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A B S T R A C T

This study collected early-stage Fe-Mn micronodules from the seafloor of the Western Pacific and analyzed their 
structural characteristics and elemental distribution using Scanning Electron Microscopy (SEM), Focused Ion 
Beam (FIB) and Transmission Electron Microscopy-Energy Dispersive X-ray Spectroscopy (TEM-EDS). The results 
indicate that the micronodule exhibits stratified growth profiles, including laminated structures, lamellar 
structures and porous loose layers. Fe and Ti are concentrated in the core region of the micronodule, followed by 
a clay mineral layer enriched in Al, Mg, Si and K, while the outermost layer is dominated by Mn, forming a dense 
layer enriched with I and Pb at the edge. The distribution of Fe and Mn within the micronodule shows a clear 
negative correlation. Further analysis revealed that the main mineral phases in the micronodule (ferrihydrite and 
montmorillonite), as well as the titanium oxides, manganese oxides and lead iodide located at the edge of the 
micronodule, all exist as nanoparticles. Ferrihydrite is positively correlated with the enrichment of heavy rare 
earth elements (HREEs) such as Dy, Tb, Er and Tm, while manganese oxides play a significant role in the selective 
removal or enrichment of specific light rare earth element (LREE) like Eu, as well as certain HREEs such as Er, Tm 
and Gd. Additionally, the presence of Ti, clay minerals, I and Pb may have a critical influence on the enrichment 
of Tm, Er, Gd, Yb, Ho, Ce, Pr, La, Nd, Sm, K and Mg in the regional marine environment. These findings enhance 
our understanding of the mechanisms governing the occurrence and distribution of rare earth elements (REEs) in 
Fe-Mn micronodules and highlight the pivotal role of nanoparticles in the early-stage growth and elemental 
enrichment of micronodules, providing new insights into the genesis and evolution of deep-sea Fe-Mn 
micronodules.

1. Introduction

The deep-sea sedimentary environment fosters a variety of metal- 
rich mineral resources. Among these, Fe-Mn micronodules, as impor-
tant carriers of REEs and trace metals in marine sediments, have 
attracted increasing attention (Menendez et al., 2017). Compared to the 
more widely known centimeter-scale nodules, micronodules possess a 
much higher specific surface area but are mineralogically and 
morphologically similar to large nodules (Dubinin and Sval’nov, 2000a; 
Dubinin and Sval’nov, 2000b; Dubinin et al., 2017). They are primarily 
composed of iron and manganese oxides and contain a variety of critical 

metals such as Fe, Mn, Ni, Cu, Mo, Li, Co and REEs (Glasby et al., 1978; 
Halbach et al., 1981; Hein and Koschinsky, 2013; Bau et al., 2014; Hein 
et al., 2015; Xu and Zhou, 2022). Fe-Mn nodules and micronodules are 
widely distributed on deep-sea plains, abyssal basins and sediment- 
covered seamounts (Yin et al., 2019), with global seabed reserves esti-
mated at approximately 3 trillion tons, of which the Pacific Ocean ac-
counts for roughly 1.7 trillion tons (Niu, 2002). Micronodules, in 
particular, are distributed over a much greater area than their larger 
counterparts and have thus become a potentially significant source of 
strategic metals such as REEs (Kato et al., 2011; Dekov et al., 2021).

For a long time, due to their finer grain size, lower economic benefit 
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and the greater difficulty associated with separation and detection, the 
geological and resource value of Fe-Mn micronodules has been relatively 
overlooked (Addy, 1979; Dekov et al., 2003). However, recent studies 
provide increasing evidence that micronodules exhibit pronounced 
enrichment of REEs, primarily attributed to their high porosity and the 
strong adsorptive properties of Fe-Mn (hydr) oxides (Zhang et al., 
2023a). For instance, Menendez et al. (2017) documented ΣREY con-
centrations up to 3620 ppm in micronodules, an order of magnitude 
higher than surrounding sediments. Therefore, their economic and sci-
entific potential warrants further comprehensive evaluation.

Fe-Mn micronodules typically form in deep-sea basins characterized 
by low sedimentation rates, moderate to low biological productivity and 
oxidizing conditions. During their formation, Fe2+ and Mn2+ are 
oxidized and precipitated onto the surfaces of sediment particles (Glasby 
et al., 1978; Winter et al., 1997; Hein et al., 2015; Dubinin et al., 2013, 
2017; Liao et al., 2019). Even though the overall oxygen content in deep- 
sea basins or abyssal plains is generally low, localized oxidizing envi-
ronments created by ocean currents are sufficient to facilitate the for-
mation of these metal-rich micronodules (Wu et al., 2022; Luo et al., 
2023). Unlike macroscopic nodules, which often exhibit distinct Fe-Mn 
banding (Von Stackelberg, 1997; Ohta et al., 1999), micronodules 
display more continuous internal growth sequences (Liao et al., 2019) 
and possess a complex mineralogical composition comprising various 
Fe-Mn minerals, such as vernadite, todorokite, buserite, birnessite, fer-
oxyhyte and goethite. Additionally, they are commonly associated with 
clay minerals (montmorillonite, illite) and with detrital quartz (Usui and 
Someya, 1997; Post, 1999; Du and Lv, 2003; Guan et al., 2019; Liao 
et al., 2019; Xu et al., 2024a). The outer layers of micronodules are 
typically enriched in Mn, Co, Ni, Cu and REEs, whereas the cores are 
dominated by Fe, Al, K and Si, reflecting a close relationship between the 
mineral assemblage and the environmental conditions of formation (Wu 
et al., 2022; Liao et al., 2019). Some researchers have suggested that the 
growth layers of micronodules may record fluctuations of the oxic- 
suboxic boundary within the sediment column (Dekov et al., 2021).

Despite significant progress, studies on the nanoscale structure, 
elemental distribution characteristics and enrichment processes during 
the early-stage growth of Fe-Mn micronodules remain insufficient. On 
the one hand, the extremely fine grain size and poorly ordered crystal 
structure of micronodules make it difficult for conventional chemical 
and mineralogical analyses to resolve their nanoscale features (Addy, 
1979; Menendez et al., 2017). On the other hand, mineral phase trans-
formations and elemental re-equilibration during prolonged geological 
processes may obscure the original depositional characteristics (Guan 

et al., 2017; Ren et al., 2023; Lee et al., 2019; Liao et al., 2019). 
Therefore, there remain clear gaps with respect to critical scientific 
questions such as the nanoscale structural characteristics, elemental 
enrichment patterns and constituent distribution features of micro-
nodules during their early growth stage.

To address these gaps, this study investigates Fe-Mn micronodules 
collected from the Kyushu-Palau Ridge in the Western Pacific Ocean, 
with a focus on elucidating their nanoscale structure, elemental distri-
bution characteristics and enrichment processes during the early growth 
stage. By integrating SEM, FIB and TEM techniques, we systematically 
analyze the microstructure and local composition of micronodules, 
providing an important foundation for subsequent studies on their 
resource potential and genetic models.

2. Samples and methods

2.1. Samples

Deep sea sediment samples were collected from the site XT25 in the 
east part of the west Philippine Basin (15.32 ◦N, 133.23 ◦E) near the 
Kyushu-Palau Ridge of the Weste Pacific Ocean in June 2018 (Fig. 1). 
The deposition rate near the sampling point is slow, about 142 cm/Myr 
(Hu et al., 2021). The West Philippine Basin is the world’s largest 
marginal basin plate. It was formed during the Paleocene undersea 
expansion activity and surrounded by subduction boundaries. The area 
is characterized by a subtropical East Asian monsoonal climate (Wan 
et al., 2012). The deep-sea water in the basin is primarily influenced by 
the lower circumpolar deep water (LCDW; Kawabe and Fujio, 2010), 
with annual sea surface temperatures averaging 28.5 ◦C and salinity at 
34.43 practical salinity unit (psu; Yan et al., 1992; Mohtar et al., 2021). 
The geological setting of the West Philippine Basin is unique, featuring a 
complex crustal structure situated between the Pacific, Eurasian and 
Australian plates. The North Equatorial Current and the Kuroshio Cur-
rent are the most significant oceanographic currents in the area (Lin 
et al., 2021). The North Equatorial Current serves as a crucial pathway 
for zonal heat and water mass exchange across the tropical Pacific Ocean 
(Qiu et al., 2014). The sampling site was at a water depth of 4941.9 m. 
The sediment core, collected using a gravity corer, had a recovered 
length of 4 m and a diameter of 0.1 m. The samples were immediately 
stored in sterile polypropylene containers and frozen at − 20 ◦C. Upon 
returning to the laboratory, all samples were subsequently frozen at 
− 80 ◦C.

Fig. 1. Location map of deep-sea sediment sample collection (USCGS, 2013).
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2.2. Methods

The major and trace element compositions of the sediments were 
first analyzed at ALS Chemex Co., Ltd. (Guangzhou), using X-ray fluo-
rescence spectrometry (XRF) and a Thermo Fisher iCAP Qc inductively 
coupled plasma mass spectrometer (ICP-MS), respectively. The results 
are presented in Table S1. Subsequently, all microstructural character-
ization and microscale compositional analyses were conducted at 
Sinoma Institute of Materials Research (Guangzhou) Co. Ltd./Sino-
maTest (Guangzhou) Co. Ltd. After determining the major and trace 
elements, the sediment samples were vacuum-dried, then a small 
amount was dispersed on conductive adhesive and fixed onto the SEM 
sample stage. The samples were gently compacted to ensure stability 
and electrical contact. Subsequently, preliminary morphological obser-
vation and photography of the sediment samples were conducted, dur-
ing which micronodules were identified. To facilitate subsequent FIB 
sampling and TEM analysis, micro-nodules were progressively screened 
under low-magnification and high-magnification SEM images after 
sample fixation, followed by further micro-area analysis. Initial 
morphological examination was performed using a Hitachi SU8220 SEM 
at accelerating voltages of 5 kV and 10 kV to ensure clear imaging of the 
sample surfaces. To achieve higher resolution and better contrast, 
additional imaging was performed using a Zeiss SEM at an accelerating 
voltage of 20 kV and a working distance (WD) of approximately 8.5–8.6 
mm in backscattered electron (BSE) mode (Signal A = HDAsB). Typical 
magnifications ranged from approximately 1,000 to 2,000×, with built- 
in scale bars (e.g., 10 µm or 5 µm) used for spatial calibration. EDS was 
employed to perform point analyses on selected regions to reveal the 
elemental distribution on the sample surfaces. The analytical precision 
of EDS ranged from 0.1 to 1 wt%. The statistical standard deviations 
(sigma) for each element were as follows: O-0.58 wt%, Al-0.20 wt%, Si- 
0.17 wt%, I-0.60 wt%, Pb-0.73 wt%, Fe-0.21 wt%, Na-0.17 wt%, Mg- 
0.15 wt%, and K-0.10 wt%. To complement the BSE imaging and pro-
vide detailed surface morphological information, SEM imaging in sec-
ondary electron (SE) mode (Signal A = SE2) was also performed using 
the same Zeiss SEM under the same operating conditions (accelerating 
voltage of 20 kV, WD of approximately 8.5 mm). This mode was used to 
highlight fine surface features and topographical details of the sample, 
facilitating the selection of precise regions for further analysis and FIB 
sectioning. Typical magnifications were set to 1,000×, with spatial 
calibration achieved using a 10 µm scale bar.

To further investigate the microstructure and composition of the 
sample, a single electron-transparent thin-foil sample (approximately 
90 nm thick) was prepared from the selected region of interest. The thin- 
foil was fabricated using a FIB-SEM system (FEI Helios NanoLab Dual 
FIB-SEM). During preparation, a ~1 µm thick Pt protective layer was 
first deposited on the target microregion to minimize structural damage 
during the milling process. A high-energy Ga+ ion beam was then used 
to excavate two trenches adjacent to the Pt protective layer, gradually 
exposing the target sample. When approaching the target sample, the 
ion beam current was reduced for fine milling. The sample was then 
extracted from the bulk material using a nanomanipulator and welded to 
a Cu grid with Pt. Finally, a low-energy ion beam was used to further 
thin the sample to achieve electron transparency (~90 nm thick). Before 
TEM imaging, the sample was placed in immersion mode to enhance 
image resolution.

TEM and high-resolution transmission electron microscopy 
(HRTEM) analyses were performed using an FEI Tecnai G2 F20 TEM 
operating at an accelerating voltage of 200 kV. The instrument is 
equipped with an EDS detector (detection limit of ~0.5–1 wt%) for 
morphological and compositional characterization of the embedded 
nanoparticles. Selected-area electron diffraction (SAED) was also con-
ducted to determine the crystal structure. Additionally, for higher Z- 
contrast and ultra-high resolution, some analyses were conducted using 
a probe-corrected FEI Titan Themis S/TEM in high-angle annular dark- 
field (HAADF) mode combined with STEM. Using an inner collection 

angle greater than 50 mrad, sub-Å spatial resolution was achieved, 
enabling precise characterization of the elemental distributions and 
phase boundaries. During the TEM-EDS Mapping analysis, the acceler-
ating voltage was set at 200 kV. The image resolution was 1024 × 1024 
pixels, and the actual width of the analyzed area was 2000 nm. The 
acquisition time was adjusted according to the elemental abundances. 
Polynomial fitting and other algorithms were employed to subtract the 
X-ray background signal. The energy resolution of the EDS was 
approximately 136 eV, and the energy calibration error for all rare −
earth element Lα spectral lines was controlled within ± 0.05 keV. After 
data processing, colored elemental distribution maps were generated 
(for example, Fe-yellow, Mn-magenta, Ti-green). It should be noted that 
TEM-EDS mapping at the nanoscale is inherently semi-quantitative; 
therefore, the elemental concentrations and stoichiometric ratios in 
this study are interpreted as indicative or approximate, and are not 
intended as strictly quantitative measurements.

For data processing and analysis, HRTEM images were post- 
processed using DigitalMicrograph® software (Version 3.53.4141.0, 
Gatan Inc.). This included applying Fast Fourier Transforms (FFT) to 
generate SAED patterns for crystal orientation determination and lattice 
spacing measurements. As needed, other data processing software was 
also employed for analyzing and visualizing elemental mapping data.

3. Results

3.1. The morphology and internal structure of Fe-Mn micronodules

The Fe-Mn micronodules analyzed in this study range in size from 
approximately 2 to 10 μm (Fig. 2). SEM-EDS analysis (Table 1) indicates 
that the surface elemental composition of these micronodules includes O 
(8.87–27.70 wt%), Al (1.29–3.27 wt%), Si (2.49–8.30 wt%), I 
(29.98–47.24 wt%) and Pb (28.09–39.88 wt%). Among them, micro-
nodule #1 (Fig. 2a) exhibits a loosely packed, irregular morphology, 
while micronodules #2, #3 and #4 (Fig. 2b, c, A. 1) show spherical or 
irregular flattened shapes, with colloform-like microstructural pro-
trusions observed on their surfaces (Fig. 2d). Based on this, a more 
detailed analysis was performed on micronodule #2.

This micronodule contains numerous pores and loosely packed 
structures but also exhibits a distinct dense core (Fig. 3a, A. 2) composed 
of elongated columnar particles. Surrounding the core is a relatively 
compact, layered structure that gradually transitions outward into a 
porous, loosely packed layer. The outermost surface, however, becomes 
dense and layered again. Between the dense core and the outermost 
layer, there exists an intermediate layer with a relatively compact sheet- 
like structure. Over time, with the stabilization of the depositional 
environment and continuous precipitation of elements, these micro-
nodules may further develop into typical Fe-Mn nodules with well- 
defined layering and more regular morphology. In the HAADF image 
(Fig. 3b), the laminated structures appears prominently bright, attrib-
uted to its primary composition of tightly packed elements with larger 
atomic numbers. Conversely, the loose layers, primarily composed of 
elements with smaller atomic numbers and exhibiting a relatively loose 
configuration, results in reduced electron scattering, rendering this re-
gion noticeably darker (Xu et al., 2024b). This layered structure not only 
reflects the complexity of the micronodule but also provides crucial 
clues for understanding its genesis and compositional distribution.

3.2. Major elements distribution in Fe-Mn micronodules

Fig. 4a illustrates the fundamental distribution characteristics of the 
major elements within the Fe-Mn micronodule. It shows the distribution 
of key elements, including Ti, Mn, Fe, I and Pb, which exhibit a distinct 
layered pattern. In Fig. 4b, the overlapping regions in different colors 
indicate the distribution of clay minerals, composed primarily of O, Mg, 
Al, Si and K. The distribution characteristics of these major elements will 
subsequently be detailed in order, from the core of the micronodule to its 
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Fig. 2. SEM-BSE images of the Fe-Mn micronodules (a–c) and SEM-SE image of the micronodule selected for FIB sectioning (d). The orange crosses indicate the 
locations of point analyses, the red circle marks the target micronodule region for further analysis, and the red line denotes the specific location prepared for FIB 
sectioning. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
EDS results on the surface of Fe-Mn micronodules samples.

Wt%Point O Al Si I Pb Fe Na Mg K

1 10.35 1.68 3.98 44.05 39.88 ​ ​ ​ ​
2 8.87 1.29 2.49 47.24 38.63 1.12 ​ ​ ​
3 14.43 3.27 8.30 36.90 30.33 3.06 0.97 1.12 1.03
4 27.70 2.91 5.98 29.98 28.09 2.68 0.73 1.36 0.38

Fig. 3. Fe-Mn micronodule (the dotted line part is the nucleation center) and HAADF electron microscopic image. The sectioning position is located at the red short 
line in Fig. 2d. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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edge.
HAADF observations reveal the presence of elongated columnar 

nanoparticles in the core of the micronodule. This imaging mode, which 
highlights regions with higher atomic numbers as brighter areas, pro-
vides a clear visualization of density variations in the core (Fig. 3b). 
TEM-EDS analysis demonstrates that the core region is primarily 
composed of O, Fe and Ti (Fig. 5a–c). Based on these findings, this study 
classifies the core of the micronodule into two distinct zones: Fe-rich 
regions and Ti-rich regions.

In the Fe-rich region of the core, numerous rod-shaped ferrihydrite 
nanoparticles measuring ~70 nm in length are evident, though their 
indistinct boundaries preclude precise dimensional measurements 
(Fig. 3a). According to TEM-EDS imaging (Fig. 5a and b), these nano-
particles primarily comprise O and Fe. High-resolution images (Fig. 6a) 
reveal a lattice spacing of about 1.09 nm, corresponding to the (001) 
plane of ferrihydrite. Meanwhile, the SAED pattern (Fig. 6b) exhibits 
single-crystal diffraction spots, indicating a monocrystalline nature; 
however, the limited number of spots suggests that the overall crystal-
linity remains relatively low.

Fhy- Frrihydrite; Mnt- Montmorillonite.
In the Ti-rich region of the core, rod-shaped titanium oxide 

nanoparticles can also be clearly observed through HAADF imaging, 
although their density is lower compared to the Fe-rich region (Fig. 3b). 
Surface scanning images (Fig. 5a and c) indicate that the primary ele-
ments in this region are O and Ti. HRTEM imaging (Fig. 6c) reveals that 
some nanoparticles exhibit distinct lattice fringes, suggesting a certain 
degree of crystallinity, albeit with relatively large lattice spacings. The 
SAED pattern indicates that these nanoparticles possess a single-crystal 
structure but with relatively low crystallinity (Fig. 6d). Measurements 
show that the lattice spacing of these titanium oxide nanoparticles is 
approximately 1.25 nm. Clearly, in the core region of the Fe-Mn 
micronodule, titanium primarily exists in the form of titanium oxides, 
closely associated with ferrihydrite, with some titanium distributed 
along the fractures of ferrihydrite (Fig. 4a). Although it represents a 
mineral phase, it is tentatively classified as titanium oxide due to the 
lack of a matching crystal structure in the crystal database.

The core of the micronodule is semi-encased by a relatively thick clay 
mineral layer composed of elements such as Al, Mg, O, Si and K (Fig. 5a, 
5d-5 g), exhibiting a textural distribution. Additionally, trace amounts of 
Fe and Mn are also present. HRTEM images reveal that these clay min-
erals are composed of two distinct components (Fig. 3a). Therefore, this 
study categorizes the clay minerals within the micronodule into two 

Fig. 4. Color mapping of different chemical compositions in the micro-growth layer inside the Fe-Mn micronodule.

Fig. 5. TEM-EDS color mapping of each element.
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separate components for analysis. The first component consists of 
montmorillonite nanoparticles, with morphological analysis indicating 
that these nanoparticles have dimensions of approximately 60 nm 
(Fig. 3). TEM-EDS analysis (Fig. 5) reveals that these nanoparticles are 
primarily composed of Mg, Al, O and Si. HRTEM imaging (Fig. 6e) shows 
relatively large lattice spacings. Furthermore, SAED diffraction analysis 
(Fig. 6f) indicates that these nanoparticles exhibit a single-crystal 
structure but with low crystallinity and a relatively disordered atomic 
arrangement. Further measurements show that the lattice fringe spacing 
is 0.92 nm, corresponding to the (002) crystal plane of montmorillonite. 
Morphological analysis also suggests that the second component of the 
clay minerals adopts a lamellar structure, surrounding the montmoril-
lonite (Fig. 3). TEM-EDS imaging (Fig. 5) indicates that this component 
is primarily composed of Al, O, Si and K. HRTEM imaging (Fig. 6g) does 
not reveal distinct lattice fringes, suggesting low crystallinity. Addi-
tionally, the SAED pattern (Fig. 6h) does not exhibit well-defined single- 
crystal or polycrystalline diffraction patterns, indicating that this 
component is amorphous.

The manganese oxide layer, composed of Mn and O, exhibits a 
porous and loosely packed structure (Fig. 3a), enveloping the core of the 
micronodule. This loose layer is likely formed by the initial precipitation 
of manganese oxides and is closely associated with the early growth 
process of the micronodule. TEM-EDS analysis (Fig. 5h) reveals a sig-
nificant decrease in Mn content from the edge to the core, suggesting 
that this distribution pattern may reflect the stepwise growth process of 
Fe-Mn micronodules. In HRTEM images, no distinct lattice fringes are 
observed; however, numerous nanoparticles ranging from 0.5 to 1 nm in 
size can be identified (Fig. 6i). SAED diffraction pattern analysis (Fig. 6j) 
does not exhibit any well-defined diffraction features, indicating that 

these nanoparticles are likely amorphous manganese oxides.
Lead iodide is primarily distributed at the edge of the micronodule, 

forming a dense laminated structure (Fig. 3). TEM-EDS imaging (Fig. 5) 
reveals that both iodine and lead are enriched in the dense laminated 
structure at the micronodule’s edge, while only minor amounts are 
present in other regions. This edge enrichment phenomenon, along with 
the low oxygen content, reflects the influence of localized chemical 
environments on the formation of the micronodule. Elemental compo-
sition analysis indicates that this phase contains 47.24 % iodine and 
38.63 % lead (Table 1; A. 3). HRTEM imaging shows distinct lattice 
fringes, indicating that this compound exhibits a high degree of crys-
tallinity. SAED patterns display well-defined single-crystal diffraction 
spots, further confirming its single-crystalline structure (Fig. 6l). Mea-
surements show that the lattice fringe spacing of this compound is 0.70 
nm, corresponding to the (001) plane of PbI2 (lead iodide), which is 
consistent with the known lattice parameters of PbI2. The formation of 
PbI2 likely reflects the co-precipitation characteristics of iodine and lead 
in the dense laminated structure at the micronodule’s edge under pro-
gressively reducing redox conditions.

3.3. Distribution of REEs in Fe-Mn micronodules

From the TEM-EDS images (Fig. 7), it is visually evident that the 
enrichment of REEs occurs simultaneously with the growth of the Fe-Mn 
micronodule. The Fe-Mn micronodule analyzed in this study contains 
REEs including La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb. 
The specific distribution of REEs within the micronodule is detailed in 
Fig. 7, as well as A. 4 and A. 5.

Among LREEs, La is primarily concentrated in the Ti-rich portion of 

Fig. 6. Interplanar spacing and selected area diffraction pattern of nanoparticles. (a, b) Fe-O. (c, d) Ti-O. (e, f) Mg-Al-O-Si. (g, h) Al-O-Si-K. (i, j) Mn-O. (k, l) Pb-I.
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the micronodule’s core and in the laminated structures at its edge 
(Fig. 7; similar to the distribution of Ce and Pr, as shown in A. 4). Sm is 
primarily enriched in the laminated structures at the edge of the 
micronodule, similar to Nd. Eu is mainly enriched in the loose layers at 
the edge of the micronodule, with a width of approximately 250 nm.

Among HREEs, Dy is predominantly concentrated in the Fe-rich 
portion of the micronodule’s core (Fig. 7; similar to Tb, as shown in A. 
5). Er is mainly distributed in the Fe-rich portion of the core, a loose 
layer and the laminated structures at the edge of the micronodule 
(similar to Tm). Gd is primarily distributed in the loose layers and the 
laminated structures at the edge of the micronodule. Ho is mainly 
located in the laminated structures at the edge of the micronodule, a 
distribution pattern similar to that of Yb.

4. Discussion

4.1. Nanoscale mineralogical characteristics of Fe-Mn micronodules

In the Western Pacific nodules, numerous nanomineral particles 
dominated by Fe and Mn play a critical role in nodule growth and 
evolution (Huang et al., 2022). Similarly, in micronodules, these nano-
particles also serve essential functions. To further characterize these 
particles, we conducted detailed mineralogical analyses using TEM-EDS.

Fig. 6a shows the presence of ferrihydrite, a low temperature, early 
sedimentary iron oxide nanomineral (Gebauer et al., 2014; Hein et al., 
2020), in micronodule #2. Ferrihydrite is typically formed through 
rapid biotic oxidation of Fe2+ or hydrolysis of Fe3+ (Wang et al., 2011). 
It is a poorly crystalline iron hydroxide with small particle size (Liu 
et al., 2006). In the current micronodule, the ferrihydrite exhibits its 
characteristic low crystallinity, which aligns with its typical mineral-
ogical properties. Titanium oxide nanoparticles are distributed on the 
side of the ferrihydrite (Fig. 6c), showing a laminated structure as 
depicted in Fig. 3a. Furthermore, the clay minerals within the micro-
nodule exhibit a mixed-layer phenomenon and demonstrate increased 
porosity, as illustrated in Fig. 3a. These findings are similar to previous 
results by Ju et al. (2016). Fig. 6e depicts montmorillonite within the 
clay minerals. Previous studies have shown that montmorillonite ex-
hibits a natural nanolayered structure (Wang, 2008) and belongs to 
nanominerals (Boeva et al., 2016), with fine grain size and low crys-
tallinity (Li and Wang, 2006). Consistent with previous findings, the 

montmorillonite in the micronodule analyzed in this study exhibits low 
crystallinity. Although clear lattice fringes are visible in the high- 
resolution images, the SAED pattern indicates a lack of long-range 
order, reaffirming its characteristic structural properties. In the 
composition of nodules, the manganese phase frequently exhibits a very 
small crystal size and a very low degree of crystallinity, which renders it 
nearly impossible to identify its complete crystal structure (Qian et al., 
2006). Similarly, the nano-scale manganese oxide particles within the 
micronodule examined in this paper also display an amorphous struc-
ture. Lead iodide is not commonly found in nature. Typically, re-
searchers synthesize lead iodide for applications such as the fabrication 
of perovskite solar cells and other electronic devices (Yang et al., 2015). 
The lead iodide structure commonly observed in these contexts is in the 
form of nanosheets (Shkir et al., 2018). However, the lead iodide par-
ticles discovered in this study occur naturally and exist in the nano-
particle form (Fig. 3a and k).

FIB-TEM analysis has confirmed that the minerals within the Fe-Mn 
micronodule in the Western Pacific occur predominantly in the form of 
nanoparticles. The primary constituents include ferrihydrite, montmo-
rillonite, and lead iodide (all confirmed minerals), along with a poorly 
crystalline titanium oxides (unmatched to any known mineral) and an 
amorphous manganese oxides; all components exhibit nanoscale di-
mensions (Fig. 6c, I and k, A. 6). This indicates that nanoparticles are 
ubiquitous in primary, non-diagenetic micronodules and further con-
firms that nanoparticles are an important form of element occurrence in 
micronodules (Shi et al., 1995; Zhang and Zhou, 2023). The high specific 
surface area and enhanced surface reactivity of these nanoparticles 
greatly favor the adsorption and enrichment of metals. Consequently, 
elucidating the nanoscale characteristics of these minerals is essential 
for designing efficient extraction or recovery methods for metal re-
sources from Fe-Mn micronodules.

4.2. Element correlation and enrichment characteristics of nano-scale Fe- 
Mn micronodules

The chemical composition of Fe-Mn nodules is influenced by three 
critical factors, as suggested in a previous study (Guan et al., 2019): (1) 
the formation of Fe mineral phases, (2) the formation of Mn mineral 
phases and (3) the contribution of diagenetic components. Based on 
elemental correlations, the mineralogical components of the Fe-Mn 

Fig. 7. TEM-EDS color mapping of REEs.
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micronodule analyzed in this study can be categorized into five groups: 
(1) ferrihydrite, (2) titanium oxides, (3) clay minerals, (4) manganese 
oxides and (5) lead iodine. The spatial distribution of elements in the Fe- 
Mn micronodules, as revealed through these analyses, demonstrates that 
many elements share similar enrichment patterns.

The REEs in seawater can be absorbed by Fe-Mn nodules through 
various pathways. Notably, due to electrical property differences, 
seawater elements are adsorbed onto nodule surfaces via electrostatic 
interactions. For example, δ-MnO2 with a strong negative charge pref-
erentially attracts positively charged ions/complexes, while FeOOH’s 
weak positive charge favors negatively charged species (Koschinsky and 
Hein, 2003; Jiang et al., 2011; Xu and Zhou, 2022). Additionally, certain 
components within the micronodules may undergo isomorphic substi-
tution with REEs present in seawater. La is mainly concentrated in the 
laminated structures at the edge of the micronodule associated with I 
and Pb, and in the Ti-rich core area, a distribution pattern similar to Ce 
and Pr (Fig. 7a and b, A. 4). As one of the most metallic REEs, La readily 
forms La3+ ions, which can be effectively adsorbed by I- on the micro-
nodule surface due to strong electrostatic attraction (Wang et al., 2021). 
The relatively loose structure of manganese oxides provides pathways 
for La3+ to migrate and subsequently be adsorbed by titanium oxides. 
When the system pH exceeds the point of zero charge (PZC, 6.3) of ti-
tanium oxides, these oxides enrich La3+ through electrostatic in-
teractions and induce the formation of surface precipitates (Fendorf and 
Fendorf, 1996). In the sedimentary environment studied here, the pH 
range is 7.0–7.66 (Lin et al., 2021), which satisfies this adsorption 
condition. Among the REEs, Ce is particularly notable due to its unique 
characteristics. In its trivalent state, Ce can be electrostatically attracted 
to I- due to differences in electronegativity. Under relatively oxidative 
conditions, Ce can be oxidized to a tetravalent state (0.87Å), enabling it 
to undergo isomorphic substitution with Ti4+ (0.68Å) in titanium oxides 
(An et al., 2017). Similarly, Pr in its trivalent state can interact with I- 

through electrostatic attraction. Under certain conditions, Pr can tran-
sition to a tetravalent state (0.90Å) and undergo isomorphic substitution 
with Ti4+. While Luo (2023) indicated that anatase primarily adsorbs 
elements such as La, Ce and Pr, this study demonstrates that the presence 
of La, Pr and Ce in titanium oxides is not solely due to adsorption; 
isomorphic substitution is also a significant mechanism for their incor-
poration. Sm is primarily distributed in the laminated structures at the 
edge of the micronodule, showing a correlation with the distribution of I 
and Pb, similar to Nd (Fig. 7c, A. 4). Due to differences in electronega-
tivity, Sm3+ can generate electrostatic attraction with I-. Additionally, 
under reducing conditions, Sm can readily form Sm2+ (1.11Å), which 
can undergo isomorphic substitution with Pb2+ (1.20Å) in lead iodide 
and can also interact with I- via electrostatic adsorption. Furthermore, 
Aliaga et al. (2023) highlighted a close relationship between Pb and Sm, 
suggesting that the formation of Pb-rich nanocrystals facilitates the 
enrichment of Sm. Similarly, Nd3+ easily undergoes electrostatic 
adsorption with I- and remains on its surface. Eu is predominantly 
distributed in the loose layers within the micronodules and shows a 
positive correlation with Mn (Fig. 7d). In seawater, Eu tends to form 
monocarbonate complexes [REECO3

+], which can bind to negatively 
charged manganese oxides through electrostatic interactions and be 
adsorbed onto their surfaces (Bau and Koschinsky, 2009; Ohta and 
Kawabe, 2001; Sheng et al., 2014).

Among HREEs, Dy and Tb within micronodule are mainly distributed 
in Fe-rich regions of micronodules and show a significant correlation 
with Fe (Fig. 7e). The ionic radii of Dy3+ (0.908 Å) and Tb3+ (0.923 Å) 
have a small difference from that of Fe3+ (0.645 Å), allowing their 
incorporation into the lattice of ferrihydrite through isomorphic sub-
stitution (Yang et al., 2021). In a marine setting, Er and Tm typically 
occur as bis-carbonate complexes [REE(CO3)2

- ], rendering them more 
easily bound by positively charged ferrihydrite (Fig. 7f, A. 5; Cantrell 
and Byrne, 1987). Once the redox environment shifts and oxygen 
availability declines, hydrous iron oxides may undergo partial reduction 
and dissolve, thereby releasing the previously adsorbed REE3+ (Haley 

et al., 2004). Owing to the negatively charged surfaces and flexible 
amorphous structures of manganese oxides, those released rare earth 
ions are subsequently adsorbed and enriched in Mn oxide phases. In 
addition, the positively charged Er3+ and Tm3+ can be attracted by I- 

through electrostatic forces. In reducing environments, Tm may be 
reduced to Tm2+ (ionic radius 0.94 Å), which can undergo isomorphous 
substitution with Pb2+. As for Gd, its distribution within the micro-
nodules is mainly concentrated in the outer portion (Fig. 7g). The bi-
carbonate complex of Gd [REE(CO3)2

- ] can interact with manganese 
oxides through surface complexation, indicating that the layered 
structure and high defect density of manganese oxides enrich hydroxyl 
ligands on their surfaces, which can replace carbonate ligands through 
ligand exchange reactions (Bau and Koschinsky, 2009). Meanwhile, the 
electronegativity contrast between Gd3+ and I- can give rise to electro-
static attraction, further influencing Gd’s spatial distribution in the 
micronodules. Ho and Yb share a similar distribution pattern to Sm, 
being primarily concentrated in the laminated structures at the edge of 
the micronodule and strongly correlated with I and Pb (Fig. 7h, A. 5). 
Ho3+ can undergo electrostatic attraction with I-, highlighting the 
importance of I- in Ho enrichment. In reducing environments, Yb can 
exist in the Yb2+ state (0.93 Å), allowing it to substitute for Pb2+ through 
isomorphic substitution and adsorb onto I- through electrostatic attrac-
tion. The co-distribution of Yb and Ho in laminated structures indicates 
that both substitution and adsorption mechanisms play complementary 
roles in their enrichment.

In addition, surface scanning clearly revealed a strong correlation 
among Al, Mg, Si and K within the nodules. Higher Mg concentrations 
were observed in regions with better crystallinity, a phenomenon that 
can be explained by the promoting effect of Mg on layered silicates 
(particularly montmorillonite; Harder, 1972). HRTEM analysis further 
indicates that these elements are enriched in the lamellar structures 
surrounding the core of the micronodule. Clay minerals, which pri-
marily consist of layered silicates, are characterized by silicon and ox-
ygen forming silicate tetrahedra, with aluminum ions occupying 
interlayer positions. This structure renders clay minerals highly sus-
ceptible to substitution reactions (Zou et al., 2018). For instance, trace 
amounts of Fe and Mn in the micronodules can replace Al and Mg in clay 
minerals through isomorphic substitution, thereby incorporating these 
elements into aluminosilicate minerals (Dai et al., 2018; Jia and Qian, 
2020; Wang, 2023). Such substitution reactions are common in clay 
minerals and represent a key mechanism for their enrichment of other 
elements. Furthermore, the negatively charged surfaces of clay mineral 
crystals facilitate the electrostatic adsorption of cations such as K+ and 
Mg2+ (Li et al., 2022; Zou et al., 2018).

The mechanism of iron-manganese oxides enrichment in REE is 
primarily attributed to adsorption (Yasukawa et al., 2020). Additionally, 
analysis results indicate that isomorphic substitution is also an impor-
tant mechanism contributing to the enrichment of these elements in Fe- 
Mn micronodules. Early studies have shown that Fe and Mn oxides can 
capture REEs, with a significantly higher capture efficiency for LREEs 
than for HREEs (Byrne and Kim, 1990; Koeppenkastrop and De Carlo, 
1992; Ohta and Kawabe, 2001). Further research suggests that LREEs in 
seawater tend to be adsorbed by Mn oxides, while HREEs are more likely 
to associate with Fe (oxyhydr) oxides (Bau and Koschinsky, 2009; Ohta 
and Kawabe, 2001). This may be because iron (hydr)oxides have a high 
specific surface area and surface charge, preferentially adsorbing HREEs 
with smaller ionic radii through electrostatic interactions. In contrast, 
LREEs, with relatively larger ionic radii, are more likely to be adsorbed 
into the interlayer of Mn oxides via cation exchange with interlayer 
cations (Zhang et al., 2023b). However, the findings of this study reveal 
some subtle differences. While both Fe (oxyhydr) oxides and Mn oxides 
are associated with REE enrichment, Fe (oxyhydr) oxides show no sig-
nificant role in the enrichment of LREEs but exhibit strong positive 
correlations with HREEs such as Dy, Tb, Er and Tm. In contrast, Mn 
oxides play a critical role in the accumulation of specific LREE, such as 
Eu, as well as HREEs, including Er, Tm and Gd. Moreover, Ren et al. 
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(2019) suggested that vernadite and Fe mineral phases are closely 
associated with REY enrichment. Guan et al. (2019) noted that the 
concentrations of Fe, Co, Pb, Ca, Ti, Rb, Sr and REEs are influenced by Fe 
mineral phases, whereas Mn mineral phases primarily affect the con-
tents of Fe, Si, Ti, Ca, Pb and REEs. Based on a synthesis of previous 
research findings and the conclusions of this study, we propose that Fe, 
Mn, Ti, clay minerals, I and Pb collectively serve as key factors driving 
the enrichment of other elements in marine environments. Titanium 
oxides play a key role in the enrichment of Ce and Pr in micronodules, 
while Pb-I influences the enrichment of La, Ce, Pr, Nd, Sm, Gd, Ho, Er, 
Tm and Yb primarily through electrostatic adsorption and isomorphous 
substitution.

The microgrowth layers of Fe-Mn micronodules exhibit significantly 
different chemical compositions, reflecting the enrichment characteris-
tics of elements associated with Fe and Mn minerals (Glasby, 2006). 
These variations in chemical composition may be closely related to 
deep-sea depositional processes (Wegorzewski and Kuhn, 2014). Addi-
tionally, post-depositional diagenesis in deep-sea sediments can alter the 
chemical composition of Fe-Mn micronodules, leading to the redistri-
bution or mineralization of manganese (Guan et al., 2019). Notably, due 
to possible phase transformations of Fe-Mn minerals, previously adsor-
bed REEs may undergo desorption and redistribution, thereby further 
increasing the actual contribution of Fe-Mn oxides to elemental 
enrichment (Liao et al., 2019). Together, these findings clarify which 
mineral phases act as principal hosts for various REEs in micronodules, 
thereby providing a fundamental basis for future efforts to quantify REE 
reserves in marine nodules and to evaluate their resource potential and 
extractability.

4.3. Early growth process of Fe-Mn micronodules

The formation of Fe-Mn nodules is a continuous process involving 
complex transformations of material phases (Guan et al., 2019). Previ-
ous studies have shown that plagioclase grains, fresh/altered basalts, 
shark teeth and fish teeth commonly serve as nucleation materials for 
nodules (Hein et al., 2015; Sensarma et al., 2021). Experimental results 
from Dou et al. (2012) indicate that when the solution pH exceeds 5.0, 
Fe2+ is rapidly oxidized. As the pH further increases, Fe3+ undergoes 

hydrolysis and progressively polymerizes, leading to the formation of 
amorphous ferric oxyhydroxides and crystalline compounds. According 
to Hein et al. (2013), iron in nodules can exist in the form of goethite 
(α-FeOOH) or lepidocrocite (γ-FeOOH), as well as in an amorphous state 
dispersed within manganese oxides or in minor amounts as detrital 
minerals. This study reveals that the core of the observed micronodule is 
primarily composed of iron minerals, specifically identified as ferrihy-
drite, with small amounts of iron distributed within the manganese 
mineral phases (Fig. 8). Following the formation of ferrihydrite, tita-
nium oxides and clay minerals were observed to aggregate on its surface, 
which is presumed to be related to the strong adsorption capacity of 
ferrihydrite. The PZC of pure ferrihydrite is approximately 8.0 
(Schwertmann and Fechter, 1982). When the environmental pH is 
slightly below this value, the ferrihydrite surface becomes partially 
positively charged, facilitating the adsorption of negatively charged clay 
particles. Notably, the pH in this study area (7.0–7.66) falls within this 
range. Additionally, the presence of Si on the ferrihydrite surface can 
reduce its PZC to approximately 5.3–7.0 (Carlson et al., 1981; 
Schwertmann and Fechter, 1982), making ferrihydrite more negatively 
charged under slightly alkaline conditions, thereby promoting the 
adsorption of titanium ions from seawater. As the surface concentration 
of titanium ions gradually increases and reaches local supersaturation, 
they may crystallize into titanium oxides, further altering the mineral 
composition of the core. In terms of redox conditions, the formation of 
iron minerals generally requires a more oxidizing environment 
compared to manganese (Guan et al., 2019). As a result, iron tends to 
precipitate first in environments with relatively high oxidizing condi-
tions, while manganese continues to accumulate in seabed environments 
with lower oxidation levels (Guan et al., 2019). As Fe-Mn nodules grow 
in stratified layers, the iron-manganese oxides or detrital minerals 
enriched in different layers reflect the spatiotemporal fluctuations in 
redox potential within the depositional environment (Sensarma et al., 
2021). This study hypothesizes that the core of these micronodules 
originated in a relatively oxidizing environment and was subsequently 
transported to the West Philippine Basin under the influence of LCDW. 
The combination of a low sedimentation rate and an oxidizing bottom- 
water environment provides favorable conditions for the formation 
and growth of Fe-Mn nodules (Cheng et al., 2023). Furthermore, the 

Fig. 8. Schematic diagram of the early formation process of Fe-Mn micronodules.
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presence of Fe and Mn lowers the pH at which REEs begin to hydrolyze, 
making them more likely to precipitate and enrich (Wang et al., 1984).

In deep-sea Fe-Mn micronodules, the clay phase typically consists of 
montmorillonite and fine-grained quartz (Du and Lv, 2003). In this 
study, montmorillonite was detected in the clay mineral regions of the 
micronodule. Due to the small crystal size and low crystallinity of the 
clay minerals in this region, it was difficult to clearly identify other 
crystalline phases apart from montmorillonite. However, as shown in 
Fig. 6g, most of these clay minerals exist as nanoparticles of approxi-
mately ~2 nm in size. Fe-Mn nodules in the Pacific Ocean predomi-
nantly form in deep-sea clay or siliceous clay environments (Bao, 1991). 
Once the core of the micronodule is initially formed, large amounts of 
clay minerals can further facilitate the growth of the micronodule. 
Additionally, clay minerals carry a negative charge on their surfaces, 
enabling them to continuously adsorb metal ions such as Pb2+ and Mn2+

from the surrounding environment. In deep-sea reducing environments, 
manganese primarily exists in its lower oxidation state (Mn2+), making 
it highly mobile. When Mn2+ interacts with dissolved oxygen supplied 
from the upper ocean, oxidation reactions occur, gradually forming 
concentric ring-like structures around a core and simultaneously pro-
moting the hydrolysis of REEs (Wang et al., 1984). Meanwhile, Tebo 
et al. (2005) noted that manganese-oxidizing bacteria (MnOB) in 
seawater and deep-sea sediments can further oxidize Mn2+ within the 
nodules to Mn3+ or Mn4+. Common manganese mineral phases in Fe-Mn 
nodules include vernadite, buserite, todorokite and birnessite (Post, 
1999; Usui and Someya, 1997; Xu et al., 2024a). From the EDS scanning 
map (Fig. 4), it can be seen that manganese oxides surround the clay 
minerals, indicating that manganese enrichment or ‘adsorption’ likely 
occurred at a later stage. Under high-resolution imaging (Fig. 6i), it is 
observed that these manganese oxide grains are approximately 2 nm in 
size and exhibit poor crystallinity. Similarly, todorokite and birnessite in 
nature often display characteristics of low crystallinity and small par-
ticle size, making their crystal structures challenging to observe.

A layer of lead iodide is observed at the edge of the Fe-Mn micro-
nodule. In polymetallic nodules, Pb is primarily derived from deep-sea 
precipitation processes. Due to the unique structure and surface 
charge of manganese oxides, they exhibit a strong adsorption capacity 
for Pb2+ in the environment (Lopes da Costa et al., 2024). Additionally, 
the surfaces of clay minerals contain numerous active sites capable of 
stably adsorbing metal ions. In alkaline environments, clay minerals 
become negatively charged due to the ionization of H+, thereby 
enhancing their ability to capture Pb2+ and other cations (Pei et al., 
2022; Zhang, 2012). When the local concentration of Pb2+ in seawater 
increases, Pb2+ preferentially binds to these negatively charged sites, 
forming stable ionic bonds or inner-sphere complexes, which explains 
the adsorption of Pb2+ onto clay minerals observed in this study. A study 
by Zhong et al. (2017) on nodules indicated that Pb is primarily asso-
ciated with Fe-Mn oxide phases. However, the analysis of Fe-Mn 
micronodules in this study reveals a weaker correlation between Pb 
and iron, suggesting that Pb is more likely to be associated with clay 
minerals and manganese oxides. In seawater, iodine primarily exists in 
the forms of iodate (IO3

- ), iodide (I-) and elemental iodine (I2), with 
iodate (+5 oxidation state) being the most abundant and stable form 
(Gong and Zhang, 2013). In oxygen-rich alkaline seawater, iodine in the 
+ 5 oxidation state is relatively stable, whereas iodine in the − 1 
oxidation state exists in a metastable form (Cook et al., 2000; Luther, 
2023). However, as the redox potential of manganese is higher than that 
of iron (Guan et al., 2019), this suggests that the later-stage formation of 
micronodule occurs in relatively low-oxygen conditions, where iodine 
predominantly exists in the − 1 oxidation state. Additionally, iodine in 
the + 5 oxidation state can be biologically transformed into the − 1 
oxidation state (Luther, 2023). During the formation of micronodules, 
iodine in seawater interacts with the constituents of the micronodules 
and can be adsorbed or incorporated into their matrices. In this study, a 
dense and highly crystalline Pb-I layer was observed on the surface of 
clay minerals. The proposed formation mechanism involves the initial 

adsorption of Pb2+ by the clay minerals, followed by the adsorption of 
iodate/iodide ions onto the surface at edge variable charge sites or 
induced by changes in the local microenvironment. This process ulti-
mately leads to the in-situ crystallization of Pb-I compounds (lead io-
dide) in localized regions. Typically, the direct adsorption capability of 
clay minerals for anions is relatively weak due to the predominantly 
negative charge of their layers. However, under neutral or weakly 
acidic/alkaline conditions, the hydroxyl groups at the edges of clay 
minerals can become positively charged, enabling electrostatic or 
complexation adsorption of anions such as I- and IO3

- . Furthermore, 
literature indicates that certain layered silicate clays do exhibit variable 
charges (Singh et al., 2014), which supports the possibility of Pb and I 
enrichment and crystallization on the surfaces or within the pores of clay 
minerals.

The growth mechanism of Fe-Mn nodules is a complex process. The 
active sites on the nodules surface can adsorb ions from solution, and 
dissolved substances in seawater may precipitate onto the nodules sur-
face to form solid particles (Li et al., 2024). Additionally, the growth of 
nodules may involve redox reactions and interactions with other sub-
stances. As shown in Fig. 3a, the lead iodide particles attached to the 
edge of the micronodule surface highlight the range of interaction 
mechanisms that could be involved in the growth of Fe-Mn nodules. The 
attachment of lead iodide particles not only demonstrates the adsorption 
capacity of the micronodule surface but also indicates the potential of 
nodules to adsorb and fix other substances from seawater. This obser-
vation provides valuable insights for further exploration of the forma-
tion mechanisms of Fe-Mn micronodules.

5. Conclusions

This study systematically analyzed the internal structure and 
elemental distribution of Fe-Mn micronodules (early-stage formations) 
in the deep-sea environment of the Western Pacific. The results reveal 
that the micronodules exhibit multi-layered growth textures, including 
dense layers, lamellar structures and porous loose layers. The core of the 
micronodule is primarily composed of a dense laminated structure rich 
in Fe and Ti, surrounded by lamellar clay minerals. The outer layer 
consists of loose layers of manganese oxides, while the edge of the 
micronodule feature dense layers enriched in iodine and lead. Overall, 
the distribution of Fe and Mn shows a clear negative correlation. In 
terms of elemental enrichment, ferrihydrite exhibits a strong correlation 
with HREEs (e.g., Dy, Tb, Er, Tm), while manganese oxides play a sig-
nificant role in the enrichment of specific LREE (e.g., Eu) and certain 
HREEs (e.g., Er, Tm, Gd). Additionally, Ti, clay minerals and locally 
enriched I and Pb collectively contribute to the synergistic enrichment of 
various elements at the microscale, such as Tm, Er, Gd, Yb, Ho, Ce, Pr, 
La, Nd, Sm, K and Mg. The study demonstrates that the constituents 
within the micronodule, including ferrihydrite, montmorillonite, tita-
nium oxides, manganese oxides and lead iodide, all exist in the form of 
nanoparticles. The high specific surface area and surface activity of these 
nanoparticles facilitate the selective enrichment of key metals. These 
findings indicate that the heterogeneous distribution of microstructure 
and composition reflects the dynamic changes in redox conditions dur-
ing sedimentation, underscoring the critical role of nanoparticles in 
element occurrence and enrichment. Through this study, we not only 
identified the primary mineral components within the micronodule (e. 
g., ferrihydrite and montmorillonite) but also uncovered the complex 
interactions between minerals and compounds at the nanoscale, 
providing new insights into the genesis and evolution of deep-sea Fe-Mn 
micronodules and the mechanisms of rare earth element enrichment.
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