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Abstract Rare earth elements and yttrium (REY) are critical for advanced technological and environmental
applications. REY-enriched deep-sea sediments have attracted attention as significant potential REY resources.
However, efficient identification of these deposits in the open oceans is a persistent challenge. From integrated
chemical leaching experiments and geochemical and rock magnetic analyses of two Eastern Pacific Ocean
sediment cores, we find a coupled evolution between magnetic signatures and REY concentrations in sediment
profiles. Apatite and Fe-Mn (oxy)hydroxides are the primary REY carriers, while biogenic magnetite dominates
the magnetic mineral assemblage. We elucidate here mechanistic linkages between mineral magnetic signals
and REY enrichment, demonstrating their shared dependence on deep-sea productivity cycles and redox
dynamics. We propose that systematic magnetic property analyses could serve as a novel geophysical proxy for
identifying REY-rich sediment in marine environments.

Plain Language Summary Rare earth elements and yttrium (REY) are essential for modern
technology, from smartphones to renewable energy systems. These valuable elements can be found in deep-sea
sediments, but efficient identification of these deposits in the open oceans remains challenging. In this study, we
examined sediment samples from the Eastern Pacific Ocean and discovered that magnetite produced by bacteria
dominates the magnetic mineral assemblage in REY-enriched sediments, where apatite and Fe-Mn
(oxy)hydroxides are the primary REY carriers. Our data suggest that productivity governs formation of both
apatite and magnetofossils and drives REY enrichment via liberation of phosphorus, iron, and REY during
organic matter remineralization. Coupling of biogenic magnetite and apatite in sediment profiles implies that
magnetic properties could be used to identify oceanic REY-rich sediments.

1. Introduction

Rare earth element (REE) and yttrium (REY)-enriched deep-sea sediments are distributed widely on the Indian
and Pacific Ocean seafloor (Kato et al., 2011; Shi, Bi, et al., 2021). They have attracted global attention due to
their significant REY reserves, and could become a strategic alternative to terrestrial REY deposits to meet
escalating global demand (Deng et al., 2017; Fujinaga et al., 2016; Iijima et al., 2016; Kim et al., 2022; Menendez
etal., 2017). REY-rich sediments are thought to develop mainly in zeolite clay and pelagic clay in deep-sea basins
at water depths below the carbonate compensation depth (CCD; Kato et al., 2011; Shi, Bi, et al., 2021). REY are
mainly hosted by bioapatite (Kon et al., 2014; Liao, Sun, Li, et al., 2019), and Fe-Mn (hydro)oxides are temporary
REY carriers because they scavenge REY from seawater, and are then transformed to bioapatite during early
diagenesis (Liao, Sun, Wu, et al., 2019; Takahashi et al., 2015). Many factors such as sedimentation rate, volcanic
and hydrothermal activity, redox conditions, primary productivity, and bottom water conditions are considered to
be closely related to REY enrichment in deep-sea sediment (Cai et al., 2023; Kato et al., 2011; Ohta et al., 2021;
Ren et al., 2021; Resing et al., 2015; Shi, Fu, et al., 2021; F. Wang et al., 2021; Yasukawa et al., 2016). Scientific
and technological challenges remain to develop efficient exploration methods to pinpoint REY-rich sediment
horizons in deep-sea environments.
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Here, we address two questions associated with identifying REY-rich sediment layers. First, are there diagnostic
magnetic signatures (e.g., susceptibility anomalies, remanence properties) specific to REY-rich sediments?
Second, if the answer to question 1 is yes, what physicochemical mechanisms govern magnetic responses during
REY sequestration in authigenic phases? Environmental magnetism can provide records of sediment trans-
portation, deposition, and alteration processes using magnetic techniques (Liu et al., 2012). It can be particularly
useful for studying deep-sea sediment below the CCD because the lack of calcareous and siliceous microfossils
can hinder the geochemical and paleontological methods generally used in paleoceanographic research
(Yamazaki et al., 2020), and can provide an archive of oceanic paleoenvironmental information (Chang
et al., 2018; Hesse, 1994; Kopp & Kirschvink, 2008; Roberts et al., 2011; Yamazaki, 2012). To explore re-
lationships between mineral magnetism and sedimentary REY-enrichment, chemical leaching, geochemical, and
magnetic analyses were conducted on two Eastern Pacific Ocean sediment cores with high REY contents. We use
a multidisciplinary approach to investigate the environmental processes governing REY enrichment in these
deep-sea sediments.

2. Materials and Methods

Site U1334 (7°59.998'N, 131°58.408'W) is situated at water depths of 5,000-5,100 m, ~100 km north of the
Clipperton Fracture Zone on abyssal hill topography (Figure 1). Site 319 (13°01.04'S, 101°31.46"W) is positioned
in the abyssal southeast Pacific Ocean at 4,290 m water depth, and lies 1,100 km east of the East Pacific Rise
(EPR) and 600 km west of the dormant Galapagos Rise spreading center (Dymond et al., 1977; Figure 1). Details
of samples and their geological background are described in Appendix S1 in Supporting Information S1.

2.1. Mineralogical and Bulk Elemental Measurements

Mineral identification from four powdered samples was performed using a Rigaku Rapid II X-ray diffraction
instrument (Mo Ko radiation) at the School of Marine Sciences, Sun Yat-sen University (SYSU). Microstructural
observation of minerals in the sediment was performed at SYSU, with a TESCAN MIRA Field Emission
scanning electron microscope coupled with a Bruker XFlash 6160 Energy Dispersive Spectrometer. Bulk-
sediment elemental analyses were performed by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS) at the ALS Chemex laboratory.

2.2. Sequential Chemical Extraction

Chemical leaching was employed to assess quantitatively specific contributions of different mineral components
in bulk sediments to the total REY content (Kim et al., 2022; Liao et al., 2022; Paul et al., 2019). Initial stages of
chemical leaching experiments were conducted in an ultra-clean laboratory at 20°C. In each leaching scheme,
~200 mg of finely ground sample was sieved to 200 mesh and placed into a 50 ml centrifuge tube reaction vessel,
with a nominal volume of 25 ml of leaching solution added at each step. During leaching, centrifuge tubes
containing the sample-leachate mixture were placed on a shaker to ensure constant solid particle suspension,
allowing maximum contact area with the leachate and subsequent reaction. The following leaching procedures
were used to separate REE reservoirs into 6 fractions.

1. Calcium carbonate and calcium phosphate were removed by adding 25 ml of 1 M acetic acid/Na-acetate buffer
at pH 4.5, shaking for 24 hr, followed by centrifugation at 4,000 rpm for 10 min to separate the supernatant, and
filtering through a 0.2 pm membrane filter to extract the leachate. Residual solids were washed with ultrapure
water for 2 hr, followed by repeated centrifugation and filtration steps for extraction.

2. Easily reducible manganese and iron-oxides were removed by suspended leaching in 25 ml of 0.1 M
hydroxylamine-HCI at pH 2 for 2 hr. Extraction of leachate and washing steps are the same as above.

3. Moderately reducible iron-oxides were removed by suspended leaching in 25 ml of 0.1 M hydroxylamine-HCl
at pH 2 for 48 hr. Extraction of leachate and washing steps are as above.

4. Reducible iron-oxides were removed by suspended leaching in 25 ml of Na-dithionite (50 g/1)/0.2 M Na-citrate
solution at pH 4.8 for 2 hr. Extraction of leachate and washing steps are as above.

5. Magnetite was removed by suspended leaching in 25 ml of 0.2 M NH,-oxalate/0.17 M oxalic acid at pH 3.5 for
6 hr. Extraction of leachate and washing steps are as above.
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Figure 1. Locations of the two studied sites in the Eastern Pacific Ocean.

6. The residue (mainly composed of aluminosilicate and biogenic silica) was dried and weighed for each sample
to calculate the mass percentage of each phase. Subsequently, similar to the method for bulk-sediment rare
earth elements, REE contents were determined using fusion ICP-MS.

After completing the leaching experiments, REE concentrations in the leachates were measured using ICP-MS at
the Laboratory of Marine Resources and Coastal Engineering, Guangdong Province, with an Agilent 7700x ICP-
MS equipped with an Agilent ASX-5000 autosampler. The relative standard deviation was commonly below 3%
of the detected elements.

2.3. Magnetic Measurements and Microscopic Observation

Magnetic measurements were made at the School of Earth Science and Engineering, SYSU. The magnetic
susceptibility (y) was measured at room temperature at 976 and 15,767 Hz, respectively, using a Kappabridge
susceptometer (MFK2-FA). The frequency dependence of susceptibility ((xtq = Y9761, — X15.676H2)X976H,) Was
obtained, which is sensitive to superparamagnetic (SP) particles (Liu et al., 2005). An anhysteretic remanent
magnetization (ARM) was imparted in an alternating field demagnetizer (D-Tech 2000) by subjecting samples to
an alternating magnetic field decaying from a 100 mT peak field, at 50 uT per half cycle, superimposed on a direct
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current field of 0.05 mT. The remanence was then measured using a JR-6A spinner magnetometer. The sus-
ceptibility of ARM (yarnm) Was calculated by normalizing the ARM by the direct field. A saturation isothermal
remanent magnetization (SIRM) was imparted to the sample in a 1 T direct field. Then, a field of 0.3 T was
applied in the opposite direction to the SIRM to obtain information about the low coercivity, ferrimagnetic
fraction (IRM_y3p). ‘Hard’ isothermal remanent magnetization (HIRM) values were calculated using
(IRM_y 3t + SIRM)/2. A vibrating sample magnetometer (VSM 3900) was used to measure first-order reversal
curves (FORCs; Pike et al., 1999) and IRM acquisition curves. The measured FORC data were processed using
the FORCinel v3.06 software, with a smoothing factor of 3 (Harrison & Feinberg, 2008).

Representative samples were selected for magnetic mineral extraction and were analyzed using a transmission
electron microscope (TEM). TEM observations were made with a FEI Talos F200S at 200 kV at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences.

3. Results
3.1. Mineralogy and Geochemistry of Bulk Sediments

Most of the studied sediments consist of phillipsite, smectite, calcite, apatite (including fish teeth), quartz, and
iron-manganese (hydro)oxides (Figure S1 in Supporting Information S1). The calcite contents of REY-enriched
layers is relatively low (<1.5%), with clay components predominating, while REY-depleted layers have higher
calcite contents (Figure Sla in Supporting Information S1).

Elemental compositions (Table S1, https://doi.org/10.5281/zenodo.17336447) reveal distinct geochemical pat-
terns between the two cores. Calcium has large variations in both U1334 (1.0%-33.7%) and 319 (2.1%-34.8%),
while P and Fe have depth-dependent trends: their concentrations decline with depth in U1334, whereas elevated
P and Fe are maintained in shallow layers of core 319, with maximum values of 0.7% and 14.0%, respectively.
Biogenic barium (Bay;,) is associated with sinking organic matter (Dymond et al., 1992; Schoepfer et al., 2015),
which is calculated as follows (Dymond et al., 1992):

Bayi, = By — Al X (Ba/Al) ey

where (Ba/Al)y, denotes the Ba content from detrital phases. The influence of detrital Ba on Bay;, is relatively
minor in the abyssal ocean; biogenic barium makes up >90% of the total Ba in all samples (Table S1, https://doi.
org/10.5281/zenodo.17336447). REY contents vary greatly in the two studied cores. All samples have flat Post-
Archean Australian Shale (PAAS)-normalized REY patterns with marked negative Ce anomalies (6Ce = 0.13—
0.45; average: 0.22) (Figures S2a and S2b in Supporting Information S1). Ce anomalies are used widely to trace
paleoceanographic redox conditions (e.g., Tostevin et al., 2016; Y. L. Wang et al., 1986). Generally, under oxic
conditions, Ce** oxidizes to insoluble Ce** and is incorporated into sedimentary Mn oxides (Goldberg
et al., 1963; Piper, 1974), which increases dCe values in clay sediments.

3.2. Sequential Leaching Results

The REY proportion leached out in “step one” was highest for all steps in U1334 (excluding Ce) (Table S2,
https://doi.org/10.5281/zenodo.17336447), and accounts for up to 88.1% of the total sediment (Figure S2c in
Supporting Information S1). Rare earth partitioning curves for “step one” for all samples have a left-leaning trend
and significant negative Ce anomalies, with positive Y anomalies at Site 319 (Figure S2d in Supporting Infor-
mation S1). Unlike U1334, most REY in samples from Site 319 are leached out in “step two” and “step three,”
with total proportions of 43.4%-52.8% (Table S2, https://doi.org/10.5281/zenodo.17336447). For U1334, 8.4%—
22.4%, and 12.5%-22.2% of REY is leached in the second and third steps, respectively. Rare earth partitioning
patterns for leachates in “step two” and “step three” have noticeable positive Eu anomalies and less obvious Ce
anomalies than “step one”, with negative Y anomalies at Site 319 (Figures S2e and S2f in Supporting Infor-
mation S1). Only 1.0%-1.4% and 8.7%—17.1% of REY were leached out in “step four” for U1334 and 319, and
mostly less than 3% in “step five.” Due to uncertainties in the experimental procedure and analytical errors, the
YREY recovery rate of samples ranges from 82% to 121%, with most falling between 90% and 100%.
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Figure 2. FORC diagrams (a—c), transmission electron microscope images of magnetofossil chains (d—f), and conventional magnetofossil morphological data (g-1) for
representative samples from Site U1334 and core 319. Morphological data include histograms of magnetofossil length (g, h) and axial ratio (j, k), percentage of bullet-
shaped and elongated magnetofossils (i), and magnetofossil length box charts (1) for Site U1334. All FORC diagrams have contours distributed predominantly along the
horizontal axis (B, = 0), which indicates the presence of magnetostatically non-interacting stable single-domain particles. High-resolution-TEM images with Fourier
transform patterns for the magnetofossils indicated in yellow boxes (d—f) are shown in Figure S5 in Supporting Information S1. The upper and lower box boundaries in
(1) represent the third (Q3) and first quartiles (Q1), respectively. The top and bottom whiskers represent Q3 + 1.5 X (Q3 — Q1) and Q1 — 1.5 X (Q3 — Q1), respectively.
The horizontal line and cross marks inside the boxes represent the median and mean, respectively. The names 1334-13 and 1334-15 denote samples at depths of 13 and

15 mbsf, respectively.

3.3. Magnetic Properties and Morphological Features of Magnetofossils

From Figure S3 in Supporting Information S1 and Table S3, https://doi.org/10.5281/zenodo.17336447, x, ¥ arm>
SIRM, IRM 3¢ 1> and HIRM variation patterns for the Site U1334 and core 319 sediments are similar to REY
variations, with a stepwise increase with depth from bottom to top (Figure S3 in Supporting Information S1). Both
cores have consistently high y, which indicates ferrimagnetic mineral dominance (Liu et al., 2012). ysgy can be
used to indicate the relative abundance of the stable single-domain (SD) fraction (Roberts et al., 2012; Zhang
et al., 2022). With few exceptions, yarm/SIRM has little variation, which suggests a predominance of SD
magnetic particles and that magnetic mineral grain size remains relatively consistent from top to bottom. FORC
diagrams (Pike et al., 1999; Roberts et al., 2000) for sediments from sites U1334 and 319 have a central ridge
along the B, axis (Figure 2a-2c), which indicates negligible magnetostatic interactions and potentially the
presence of intact magnetofossil chains (Chang et al., 2014; Chen et al., 2007; Egli et al., 2010; Roberts
et al., 2012). Unmixing of IRM acquisition curve analyses also confirm the dominant magnetofossil contribution
(Figure S4 in Supporting Information S1).

TEM observations of magnetic particles from representative samples from the two cores confirm the presence of
abundant conventional magnetofossils (Figure 2d-2f). All of the magnetofossils have morphologies and crystal
structures similar to typical magnetosomal crystals (Bazylinski & Frankel, 2004; Kopp & Kirschvink, 2008).
From electron diffraction patterns (Figure S5 in Supporting Information S1), the primary magnetofossil phases
are identified as magnetite. The magnetofossils are classified into three groups according to shape: bullet-shaped,
elongated, and equant (Chang et al., 2018; Yamazaki et al., 2019). As shown in Figure 2g-21, the abundance of
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bullet-shaped and elongated magnetofossils in sample U1334-13 is lower than in sample U1334-15 (Figure 2i).
Magnetofossils in sample U1334-15 are generally larger than in sample U1334-13 (Figure 21).

4. Discussion
4.1. REY Carrier Minerals

Leaching experiments for Site U1334 indicate that the primary REY carrier is Ca-phosphate with negligible
contributions from Ca-carbonate because carbonate is generally REY-depleted (generally <10 ppm). Fossil
bioapatite and authigenic apatite have considerable XREY contents in REY-enriched deep-sea sediment (Hong
et al., 2024; Kashiwabara et al., 2018; Kon et al., 2014), so apatite is thought to be an important REY carrier
(Kashiwabara et al., 2014; Liao et al., 2022). Our results indicate that REY in “step one” leachates have char-
acteristics consistent with those of apatite from REY-rich deep-sea mud. Therefore, Ca-phosphate (including
bioapatite) is the main REY carrier mineral at Site U1334, with ZREY contents controlled by the apatite content,
which is supported by coordinated variations between P and ZREY (Figure 3a). Fe-Mn phases are the dominant
REY carriers in core 319, which is located near the EPR where volcanic-hydrothermal activity delivers significant
Fe and Mn contents. Elevated Fe and Mn concentrations and covariation between Fe/Mn and REY contents
(Figures 3f and 3h) further supports this hypothesis. Overall, the primary REY host in REY-enriched sediments
may vary between apatite and Fe-Mn (hydro)oxides, depending on the region sampled.

4.2. REY Enrichment Mechanism of Eastern Pacific Ocean Deep-Sea Sediment

Most samples from Sites U1334 and 319 have co-varying XREY and Bay;, contents (Figures 3b and 3g).
Enhanced biological productivity increases the organic matter content, which facilitates REY enrichment in deep-
sea sediment by supplying a REY source (Figure 4) via scavenging and remineralization within the water column
(Freslon et al., 2014; Pavlova et al., 2023). Increased productivity can also elevate seawater phosphorus, thereby
promoting apatite formation (Ohta et al., 2020), which can adsorb abundant REY (Kon et al., 2014; Liao
et al., 2022; Takaya et al., 2018), as indicated by leaching results for U1334. Despite the predominance of REY
within Fe-Mn (hydro)oxides in core 319, P contents in REY-enriched layers exceed significantly those of Site
U1334 (Figures 3b and 3g). This suggests that high productivity governs REY enrichment in core 319, whereas
dominance of Fe-Mn phases as the primary REY hosts at Site 319 arises from its proximity to the EPR. EPR
hydrothermal activity supplies elevated Fe contents to seawater (Resing et al., 2015; Tagliabue et al., 2010),
which serves as a potential nutrient source to the surface ocean, triggering episodic productivity enhancement
(Ardyna et al., 2019; Schine et al., 2021). The high EPR supply of Fe and Mn (Figure 3h), thus, drives Fe-Mn
(hydro)oxide formation; these phases have high surface area and can adsorb large REY contents (Ren
et al., 2024; Zhou et al., 2020) to facilitate sediment REY enrichment.

Consistent variations between ZREY contents and 5Ce values of bulk sediment for most samples suggests a
relatively oxygenated environment during REY enrichment (Figures 3d and 31i), although Ce behavior in seawater
is not only controlled by redox, but also by factors such as pH, P concentration, terrigenous input, and diagenetic
conditions (Cao et al., 2022; MacLeod & Irving, 1996; Pattan et al., 2005). Magnetofossil morphology is used
widely to estimate deep-ocean redox conditions. The relative abundance of magnetofossils with equant octahedral
morphology increases in more oxic environments, while elongated and bullet-shaped forms are produced at lower
oxygen contents (Chang et al., 2018; Hesse, 1994; Katzmann et al., 2013; Li & Pan, 2012; Yamazaki & Ike-
hara, 2012; Yamazaki et al., 2019). From the magnetofossil assemblages, the average size and elongation of
magnetosomal crystals decrease from lower to upper layers (Figure 2g—21), which reflects an increase in deep-sea
oxygenation. Oxic seawater enables precipitation of colloids of hydrated Mn and Fe oxides, which acquire trace
metals by surface sorption (Glasby, 2006; Hein et al., 2013). These processes are important for REY enrichment
in deep-sea sediment because Fe-Mn (hydro)oxides act as the primary REY host in sediments, and as a temporary
REY host, which can be dissolved and then sequestered in phosphate minerals (e.g., bioapatite) during early
diagenesis (Liao, Sun, Wu, et al., 2019; Takahashi et al., 2015). Also, REY can be sourced from organic matter
degradation in oxic seawater (Grybos et al., 2007; Haley et al., 2004), bottom waters, and sediment pore waters to
contribute to REY enrichment in deep-sea mud (Figure 4).
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core 319, ZREY, Fe, Mn, P, y g\ and Bay;,, values co-vary. Core 319 has higher Fe, Mn, and P concentrations than Site U1334. Red bars indicate REY-enriched layers.

4.3. Mineral Magnetic Co-Variation With Sedimentary REY Enrichment

As shown in Figure S3 in Supporting Information S1, relevant magnetic parameters covary with ZREY contents
throughout the cores, which suggests that the environment that produces the dominant magnetic particles also
meets the conditions required for REY enrichment. Magnetofossils are the main magnetic component at sites
U1334 and 319 as evidenced by FORC, IRM, and TEM data, with y gy representing their abundance. Although
SP particles are also evidently present, as indicated by y;y (Figure S3 in Supporting Information S1), their var-
iations are not consistent with those of other magnetic parameters and of REY variations, so we do not discuss
their variations further. Sedimentary magnetofossil concentration depends mainly on the interplay of magneto-
some production and dissolution. Magnetofossil dissolution can be excluded here because of the relatively oxic
conditions, as indicated by 8Ce and magnetofossil morphology (Kodama et al., 2013; Liu et al., 2015). Thus,
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consistent ZREY and y gy variations (Figures 3a and 3f) suggest that REY concentrations have high correlation
with magnetosome production. Increased nutrient supply can boost bacterial magnetite abundance via export of
particulate iron and organic carbon to the seafloor (Larrasoaiia et al., 2012; Roberts et al., 2011; Yamazaki &
Horiuchi, 2016; Zhang et al., 2021). Although Fe-Mn phases are the primary REY hosts in core 319, the REY
source is from organic matter degradation linked to productivity. Therefore, REY and magnetofossil contents are
both controlled by nutrient supply and organic matter degradation governed by productivity, which produces the
covariation between REY and magnetic contents (Figure S6 in Supporting Information S1). If productivity is
high, delivery of elevated organic matter contents to the seafloor can produce anoxic sulfidic conditions that cause
magnetofossils to dissolve (e.g., Roberts, 2015). Positive correlation between productivity and magnetofossil
content is most likely in high nitrate-low chlorophyll oceans where iron limitation constrains productivity. De-
livery of biologically available iron to surface waters via atmospheric dust or hydrothermal plumes can fertilize
productivity episodes that delivers organic matter to the seafloor to produce iron-reducing, but not sulfate
reducing, early diagenetic sedimentary conditions that enhance magnetotactic bacteria abundance (Roberts
et al., 2011) to produce a correlation between magnetofossil and REY contents.

Although REY enriched mineral contents vary in Eastern Pacific Ocean sediments, REY contents are coupled
tightly to biogenic magnetite variations, which are governed by productivity and deep-ocean redox conditions.
Therefore, sedimentary magnetic signals have great potential for identifying REY-enriched east Pacific basin
sediments, particularly in iron-limited parts of the global ocean.

5. Conclusions

We find that Ca-phosphate and Fe-Mn (hydro)oxides are the two main REY carrier mineral types in the Eastern
Pacific Ocean based on magnetic and geochemical analyses of two sediment cores. Our results indicate that
productivity drives REY enrichment and magnetofossil formation through release of substantial P, Fe, and REY
during organic matter degradation, while oxic seafloor conditions facilitate further organic matter degradation and
Fe-Mn (hydro)oxide formation. This covariation mechanism for REY contents and biogenic magnetite variations
in our study provides a solid foundation for exploration of REY-enriched deep-sea sediments.
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