9 are the REY 
adsorption and desorption data of REY/REY‑carbonate on goethite. For 
supplementary figures, Figs. S1 and S2 are the XRD patterns and 
morphology of goethite, respectively; Figs. S3 and S4 are the ICP-MS 
results of REY adsorption with high IS and REY‑carbonate adsorption 
on goethite, respectively; Fig. S5 is the XRD patterns of REY-adsorbed 
goethite; Fig. S6 is the SEM images of La- and Lu-substituted goethite. 

Fig. 7. Schematic scavenging-transfer model of REY near the OSF. a, Distribution of oxidants and reductants in marine sediment; b, the geochemical behavior of REY 
in marine sediment; c, simplified Post-Archean Australian Shale-normalized (PAAS; Taylor and McLennan, 1985) REY pattern of seawater and seawater-normalized 
REY patterns of goethite and bioapatite. In the oxic zone, REY are termed Ln here, and goethite initially adsorbs Ln and oxidizes Ce (circles with black solid lines) 
from seawater/porewater (circles with green dashed lines) in the sediment; In the suboxic zone, manganese oxides dissolve and release REY (circles with black 
dashed lines), which is subsequently adsorbed on the adjacent iron oxyhydroxides with the help of phosphate or incorporated into the bioapatite nearby; In the 
hypoxic zone, iron oxyhydroxides recrystallize and release the rest of the adsorbed REY to the porewater (circles with black dashed lines) or bioapatite, and the Ce 
anomalies possessed by ferromanganese oxides are passed onto bioapatite. Light and heavy REY are termed as LREY and HREY, respectively. All REY ions in 
seawater/porewater are complexed with carbonate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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