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Manganese (Mn) nodules are deep-sea mineral resources that contain critical

elements for modern industries, such as nickel (Ni), cobalt (Co), and copper (Cu).

As a result, extensive global research has been conducted on the exploration and

formation mechanisms of Mn nodules. However, studies investigating the

correlation between manganate minerals and critical elements, as well as the

deep-sea environment represented by these mineral phases, have been limited.

Here, we show the significance of phase transformations in manganate minerals

within Mn nodules, in relation to deep-sea formation environments and the

geochemical behavior of Ni, Co, and Cu, using basic statistical analysis, machine

learning, and hydrothermal experiments. The statistical analysis and machine

learning models revealed that the trace amounts of Ni, Co, and Cu exhibit a

positive correlation with vernadite, a dominant manganate mineral in Mn

nodules. Additionally, hydrothermal experiments demonstrated that under

suboxic conditions at temperatures between 120°C and 150°C, Mn nodules

undergo mineral phase transformations, forming various minerals, including

todorokite, Mn ferrite, fluorapatite, hematite, and goethite. During these

transformations, Ni, Co, and Cu were incorporated into the mineral structures

of todorokite, fluorapatite, and Mn ferrite, respectively. Therefore, the mineral

phases within Mn nodules serve as key indicators not only for understanding their

formation environment but also for tracking changes in the geochemical

behavior of Ni, Co, and Cu. Furthermore, our methodological approach

demonstrates to many researchers how correlations between materials can be

validated and utilized using statistical analysis and machine learning techniques.
KEYWORDS

manganese nodules, mineral phases, deep-sea environment, metal ions, geochemistry,
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GRAPHICAL ABSTRACT
Introduction

Manganese (Mn) nodules predominantly consist of iron (Fe)-

rich Mn oxides and are found in deep-sea environments. These Mn

nodules are known to contain significant mineral resources of

economic value, including nickel (Ni), cobalt (Co), and copper

(Cu) (Jung et al., 2023). They are primarily used in the production

of secondary batteries and electronic devices, such as those in

electric vehicles (Calvo and Valero, 2022). Recently, the demand

for these minerals has increased due to the growth of the eco-

friendly renewable energy industry, which aims to mitigate global

warming (Calvo and Valero, 2022). As a result, many countries are

actively engaging in the exploration and formation mechanisms of

deep-sea Mn nodules.

Many previous studies have investigated the physicochemical

properties of Mn nodules, such as morphology, structure, mineral

phases, and chemical composition, primarily using instruments like

X-ray diffraction (XRD), scanning electron microscopy (SEM),

inductively coupled plasma mass spectrometry (ICP-MS), and

electron probe microanalysis (EPMA) (González et al., 2016;

Heller et al., 2018; Wu et al., 2019). In terms of their structural

characteristics, Mn oxides in Mn nodules primarily exist as MnO6

octahedra, which share edges and corners with various structural

variants. These oxides exhibit a coexistence of Mn3+ and Mn4+

(Post, 1999; Wu et al., 2019; Wegorzewski et al., 2020).

Representative manganate minerals in Mn nodules, composed of

these oxides, include vernadite, birnessite, buserite, and todorokite

(Atkins et al., 2014; Vereshchagin et al., 2019; Namgung et al., 2020;

Wegorzewski et al., 2020; Jung et al., 2023). Mineralogically,
Frontiers in Marine Science 02
vernadite is a turbostratic phyllomanganate (d-MnO2), known as

7 Å and 10 Å vernadite, as well as Fe-vernadite, which dominantly

forms in diagenetic and hydrogenetic environments, respectively

(Wegorzewski et al., 2020). Birnessite, the primary manganate

mineral phase in deep-sea sediments under hydrogenetic

environments, consists of layers of MnO6 octahedra (Atkins et al.,

2014). Its interlayer contains a single layer of water molecules,

resulting in a basal d-spacing of 7 Å, where cations such as Na+ and

K+ are present. Similarly, buserite, another phyllomanganate

mineral, consists of layers of MnO6 octahedra but differs in that

its interlayer contains a double layer of water molecules with Mg2+

cations, resulting in a basal d-spacing of 10 Å (Atkins et al., 2014;

Jung et al., 2023). Todorokite, which forms in diagenetic

environments, consists of edge-sharing MnO6 octahedra and is

classified as a tectomanganate mineral with a tunnel structure

measuring approximately 10 Å × 10 Å (Atkins et al., 2014;

Wegorzewski et al., 2015, 2020). The tunnels of todorokite are

generally occupied by hydrated Mg2+ cations and other divalent

cations (e.g., Ba2+) (Xu et al., 2010). Among these manganate

minerals, todorokite has received significant attention due to its

role in the geochemical behavior of heavy metals such as Ni, Co, and

Cu. Heavy metals adsorbed during the early and late stages of

phyllomanganate mineral formation are either incorporated into

the mineral structure or exist as outer-sphere complexes within the

tunnels during their transformation to todorokite (Heller et al.,

2018; Wegorzewski et al., 2020). More precisely, Ni and Cu initially

adsorb onto the surfaces of phyllomanganate minerals but gradually

become incorporated into the Mn–O octahedra of the mineral

structure over time (Peacock, 2009; Peña et al., 2010; Sherman and
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Peacock, 2010; Atkins et al., 2014). In contrast, Co primarily exists

as hydrated Co2+ ions in seawater and as Co3+ ions in crusts. When

Co2+ ions adsorb onto the surface of phyllomanganate minerals, Mn

oxides facilitate their oxidation to Co3+, after which they are

incorporated into the Mn–O octahedra through isomorphic

substitution (Wu et al., 2019; Yang et al., 2024), as the ionic

radius of Co3+ (0.054 nm) closely matches that of Mn4+ (0.053 nm).

Geochemically, Mn nodules formed in hydrogenetic

environments (ambient seawater, oxic conditions) exhibit low

Mn/Fe ratios (<4) as well as low concentrations of Ni and Cu, but

high concentrations of Fe and Co (Kuhn et al., 2017b; Wegorzewski

et al., 2020; Jung et al., 2023). The representative manganate

minerals in these nodules are turbostratic phyllomanganate

minerals (d-MnO2), such as vernadite and birnessite, along with

an amorphous d-FeOOH phase (Hein et al., 2013). Conversely, Mn

nodules formed in diagenetic environments (porewater in

sediments, suboxic conditions) are characterized by high Mn/Fe

ratios (>4) and elevated concentrations of Ni and Cu, but lower

concentrations of Fe and Co compared to those in hydrogenetic

environments (Kuhn et al., 2017b; Wegorzewski et al., 2020; Jung

et al., 2023). These diagenetic Mn nodules predominantly contain

todorokite, which forms through the mineral phase transformation

of phyllomanganate minerals. This suggests that the geochemical

behavior of heavy metals is closely linked to manganate mineral

phases. Although previous studies have explored the relationship

between heavy metals and manganate minerals (Atkins et al., 2014;

Wu et al., 2019; Wegorzewski et al., 2020), most have focused

exclusively on todorokite. Furthermore, while many studies have

examined the formation environments and chemical composition

distributions of Mn nodules in deep-sea sediments (Manceau et al.,

2014; Wegorzewski et al., 2015; Kuhn et al., 2017b; Vereshchagin

et al., 2019; Zawadzki et al., 2022; Huang et al., 2023; Yang et al.,

2024), research specifically addressing mineral phase transitions,

the associated geochemical behavior of heavy metals, and the

inference of deep-sea environmental conditions remains

insufficient, particularly in experimental studies using actual

Mn nodules.

Our previous study (Jung et al., 2023) also investigated the

physicochemical properties of Mn nodules from both the eastern

and western Pacific Oceans to classify their formation environments—

such as hydrogenetic and diagenetic—and to identify the distribution

of corresponding mineral phases. In particular, stacked synchrotron

X-ray diffraction data were utilized to precisely characterize the

mineral phases within the Mn nodules. The acquired data were then

used to determine their specific mineral compositions and quantitative

abundances. However, we were unable to explain the geochemical

behavior of heavy metals in relation to mineral phases within Mn

nodules under deep-sea environmental conditions, mainly due to the

limited number of samples, which prevented us from obtaining

sufficient data.

Consequently, the specific deep-sea environmental conditions

under which certain manganate minerals form, as well as the

geochemical behavior of associated heavy metals, remain poorly

understood. We hypothesized that heavy metals, such as Ni, Co,

and Cu, would exhibit changes in their geochemical behavior during
Frontiers in Marine Science 03
mineral phase transformations from initial manganate minerals to

other phases, depending on variations in deep-sea environmental

conditions. Therefore, this study aims to investigate the correlations

between manganate mineral phases and their chemical compositions,

particularly the distribution of heavy metals and the environmental

conditions associated with mineral formation, using additional Mn

nodules collected from the deep sea. Methodologically, to examine the

correlations between various elements, including heavy metals, and

manganate minerals, we employed basic statistical analysis methods.

Conventional 2D (X–Y) and ternary plot diagrams are useful for

intuitive data visualization and for identifying simple relationships.

However, these diagrams cannot account for additional variables and

are difficult to use for quantification or prediction using mathematical

models. In contrast, statistical analysis enables the identification of

complex and quantitative relationships between multiple chemical

compositions and mineral phases within Mn nodules, based on

statistical significance (e.g., the reliability of the results).

Additionally, the correlations between heavy metals and mineral

phases are cross-validated using machine learning algorithms.

While statistical analysis clarifies the significance and correlations

among individual variables (e.g., chemical compositions and mineral

phases), machine learning can capture more complex, nonlinear

relationships by learning from the variables identified as significant

in the statistical analysis. This allows for the discovery of hidden

patterns and interactions among multiple variables that may not be

evident through conventional statistical methods and facilitates the

construction of predictive models. In other words, the successful

construction of a predictive model implies that strong correlations

exist among the variables. Therefore, we employ machine learning as

a complementary tool to validate the correlations between heavy

metals and mineral phases within Mn nodules. Finally, we will clarify

the geochemical behavior of heavy metals associated with manganate

mineral phases through experiments designed to simulate deep-sea

environmental conditions.
Materials and methods

Materials

The Magellan Seamounts, the study area, are located to the east

of the Mariana Trench in the western Pacific Ocean (Figure 1).

These seamounts form a discontinuous chain of guyots that were

created by large-scale submarine volcanic activity during the

Cretaceous period (approximately 120–80 Ma) (Staudigel et al.,

1991; Koppers et al., 1998; Yang et al., 2024). They are mainly

composed of tholeiitic or alkaline basaltic rocks, and are capped by

sediments consisting primarily of volcaniclastics and carbonate

rocks. The oxygen minimum zone (OMZ), where dissolved Mn

and associated metals are released, occurs at depths of

approximately 800–900 m (Glasby et al., 2007). In addition,

episodes of phosphogenesis reportedly occurred around 34 Ma,

24 Ma, and 15 Ma, during which foraminiferal and nanofossil

sediments were replaced by carbonate fluorapatite (CFA) (Hein

et al., 2000; Glasby et al., 2007; Li et al., 2023).
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Mn nodules used in this study were collected from Korean

Cluster-2 (KC-2, n = 14, depth: 1219 m), Korean Cluster-8 (KC-8,

n = 17, depth: 1235 m), and Open Seamount (OSMxx, n = 13,

depth: 1597 m), which are part of the Magellan Seamounts, using an

epibenthic sledge (Figure 1). The sampling was conducted during

the 2021 R/V Isabu Expedition by the Korea Institute of Ocean

Science and Technology (KIOST). The Mn nodule samples were

first cut in half using a handheld mini saw, and the cross-sections

were examined. Upon examining the cross-section of the collected

Mn nodules, the core or rim can reveal the presence of marine

sediments (Supplementary Figure S1). For this study, the darker

regions—primarily composed of manganate minerals—were

selected, as the research aimed to investigate the correlation

between chemical composition, including heavy metals, and

manganate mineral phases, as well as to interpret deep-sea

environmental conditions through these phases. Even within the

dark regions of the nodules, subtle color differences (e.g., dark

brown and black) were observed discontinuously. These areas were

sampled using a micro-drill and used as the research material. Of

course, the growth structure (from core to rim) of Mn nodules is

important for understanding their growth history and the

environmental conditions during formation. However, since our

focus was on the distribution patterns of heavy metals associated

with manganate mineral phases as indicators of deep-sea

environmental changes, selective sampling was conducted in

visually distinguishable areas. Additionally, Mn nodules typically

grow around nuclei such as sediments or fish bone fragments

(Wegorzewski et al., 2020). However, unless these materials are

significantly aggregated and visible to the naked eye, it is difficult to

detect them due to their fine size. As mentioned above, the study

area has undergone multiple episodes of phosphatization, so
Frontiers in Marine Science 04
phosphate minerals may occur within the Mn nodules even if

they are not derived from sedimentary or fish bone fragment

nuclei. Therefore, we recognized that even when selectively

sampling the dark, manganate-rich portions, minerals such as

quartz, feldspar, or phosphate—originating from sedimentary

sources or phosphatization—may still be present. As a result, a

total of 403 manganate samples (84 from KC-2, 187 from KC-8, and

132 from OSMxx) were obtained and subsequently pulverized using

an agate mortar.
Mineral identification and chemical
compositions

The mineral phase and structure of all samples were confirmed

by XRD (MiniFlex 600, Rigaku) using CuKa radiation at 40 kV and

15 mA, with a scan speed of 0.5°/min, and a 2q step size of 0.01°.

Mineral qualitative and quantitative analyses, including peak

information—full width at half maximum (FWHM) and area—

were conducted using SmartLab Studio II software (Rigaku). All

samples were analyzed twice after drying at 90°C for 12 h to

distinguish between todorokite and buserite (Jung et al., 2023). At

this temperature, 10 Å phyllomanganate minerals such as buserite

lose interlayer water, causing the interlayer d-spacing to collapse

from 10 Å to ~7 Å, whereas the 10 Å peak of todorokite remains

unchanged (Wegorzewski et al., 2020; Jung et al., 2023). To

distinguish todorokite, it is necessary to additionally consider

manganate minerals referred to as thermally stable buserite II

(Uspenskaya et al., 1987), which also exhibit a 10 Å (9.6–9.7 Å)

Bragg reflection even after heating. However, todorokite shows a

peak of ≥ 9.7 Å after heating (Bish and Post, 1989) and a
FIGURE 1

Sampling locations of ferromanganese nodules (KC-2, KC-8, and OSMxx) from the Magellan Seamount in the Western Pacific Ocean.
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characteristic high-angle Bragg reflection at approximately 2.40 Å

(compared to 2.45 Å for vernadite) (Wegorzewski et al., 2015). In

this study, however, the quantitative estimation of todorokite was

based on the ~10 Å reflection rather than the 2.40 Å peak. The

morphology and chemical composition were determined in

triplicate using scanning electron microscopy (SEM, SUPRA25,

ZEISS) with energy-dispersive spectroscopy (EDS), calibrated by

standard materials fromMicro-Analysis Consultants Ltd (MAC), at

an accelerating voltage ranging from 10 to 20 kV. For bulk chemical

composition analysis, an accelerating voltage of 20 kV was used.

When analyzing fine particles, the accelerating voltage was reduced

to 10–15 kV to minimize potential compositional interference from

adjacent particles resulting from EDS beam penetration. The

average values were obtained and utilized.
Statistical analyses and machine learning
algorithm

Prior to the statistical analyses, outliers were detected and

removed from the data using the Moving Median method with a

threshold factor of 3. Based on the chemical compositions and

manganate mineral contents, the ANOVA method was used to

evaluate whether there was a statistically significant difference

between two or more independent groups (Xiao et al., 2012; Jung

et al., 2024). Tukey’s honestly significant difference (HSD) test was

performed to identify specific group differences, with a p-value of ≤

0.05 considered statistically significant. Linear correlations between

the variables were assessed using Pearson’s correlation analysis, and

hierarchical clustering was applied to examine data similarity. The p-

value of ≤ 0.05 was also used as the significance threshold. All

statistical analyses were conducted using the XLSTAT add-

in software.

Random Forest is a machine learning algorithm that enhances

predictive performance by combining multiple decision trees. As an

ensemble learning method, it offers high predictive accuracy and the

advantage of handling diverse data in parallel (Breiman, 2001;

Cutler et al., 2007). For this reason, Random Forest has also been

used to develop predictive models for exploration and development

in Mn nodule-related studies (Gazis et al., 2018; Gazis and Greinert,

2021; Josso et al., 2023). However, this study applied Random Forest

to examine the correlation between manganate minerals and their

chemical compositions alongside statistical analyses, rather than to

develop a predictive model. In other words, the high performance of

a predictive model using Random Forest indicates a strong

correlation among the target factors.

To train the Random Forest model to learn the chemical

composition and XRD pattern information—such as mineral

contents, full width at half maximum (FWHM), and the area of the

main peak for manganate minerals—all 403 datasets of manganate

minerals were standardized to account for differences in the units of

chemical composition and XRD pattern information. Outliers were

replaced using spline interpolation. Random Forest training was

conducted using Python-based Spyder software. The Python code for
Frontiers in Marine Science 05
performing Random Forest utilized ‘RandomForestRegressor,’ with

70% of the data used for training, 15% for validation, and 15% for

testing. The predictive performance of the model was evaluated using

mean squared error (MSE) and R2, along with a regression graph.
Hydrothermal experiments on mineral
phase transformation

Hydrothermal experiments were conducted to investigate the

transformation of manganate minerals and the geochemical behavior

of heavy metals under deep-sea environmental conditions (oxic and

suboxic) using hydrothermal autoclave reactors. The Ni, Co, and Cu

contents in all samples were below 2% (Supplementary Table S1). To

more clearly examine their behavior duringmanganate mineral phase

transformation, samples with higher concentrations were selected for

the experiments.

Under oxic conditions, 0.2 g of each selected sample was mixed

with 20 mL of distilled (DI) water, adjusted to pH 3, 7, and 12, in a

Teflon beaker [ratio of the sample (g) to DI water (mL) = 1:100].

The mixture was then heated at 150°C for 72 hours. Afterward, it

was naturally cooled to room temperature, followed by

centrifugation (3500 rpm, 30 min). Finally, the sample was dried

at 50°C and collected.

For the suboxic condition experiments, sample preparation was

carried out inside a nitrogen-filled glove box. A 0.2 g sample was

placed into a 25 mL Teflon bottle designed for hydrothermal

autoclave reactors and mixed with 20 mL DI water adjusted to pH

3, 7, and 12. The Teflon bottle containing the mixture was then placed

into the hydrothermal autoclave reactor, and the main body and lid

were tightly sealed to prevent leakage. Afterward, a furnace heated the

reactor at 150°C for 72 hours. Following natural cooling to room

temperature, the sample was recovered using centrifugation (3500

rpm, 30 min), then dried at 50°C and collected. Finally, the

experiments on manganate mineral phase transformation under

specific pH conditions (e.g., seawater) with varying temperatures

were conducted using the same sample preparation and procedure as

in the suboxic conditions. The pH of DI water was adjusted using

hydrochloric acid (HCl, 37%, Sigma-Aldrich) and sodium hydroxide

(NaOH, 98%, Sigma-Aldrich). The workflow of this study, including

the methodology, is presented in Figure 2.
Results and analysis

Mineralogy, morphology, and chemistry of
Mn nodules

Representative XRD patterns of samples from different seamount

locations among the 403 analyzed samples are shown in Figure 3. In

the case of todorokite, the ~10 Å peak was weak and vernadite was

dominant, making it difficult to observe the characteristic 2.40 Å peak

of todorokite. However, the Bragg peaks observed after heat

treatment are mostly confirmed to be 9.9–10 Å (Figure 3). SEM
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analysis also confirmed the presence of an elongated fibrous structure

(Supplementary Figure S2). Therefore, the 10 Å peak observed after

heating can be attributed to the Bragg peak of todorokite rather than

thermally stable buserite II. The mineral phases of Mn nodules from

KC-2 included vernadite, quartz, apatite, plagioclase, todorokite, and

buserite (Figure 3A). KC-8 Mn nodules contained vernadite, quartz,

plagioclase, apatite, goethite, todorokite, and buserite (Figure 3B).

OSMxx Mn nodules exhibited vernadite, quartz, apatite, todorokite,

goethite, and plagioclase (Figure 3C). The manganate minerals

commonly identified in all three locations were vernadite and

todorokite, while buserite was observed only in KC-2 and KC-8,

and was absent in OSMxx. Regarding todorokite, although its content

is not high (Supplementary Table S1), it is present in samples from all

sites, indicating that the Mn nodules in the study area have

undergone suboxic environmental conditions (Heller et al., 2018;

Wegorzewski et al., 2020). Aside from manganate minerals, quartz

and plagioclase were mainly derived from sediments (Jung et al.,

2023). In the case of apatite, the apatite found in Mn nodules can be

classified into bioapatite, which originates from fish bones (Huang

et al., 2023), and carbonate fluorapatite (or fluorapatite), which is of

inorganic origin (Jiang et al., 2020). These two types can be
Frontiers in Marine Science 06
distinguished based on their morphological characteristics:

bioapatite retains the shape of fish teeth, whereas carbonate

fluorapatite occurs in a euhedral form, appearing as hexagonal

plates or columns. Thus, the apatite found in Mn nodules from the

study area should be identified based on its morphology using SEM

analysis (as discussed in SEM analysis results). Goethite was observed

in KC-8 and OSMxx, and in samples where goethite was confirmed, a

weak peak was also observed near 2q = 36.2° (2.50 Å). Previous

studies (Liu et al., 2021; Namgung and Lee, 2021; Liu et al., 2022;

Tong et al., 2025) explained that Fe (oxyhydr)oxides, such as goethite,

ferrihydrite, hematite, can adsorb Mn ions and promote their growth

into Mn oxides. As well as Fe (oxyhydr)oxides, clay minerals, such as

kaolinite and montmorillonite, can also adsorb Mn ions and advance

their growth (Yang et al., 2023). However, the peak at 2.50 Å is

presumed to correspond to ferrite with a spinel structure (discussed

in the following section).

Concerning the morphological characteristics of Mn nodules,

the representative SEM images of each sample exhibit the following

features. In KC-2, angular Mn nodule particles are observed,

including spherical Mn nodule particles with an average size of

100 mm (Figure 4A). A magnified view of the spherical Mn nodule
FIGURE 2

Workflow diagram of this study.
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particles reveals that they are composed of layered structures with

particles stacked in multiple layers (Figure 4B). In KC-8, the layered

structure of Mn nodule particles, as observed in KC-2, is more

distinctly visible (Figure 4C). In OSMxx, the presence of apatite

within Mn nodule particles is confirmed (Figure 4D). Apatite

exhibits a hexagonal morphology, with an average size of 2–3 mm,

characteristic of carbonate fluorapatite, an inorganic mineral, as

previously discussed (Jiang et al., 2020), suggesting that this

carbonate fluorapatite preferentially forms under suboxic

conditions. Although not all minerals identified through XRD

analysis, such as carbonate fluorapatite, were directly observable,

SEM images confirmed the presence of vernadite, characterized by a

layered structure of stacked small particles. Additionally, the visible

presence of carbonate fluorapatite further supports the conclusion

that the Mn nodules formed under suboxic conditions.

The chemical composition results for all samples are presented

in Supplementary Table S1. The major chemical elements show that

the average Mn content in Mn nodules is 35.74 ± 14.98% for KC-2,

41.04 ± 4.13% for KC-8, and 48.67 ± 8.96% for OSMxx. In

comparison, the average Fe content is 28.80 ± 5.43% for KC-2,

32.32 ± 2.82% for KC-8, and 23.44 ± 5.24% for OSMxx; Mn and Fe

concentrations exhibit slight variations depending on the sampling

location. Although the chemical compositions were averaged, the

large deviation between the minimum and maximum values makes

it difficult to fully capture the differences in chemical composition

among the three regions based on average values alone. In

particular, the high standard deviations observed at KC-2 indicate

that its chemical compositions are more widely distributed from the

mean, likely due to the influence of sediments. Although the dark

regions of KC-2 were also sampled using a micro-drill, the relatively

high sediment content (Supplementary Figure S1) suggests that

some sediment material may have been incorporated into the

samples. Therefore, ANOVA analysis was conducted to assess

statistically significant differences among the three locations, and

the results are visually represented in Supplementary Figure S3 for

better understanding. The ANOVA analysis results indicate that the

Mn and Fe contents in KC-2 and KC-8 are similar, whereas OSMxx
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exhibits a higher Mn content and a lower Fe content than the other

two locations. The Si and Al contents are also lower in OSMxx than

in the other two locations. In contrast, no significant differences

among the three locations were observed for Mg, Ca, Na, K, Cl, P, S,

and Ti. Regarding the primary elements of interest, Ni, Co, and Cu,

the Ni content in OSMxx was slightly higher than in the other two

locations, although the difference was not substantial. Meanwhile,

Co and Cu did not show statistically significant differences among

the three locations. Overall, the ANOVA results indicate that the

chemical compositions of Mn nodules from the three locations are

statistically similar, which may suggest that they formed under

comparable deep-sea environmental conditions.
Origin of Mn nodule formation

Geochemical diagram related to the genetic origin of Mn

nodules, based on their chemical compositions, are shown in

Figure 5. The ternary diagram utilizing Mn, Fe, Ni, and Cu shows

that most Mn nodules from KC-2, KC-8, and OSMxx are plotted in

the hydrogenetic origin region. Some KC-2 samples plot outside the

hydrogenetic origin region, which may be attributed to the

influence of hydrothermal activity. In addition to these, the

chemical compositions of core samples from nearby seamounts

(KC-3 and KC-4) and the additionally collected Mn nodule samples

(Supplementary Figure S4) indicate that some KC-2 samples and

specific depths (KC-3: 14.5 cm and 20.4 cm, KC-4: 10.5 cm and

15.4 cm) of the nearby seamount cores exhibit signatures of

hydrothermal origin (Supplementary Figure S5, Supplementary

Table S2; these data were not used for the statistical and machine

learning analyses). In a specific KC-2 Mn nodule (Figure 6),

boundaries are slightly observed between the central and outer

parts, with differences in morphology and color. The outer part is

mainly composed of vernadite, quartz, and plagioclase. In contrast,

the central part contains clay minerals such as smectite, illite, and

chlorite, together with quartz, plagioclase, fluorapatite, hematite,

and ferrite. Here, ferrite [DB Card No. of Crystallography Open
FIGURE 3

Representative XRD patterns (background subtracted) of three samples from each study area: (a) KC-2, (b) KC-8, and (c) OSMxx, shown before (bold)
and after heating (light).
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Database (COD): 2300618] exhibits its two strongest reflections at

2.50 Å and 2.95 Å. Based on this, although the second strongest

reflection at 2.95 Å is not clearly discernible in Figure 3 due to its

low signal-to-noise (S/N) ratio, the 2.50 Å reflection is likely

attributed to ferrite. Clay minerals can form either through

hydrothermal alteration or through sedimentary input. The
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smectite observed in the central part is Fe–rich (Figures 7A, B). It

is inferred to be nontronite, which likely formed through

hydrothermal alteration of volcanic detritus (Xiang et al., 2024).

However, since REY or isotopic analyses were not conducted in this

study, the Fe–rich smectite cannot be conclusively identified as

hydrothermal in origin. The ferrite with a spinel structure exists as

nanosized particles, making it difficult to distinguish from hematite

based solely on morphology (Figure 7C). However, it can be clearly

differentiated in the XRD patterns (Figure 6). Such spinel–

structured ferrite requires thermal energy for its formation.

Therefore, the presence of ferrite and the origin of some KC-2

Mn nodules indicates that hydrothermal activity occurred during

their formation. Moreover, the ANOVA results for KC-2

(Supplementary Figure S3) further show that Si and Al are more

enriched and exhibit a broader concentration range than those in

Mn nodules from the other two locations. This is likely attributed to

the influence of sediments, including the aforementioned

clay minerals.

Most Mn nodules plot within the hydrogenetic origin region.

While several KC-2 samples fall outside this region, the majority of

Mn nodules from the three locations are primarily hydrogenetic

and formed under oxic conditions. Compared with the mineral

quantification results, the proportion of todorokites in the KC-2

samples is relatively higher than that at the other two locations

(Supplementary Table S1). These todorokites can form in diagenetic

conditions, including hydrothermal conditions (Atkins et al., 2014,
FIGURE 5

Geochemical diagram to distinguish the genetic origin of Mn
nodules: Ternary diagram of 10*(Co + Cu + Ni)–Fe–Mn (adapted
after Bonatti et al., 1972).
FIGURE 4

SEM–EDS analyses of representative samples: (a, b) KC-2, (c) KC-8, and (d) OSMxx.
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Atkins et al., 2016; Shi et al., 2024). In addition, the presence of

carbonate fluorapatite across all study areas suggests that the Mn

nodules have experienced diagenetic conditions (Jiang et al., 2020).

Nevertheless, the geochemical diagram based on the nodules’

chemical compositions stil l indicates a predominantly

hydrogenetic origin. These results suggest that the nodules may

have experienced transient changes (e.g., suboxic and hydrothermal

fluids) in deep-sea environmental conditions over the long periods

during which they grew.
Correlation between mineral phase and
heavy metals

As determined through geochemical diagrams, the formation

environment of Mn nodules predominantly corresponds to a

hydrogenetic environment (Figure 5); however, some minerals,

such as todorokite and carbonate fluorapatite, also indicate a

diagenetic environment (Jiang et al., 2020; Wegorzewski et al.,

2020). In this regard, Ni, Co, and Cu concentrations are generally

similar across the three locations, except for Ni, which is relatively

enriched only in OSMxx (Supplementary Figure S3). Similarly, the

correlation between manganate minerals, such as todorokite,

buserite, and vernadite, and heavy metals appears to be

insignificant (Supplementary Figure S6). In fact, vernadite

accounts for the majority (over 90%) of the manganate minerals

in the Mn nodules collected from the three locations, making it

difficult to establish correlations with heavy metals, which are

present only in trace amounts (less than approximately 2%)

(Supplementary Table S1). Therefore, despite their trace-level

presence, basic statistical analyses and the machine learning

algorithm Random Forest were employed as an attempt to

investigate their correlation with manganate minerals.
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Pearson correlation and hierarchical clustering analyses were

conducted to examine the correlation between manganate minerals

and their chemical compositions within Mn nodules, and the results

are presented in Figure 8. In the Pearson correlation analysis, values

with a p-value of ≤ 0.05 are numerically indicated. The hierarchical

clustering technique was applied to analyze the correlations among

variables, grouping highly correlated variables into the same cluster.

The clustered results are highlighted with bold black rectangles, and

the corresponding dendrogram is displayed on the right to visually

represent the clustering structure. Interestingly, the correlations

between the three manganate minerals and chemical compositions

were clearly distinguished. Vernadite exhibited a positive

correlation with Mn, and our primary target heavy metals—Ni,

Co, and Cu—forming a distinct cluster. Buserite clustered with Na

and Cl, showing a positive correlation, while it exhibited a negative

correlation with Ca, S, and P. Lastly, todorokite demonstrated a

negative correlation with Fe and V, whereas it clustered positively

with Ti, Mg, K, Si, and Al (Figure 8). These results indicate that

although Ni, Co, and Cu did not exhibit particularly strong positive

correlations, they are still associated with vernadite. Specifically, in

the clustering structure (dendrogram), Ni is paired with Mn, Co

with vernadite, and Cu with Zn. Consquently, the results of Pearson

correlation analysis and hierarchical clustering indicate that Ni, Co,

and Cu exhibit a positive correlation with vernadite rather than with

all three manganate minerals. However, the initial Random Forest

predictive models for Ni, Co, and Cu, constructed using only the

contents of the three manganate minerals, resulted in horizontally

distributed data, indicating a failure to establish a valid model

(Supplementary Figure S7). To improve model performance,

additional mineralogical factors—specifically the FWHM and area

of the XRD peaks for vernadite—were subsequently incorporated

into the improved model, which enhanced the accuracy and

reliability of the predictions.
FIGURE 6

Background-subtracted XRD patterns of the central and outer parts of a specific KC-2 Mn nodule.
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The XRD peak corresponding to vernadite exhibited a broad

width (Figure 3). To verify whether the broad and asymmetric peak

corresponding to vernadite was influenced by other manganate

minerals such as todorokite, heat treatment was conducted at 300°C

(Wegorzewski et al., 2015) (Supplementary Figure S8). Although a

small amount of todorokite is present, the broad and asymmetric peak

of vernadite shows no significant change—that is no peak splitting

occurs. Considering that the average content of todorokite in Mn

nodules from the study area is relatively low (less than approximately
Frontiers in Marine Science 10
5%; Supplementary Table S1), the broad and asymmetric peak is

attributed to the high degree of structural disorder in layered

manganate minerals such as vernadite. Therefore, to achieve a high

fitting accuracy (R2 > 0.9), deconvolution was performed based on

2.45 Å (“Left”) and 2.40 Å (“Right”); however, the 2.40 Å peak does

not represent todorokite. The diagrams plotting the calculated FWHM

values, peak areas, and heavy metal concentrations indicate no

significant correlation (Supplementary Figure S9). This result

suggests that a simple plot diagram alone is insufficient to confirm
FIGURE 8

Pearson correlation and dendrogram (hierarchical clustering) results of chemical compositions and manganate minerals (todorokite, buserite,
vernadite) in Mn nodules. Correlation coefficients are labeled only when the significance level is 0.05 or lower.
FIGURE 7

SEM-EDS analyses of Mn nodules from KC-2: (a) Fe–rich smectite, (b) Fe–rich smectite with vernadite, (c) Fe–(Mn) oxide.
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the positive correlation between vernadite and heavy metals observed

in the statistical analysis (Figure 8). Therefore, a Random Forest

machine learning analysis was performed again using these XRD peak

parameters of vernadite as input variables. In Figure 9, the Random

Forest predictive model, using the FWHM and area of the vernadite

XRD peak as response variables, exhibits a linear relationship with the

predictor variables Ni, Co, and Cu, indicating a strong correlation. For

Ni (Figure 9A), the training model demonstrates excellent

performance with an R2 value of 0.92. Although the validation

model has a slightly lower R2 value of 0.83, it still provides a

sufficiently good model fit. The test model also achieves a high R2

value of 0.81, confirming that the Random Forest-based predictive

model for Ni is highly applicable. In the case of Co (Figure 9B), the

training, validation, and test models all exhibit R2 values above 0.9,

suggesting that the predictive model for Co is even more suitable than

that for Ni. Lastly, for Cu (Figure 9C), the training model achieves a

remarkably high R2 value of 0.94, while the validation and test models

have R2 values of 0.81 and 0.82, respectively. These results indicate that

the predictive model for Cu also performs well, demonstrating strong

predictive capabilities.

Regarding the Random Forest results, the response variables

used in the predictive model were four parameters: FWHM_Left,
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FWHM_Right, Area_Left, and Area_Right. Feature importance was

evaluated to determine which factor significantly influenced the

Random Forest predictive model (Supplementary Figure S10). The

results indicate that for Ni and Co, FWHM_Right had the highest

feature importance values of 0.835 and 1.313, respectively. In the

case of Cu, Area_Left exhibited the highest feature importance value

of 0.559, suggesting that it played the most significant role in the

model. Through feature importance analysis, it was confirmed that

Ni and Co are associated with the FWHM of the XRD peak

(particularly Co), while Cu is related to the peak area.

Interestingly, these findings align with the results from Pearson

correlation and hierarchical clustering analyses (Figure 8), where

vernadite and Co exhibited the highest correlation and were directly

clustered together, followed by Ni. Cu, on the other hand, was

primarily clustered with Zn, showing a slightly lower correlation

with vernadite than Ni and Co. Consequently, the Random Forest

results are consistent with the statistical analysis results, clearly

demonstrating that among the manganate minerals, vernadite

exhibits a positive correlation with heavy metals such as Ni, Co,

and Cu. Moreover, it can be seen that statistical analyses and the

machine learning algorithm are sufficient to investigate correlations

with other factors, even for trace-level elements.
FIGURE 9

Random forest predictive models for significant economic elements: Ni (a), Co (b), and Cu (c), based on standardized vernadite XRD peak properties
(FWHM and area) and chemical compositions.
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Geochemical behavior of heavy metals
during mineral phase transformation

The Mn nodules collected from the KC-2, KC-8, and OSMxx

study areas are primarily composed of the manganate mineral

vernadite, with smaller amounts of todorokite and buserite

(Figure 2). In addition, they contain various other minerals,

including quartz, plagioclase, apatite, and goethite. Regarding

these results, although the geochemical diagrams (Figure 5)

indicate that most Mn nodules originate from a hydrogenetic

environment, the mineral phases identified through XRD analysis

suggest that they also reflect diagenetic environments (e.g.,

todorokite and apatite) (Atkins et al., 2014; Heller et al., 2018;

Jiang et al., 2020; Wegorzewski et al., 2020). In other words,

vernadite within Mn nodules may undergo mineral phase

transformation in response to changes in deep-sea environmental

conditions, which could alter the geochemical behavior of Ni, Co,

and Cu incorporated within vernadite. For this reason, samples with

high concentrations of these three heavy metals were selected, and

mineral phase transformation experiments were conducted under

oxic and suboxic conditions to clarify their geochemical behavior

during the transformation process.

Under oxic conditions, little to no mineral phase transformation

is observed with changes in pH (Figure 10A). From pH 7 to the

alkaline condition of pH 12, variations in the XRD peak intensities of

plagioclase and todorokite are observed; however, no significant

mineral phase transformation occurs. In contrast, under suboxic

conditions (Figure 10B), a noticeable increase in the XRD peak

intensity of todorokite is observed at neutral pH 7, and newly

formed minerals, including Ca–Fe–Mn phosphate, goethite,

hematite, and Fe–Mn oxide minerals, begin to appear. The

plagioclase peak is scarcely observed at pH 3 and pH 12. The

newly formed Ca–Fe–Mn phosphate mineral and Fe–Mn oxide are

considered to correspond to fluorapatite and manganese ferrite [Mn

ferrite (spinel structure)], respectively, based on the XRD patterns

(Mabilleau et al., 2010; Jiang et al., 2020; Akhlaghi and Najafpour-

Darzi, 2021; Wen et al., 2023). The contrast between the mineral

composition changes in Mn nodules under oxic and suboxic

conditions is quite pronounced. This suggests that hydrogenetic

Mn nodules, which typically form under oxic conditions, may

undergo mineral phase transformation when subjected to suboxic

diagenetic environments. Furthermore, the formation environment

of Mn nodules can be inferred not only from geochemical diagrams

based on chemical composition but also from XRD-based

mineral identification.

In terms of mineral phase transformation conditions, the pH of

seawater and sediment porewater is approximately 7–8 (Peacock,

2009; Peña et al., 2010; Sherman and Peacock, 2010), which is close

to neutral. The experimental results under suboxic conditions

(Figure 10B) also indicate that a phase transition of manganate

minerals can occur at pH 7. Here, temperature is another key

environmental factor influencing mineral phase transformation in

deep-sea environments. Previous studies have reported that

todorokite can be synthesized within a temperature range of

approximately up to 160°C (Ching et al., 1999; Feng et al., 2004,
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2010). Therefore, we conducted mineral phase transformation

experiments under suboxic conditions at pH 7 by varying the

temperature at 90, 120, and 150°C. As shown in Figure 10C,

alterations in the intensity and shape of the plagioclase peak

become noticeable at 90°C. At 120°C, fluorapatite begins to

crystallize. At this temperature, a slight increase in peak intensity

is observed at the main diffraction positions of goethite, hematite,

andMn ferrite, along with a subtle increase in both the intensity and

FWHM of the todorokite peak. At 150°C, the peak intensities of

newly formed minerals further increase relative to those at 120°C,

while the diffraction intensities of plagioclase and quartz

decrease significantly.

The presence of todorokite, fluorapatite, and Mn ferrite, formed

under suboxic conditions, was further confirmed by SEM-EDS

analysis (Figures 10D–F). Todorokite appears as elongated fibrous

structures, with lengths ranging from approximately 20 nm to a

maximum of 2 µm (Figure 10D). In the case of fluorapatite,

although it does not exhibit a highly crystalline hexagonal shape,

it forms an elongated structure ranging from 20 nm to 150 nm in

length (Figure 10E). Lastly, Mn ferrite displays a well-crystallized

spinel morphology, with particle sizes varying from approximately

100 nm to 500 nm (Figure 10F).

Additionally, SEM-EDS analysis confirmed the presence of Ni,

Co, and Cu in todorokite, fluorapatite, and Mn ferrite

(Figures 10D–F). Among these heavy metals, their relative

concentrations in each mineral followed the order Co > Ni > Cu

(Supplementary Table S3). These heavy metals can co-precipitate

into the mineral structure of todorokite and spinel (Bodeï et al.,

2007; Rosnan et al., 2016). Ni and Co can also be incorporated into

the mineral structure of fluorapatite. According to a previous study

(Mabilleau et al., 2010), the lattice parameter c of raw fluorapatite is

approximately 7.232 Å; however, it decreases to below 7 Å when Ni

and Co are co-precipitated. The XRD peaks of fluorapatite formed

during the hydrothermal experiments exhibited low intensity,

making it difficult to obtain precise lattice parameters through

Rietveld refinement. Therefore, in this study, the Rietveld

refinement was applied to identify the crystalline phase of

fluorapatite and to semi-quantitatively estimate its lattice

parameters. The obtained lattice parameters of fluorapatite are

9.415 Å for a and b, and 6.893 Å for c. Although the XRD peaks

of fluorapatite are relatively weak and the precision of lattice

parameter determination is limited, this approximate c value is

lower than 7 Å.
Discussion

The results of the hydrothermal experiments (Figure 10;

Supplementary Table S3) demonstrate that vernadite, the primary

manganate mineral in Mn nodules, can undergo mineral phase

transformation in response to changes in the deep-sea environment.

In the phase transformation process of manganate minerals, Mn4+,

the main constituent of vernadite, can be partially reduced to

soluble Mn2+ when exposed to suboxic conditions and

hydrothermal fluids (Wegorzewski et al., 2020). The formation of
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Mn ferrite (MnFe2O4) observed in the hydrothermal experiments

supports this phenomenon (Figures 10B, C, F). As Mn4+ is reduced

to Mn2+ and partially dissolves, structural defects develop in

vernadite. The dissolved Mn2+ ions can subsequently be

readsorbed onto MnO2 (vernadite), reacting with Mn4+ to

generate oxidized Mn3+, which may serve as a precursor for

todorokite formation (Elzinga, 2016; Wegorzewski et al., 2020).

After the hydrothermal experiments, the Mn nodule particles

exhibited a significantly rough surface with small, detached

fragments, suggesting that partial dissolution had occurred,

resulting in the separation of small particles in a flake-like
Frontiers in Marine Science 13
manner (Supplementary Figure S11). This phenomenon is

considered a consequence of the partial dissolution caused by the

reduction of Mn4+ to Mn2+. However, unlike Mn4+, Fe3+ is not

readily reduced under suboxic or hydrothermal conditions. The

formation of goethite (d-FeOOH), hematite (Fe2O3), and Mn ferrite

(MnFe2O4) in the hydrothermal experiments further supports this

observation (Figures 10B, C, F).

Ni, Co, and Cu, which are either adsorbed onto the surface of

vernadite or incorporated into its structure, exhibit altered

geochemical behavior during the mineral phase transformation of

Mn nodules. Previous studies have explained that vernadite of
FIGURE 10

Changes in the mineral phases under oxic (a) and suboxic (b) conditions (temperature: 150°C, reaction time: 72 h), and suboxic conditions at
different temperature (c) (pH: 7, reaction time: 72 h). SEM-EDS results for minerals: pseudo-colored todorokite (d), fluorapatite (e), and manganese
ferrite (f). T, todorokite; V, vernadite; Q, quartz; P, plagioclase; G, goethite.
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hydrogenetic origin undergoes continuous dissolution under

suboxic conditions as Mn4+ is reduced to Mn2+, leading to the

release of adsorbed or co-precipitated heavy metals into the

porewater (Manceau et al., 2014). The heavy metals, such as Ni2+

and Co3+, present in sediment porewater can then be re-adsorbed

onto layered Mn oxide minerals such as vernadite or birnessite,

where they integrate into the octahedral sheets. These minerals

undergo a phase transformation into todorokite, incorporating the

heavy metals into their structure in the process (Heller et al., 2018;

Wegorzewski et al., 2020). Ni2+ and Cu2+ can also occupy the

tunnels of todorokite as outer-sphere complexes (Atkins et al., 2016;

Wegorzewski et al., 2020). Various experimental studies and

analyses have provided evidence supporting the incorporation of

Ni, Co, and Cu into the structure of manganate minerals (Atkins

et al., 2016; Wu et al., 2019; Wegorzewski et al., 2020). However,

most studies have primarily focused on the todorokite mineral

under suboxic and hydrothermal conditions.

Our experimental results using natural Mn nodules

demonstrate that Ni, Co, and Cu can be incorporated not only

into todorokite but also into the phosphate mineral, fluorapatite,

and the spinel-structured Mn ferrite (Figure 10; Supplementary

Table S3). As mentioned in the previous chapter, Ni2+ and Co2+ can

partially substitute Ca2+ at the (002) plane offluorapatite (Mabilleau

et al., 2010). In the case of Mn ferrite, Mn2+ can be substituted by

Ni2+, Co2+, and Cu2+ (Chandra Sekhar et al., 2016; Rosnan et al.,

2016). An interesting finding is that, although Mn ferrite is typically

reported to form at high temperatures above 600°C in synthetic

experiments (Rosnan et al., 2016; Yu et al., 2016; Ye et al., 2021;

Wen et al., 2023), it was observed in our hydrothermal experiments

even at relatively low temperatures (below 150°C). In addition to

the experimental results, a weak diffraction peak corresponding to

Fe–Mn oxides with a d-spacing of 2.50–2.51 Å was observed in the

XRD patterns of Mn nodules from the study area (Figure 3). This

reflection corresponds to either Mn ferrite or hematite (Figure 6).

However, hematite typically exhibits its strongest peak at 2.70 Å;

most samples could not show a distinct hematite peak. Therefore,

although KC-8 and OSMxx do not exhibit as clear evidence of Mn

ferrite as KC-2, the weak Fe–Mn oxide peak observed at 2.50–2.51 Å

is presumed to correspond to Mn ferrite. These results suggest that

Mn ferrite can form under actual deep-sea environments with

relatively low-temperature and suboxic conditions. In general,

deep-sea Mn nodules grow through alternating exposure to oxic

and suboxic conditions (Kuhn et al., 2017a). Moreover, the deep-sea

environment in which Mn nodules formed is likely a transition zone

with alternating oxic and suboxic conditions. Therefore, the

presence of todorokite, fluorapatite, and Mn ferrite in KC-2,

KC-8, and OSMxx indicates that Mn nodules in these regions

have experienced both oxic and suboxic conditions during

their formation.

In more detail regarding the environmental characteristics, the

mineral phase of Mn nodules from the KC-2 includes todorokite

and fluorapatite (Figure 3), suggesting exposure to suboxic

conditions at temperatures between 120°C and 150°C. In contrast,

Mn nodules from KC-8 and OSMxx contain not only todorokite

and fluorapatite but also Mn ferrite (Figure 3), suggesting that these
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nodules experienced suboxic conditions at temperatures exceeding

150°C. Although it is difficult to determine the extent to which Mn

nodules have been exposed to oxic and suboxic conditions, mineral

phase changes imply their potential as key indicators for inferring

deep-sea environmental conditions. Regarding deep-sea

environment changes, the Magellan Seamounts are inferred to

have been affected by phosphatization events as well as

hydrothermal fluid activity. According to a recent study (Li et al.,

2023), the mineralogical and geochemical characteristics of

manganese crust and substrate rock samples collected from the

Magellan Seamounts revealed the presence of ferromanganese

particles formed by hydrothermal activity. In particular, the

reaction interface of the hydrothermally derived ferromanganese

particles showed a clear reaction interface with portions formed by

hydrogenetic and phosphatization processes. This hydrothermal

activity in the Magellan Seamounts is presumed to be the primary

cause for the formation of the minerals Mn ferrite (Fe–Mn oxide),

todorokite, and CFA identified in our Mn nodule samples

(Figure 3). Concerning the hydrothermal temperature, a previous

study (Bau, 1991) reported that a positive Eu anomaly occurs at

temperatures above 200°C because Eu3+ in rocks is reduced to the

more soluble Eu2+. Therefore, if a positive Eu anomaly is not

observed in the Mn nodules from the study area, it suggests that

the hydrothermal temperature is below 200°C. Although we

confirmed hydrothermal activity in the Magellan Seamounts

through the mineral phases in Mn nodules and a previous study

(Li et al., 2023), we were unable to present the hydrothermal

temperature due to the absence of Eu element analysis in our

study. To address this issue, we plan to analyze the REE

concentrations, including Eu, in Mn nodule and Mn crust

samples to be collected during future expeditions in order to

present a more precise hydrothermal temperature.

The Mn nodule samples we collected are predominantly

composed of the turbostratic phyllomanganate mineral vernadite.

This vernadite primarily forms under oxic hydrogenetic conditions

and adsorbs various heavy metals, including Ni, Co, and Cu. When

Mn nodules dominated by vernadite are exposed to diagenetic

environments, including suboxic hydrothermal fluids, the reduction

of Mn within vernadite leads to partial dissolution and structural

defects, initiating mineral phase transformation. As a result, vernadite

undergoes transformation into more stable minerals suited to the

exposed conditions, such as tunnel-structured todorokite,

fluorapatite, and Mn ferrite, with heavy metals becoming co-

precipitated into their mineral structures (Figure 11). The

concentrations of trace metals in todorokite, fluorapatite, and Mn

ferrite identified in the hydrothermal experiments differ

(Supplementary Table S3). However, since the total concentrations

of trace metals do not change during hydrothermal experiments,

these variations are likely due to differences in selectivity between

minerals and trace metals rather than an environmental difference.

The selectivity (Kd) of heavy metals for these minerals could not be

clearly determined due to their trace concentrations in the Mn

nodules and the extremely small particle sizes of the newly formed

minerals, which made precise analysis difficult. Nevertheless, these

mineral phase transformations, along with their associated deep-sea
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environments and the geochemical behavior of heavy metals, are

expected to contribute to a better understanding of Mn nodules.

Additionally, to better understand the correlation between the

differences in heavy metal concentrations associated with

environmental changes (hydrogenetic and diagenetic) and the

distribution of mineral phases, a comparison with Mn nodule

samples from areas with distinct environmental conditions, such as

the Clarion-Clipperton Zone (CCZ), will be required.

In conclusion, we investigated the correlation between

manganate minerals and Ni, Co, and Cu, and examined the deep-

sea formation environment and the geochemical behavior of these

heavy metals by integrating statistical and machine learning

analyses with actual Mn nodule experiments. To date, most

studies utilizing machine learning in Mn nodule research have

focused on developing predictive models to estimate the

distribution of Mn nodules (Gazis et al., 2018; Hong et al., 2022;

Josso et al., 2023). Moreover, our previous study (Jung et al., 2023)

did not establish the relationships among minerals, elements, and

deep-sea environmental conditions, primarily because of an

insufficient number of samples, which limited the availability of

comprehensive data. In contrast, our study uniquely applied

machine learning to establish correlations between mineral phases

and chemical compositions. The integration of basic statistical

analysis and machine learning techniques proved highly valuable,

enabling correlation inference based solely on XRD and SEM-EDS

analyses of Mn nodules. However, a limitation of this study is that

the Mn nodules collected from the study area predominantly

contain vernadite, making it difficult to clearly identify
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correlations between other manganate minerals, such as buserite

or todorokite, and heavy metals. Although the statistical analysis

results (Figure 8) indicate that not all heavy metals are associated

with vernadite, the limited diversity of mineral phases has hindered

further correlation analysis. Therefore, to supplement these findings

and enhance the reliability of the correlations, it is necessary to

obtain Mn nodules with higher contents of other manganate

minerals, such as todorokite or buserite, and to conduct statistical

and machine learning analyses using data acquired through the

same methodology. Certain Mn nodules collected from other

regions have been confirmed to contain high concentrations of

these minerals. For instance, we additionally analyzed one Mn

nodule collected from the CCZ, which is expected to have a

different geological setting from the Magellan Seamounts in the

Western Pacific, and found that it contains higher proportions of

manganate minerals other than vernadite (in preparation). Thus, in

our upcoming expedition, we plan to collect not only a greater

number of Mn nodules but also Mn crust core samples, and to

analyze the chemical composition of the collected samples using

more precise methods such as XRF or LA-ICP-MS. This will help

reduce potential data bias caused by the dominance of vernadite

and provide more robust and clearer correlations.
Conclusion

The Mn nodules collected from the KC-2, KC-8, and OSMxx

locations of the Magellan Seamounts in the Western Pacific are
FIGURE 11

Schematic diagram illustrating changes in mineral phases of Mn nodules and the behavior of Ni, Co, and Cu under deep-sea environmental
conditions.
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predominantly composed of the manganate mineral vernadite in all

three regions, with smaller amounts of todorokite and buserite.

Additionally, quartz, plagioclase, and apatite are observed in the

KC-2, while quartz, plagioclase, goethite, apatite, and Mn ferrite are

present along with the manganate minerals in the KC-8 and

OSMxx. The chemical composition distribution of Mn nodules

from the three regions, identified through statistical analyses, shows

some variations but is largely similar. Statistical and clustering

analyses confirmed that Ni, Co, and Cu in Mn nodules are

positively correlated with vernadite among the manganate

minerals. This correlation between vernadite and these heavy

metals was further validated using the Random Forest machine

learning algorithm, demonstrating high predictive accuracy and

reinforcing their strong association. Based on these findings,

hydrothermal experiments were conducted using actual Mn

nodules. Under oxic conditions, minimal to no mineral

transformation was observed. In contrast, under suboxic

conditions, new minerals such as todorokite, goethite, hematite,

fluorapatite, and Mn ferrite formed, confirming that mineral phase

transformation actively occurs within Mn nodules. Furthermore,

Ni, Co, and Cu were found to be co-precipitated within the

structures of todorokite, fluorapatite, and Mn ferrite, respectively,

during mineral phase transformation. Therefore, the mineral phases

of Mn nodules serve as key indicators for understanding both their

formation environment and the geochemical behavior of heavy

metals such as Ni, Co, and Cu. However, as mentioned in the

Discussion chapter, it was challenging to thoroughly identify the

correlations between other manganate minerals and heavy metals,

as vernadite predominated among the manganate minerals in the

Mn nodules. Accordingly, we plan to expand our research by

incorporating additional Mn nodules and Mn crust samples

collected during an upcoming expedition. Preliminary surveys

have revealed that some Mn nodules contain higher proportions

of other manganate minerals, such as todorokite and buserite,

which are expected to yield more insightful results. Furthermore,

beyond merely constructing predictive models, we propose an

alternative approach to machine learning—one that focuses on

understanding the correlations among materials based on model

performance. We hope this perspective will facilitate broader

applications in future studies across multiple disciplines.
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