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ARTICLE INFO ABSTRACT

Keywords: Polymetallic nodules are one of the most promising mineral resources available for deep-sea exploitation. The
Hydrogenetic nodules cobalt content in hydrogenetic nodules is comparable to that found in terrestrial hydrothermal and volcanic
Cobalt

polymetallic cobalt deposits, identifying these nodules as a significant potential source of cobalt from the ocean
floor. Understanding the spatial distribution pattern of hydrogenetic cobalt-rich nodules is therefore essential for
advancing the development of deep-sea cobalt resources. This study concentrates on the Pacific Ocean and its
peripheral seas. Using data on ore-controlling parameters such as global marine sediment thickness, calcium
carbonate (CaCOs3) concentration in surface sediments, primary productivity, near-bottom current velocity,
water depth and elevation, and near-bottom dissolved oxygen levels, along with information on Pacific poly-
metallic nodule types, the spatial occurrence of hydrogenetic cobalt-rich nodules was estimated through a
combination of binary logistic regression and kernel density analysis. The findings reveal that both minerali-
zation principles and the spatial resolution of ore-controlling datasets significantly influence predictive accuracy.
The results demonstrate that hydrogenetic cobalt-rich nodules in the Pacific Ocean are primarily located in low-
latitude zones of the western Pacific, including the Mariana Basin, the Philippine Basin, the northern Central
Pacific Basin, and the northern Southwest Pacific Basin. Additional occurrences have been identified near 60
degrees south latitude in the Southern Ocean. Multiple environmental and geological parameters govern the
spatial distribution of these nodules, though the theoretical ore-control framework and statistical outputs are not
entirely aligned. Among the controlling parameters, sediment thickness and primary productivity emerge as the
dominant factors affecting the predicted distribution of hydrogenetic cobalt-rich nodules.

Binary logistic regression
Kernel density
Pacific Ocean

1. Introduction

Polymetallic nodules are formed through the precipitation of ferro-
manganese oxides and hydroxides around various nuclei such as fish
teeth and rock debris, etc (Hein et al., 2020; Kuhn et al., 2017). These
nodules contain abundant metal elements including cobalt, nickel,
manganese, copper, molybdenum, lithium, rare earth elements, and
gallium, and occur extensively on the seafloor at depths ranging from
3500 to 6500 m (Hein et al., 2020; Kuhn et al., 2017). The total global
resource of polymetallic nodules is estimated to be about 210 billion
tons (Mizell et al., 2022). As an emerging source of metal ores, their
formation is primarily governed by hydrogenetic and diagenetic pro-
cesses. Hydrogenetic precipitation introduces higher concentrations of

cobalt and rare earth elements into the nodules, whereas diagenetic
processes predominantly enrich nickel and copper (Kuhn et al., 2017).
This distinction is evident in hydrogenetic nodules from the Cook Islands
Exclusive Economic Zone (EEZ), which exhibit an average cobalt con-
tent of 0.375 % (Hein et al., 2015), surpassing that of diagenetic nodules
from the Peru Basin (0.0475 %) and mixed hydrogenetic-diagenetic
nodules from the Clarion-Clipperton Zone (CCZ) (0.1918 %) (Mizell
et al., 2022). The estimated volume of hydrogenetic nodules in the Cook
Islands EEZ reaches 8.86 billion tons, containing approximately 35.3
million tons of cobalt (Hein et al., 2015), a figure comparable to the
global terrestrial cobalt reserve of 11 million tons (USGS, 2024). The
combination of elevated cobalt grades and significant resource quanti-
ties underscores the potential of hydrogenetic cobalt-rich nodules as an
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important source of cobalt ore. Hein, 2003). These colloidal particles subsequently precipitate as
The accumulation of cobalt in hydrogenetic nodules originates from amorphous ferrihydrite (FeOOH) and cryptocrystalline Fe-vernadite
a dynamic adsorption process involving cobalt ions. In seawater, Mn?" (8-MnOy), which gradually aggregate around a central nucleus to pro-
and Fe?"are oxidized to form Mn*" and Fe3" colloids (Koschinsky and duce nodules (Koschinsky and Hein, 2003). The 8-MnO; phase possesses
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Fig. 1. The Pacific Ocean and peripheral seas and nodule distribution (a) the nodule distribution range delineated by Hein et al. (2013), and predicted by Dutkiewicz
et al. (2020); (b) the scopes of oceans and seas from Flanders Marine Institute.(2018).
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a large specific surface area (Ren et al,, 2023), enabling efficient
adsorption of Co®" ions from ambient seawater. The adsorbed Co?* is
then oxidized to Co>* by 8-MnO, (Manceau et al., 1997), promoting the
continuous accumulation of cobalt within hydrogenetic nodules under
oxic marine conditions and in regions with minimal sediment deposition
(Kuhn et al., 2017).

Andreev (2020) classified deep-sea ferromanganese deposits into
five distinct geochemical categories: (1) the 2Co’’ type characterized by
Ni + Cu contents of 0.3-0.7 %, Co concentrations exceeding 0.4 %, and
Mn ranging from 14.0-24.0 %; (2) the Co type with Ni + Cu levels of
0.3-0.7 %, Co below 0.4 %, and Mn between 15.0-21.0 %; (3) the
Ni-Cu-Co type containing Ni + Cu of 0.7-1.7 %, Co below 0.4 %, and
Mn ranging from 21.35-27.0 %; (4) the Ni-Cu type defined by Ni + Cu
greater than 1.7 %, Co below 0.4 %, and Mn between 25.0-33.0 %; and
(5) the Mn type with Ni + Cu of 0.7-2.0 %, Co between 0.02-0.14 %, and
Mn ranging from 33.0-47.0 %.Using the reserves-weighted average
cobalt grade of 0.23 %for terrestrial hydrothermal and volcanic poly-
metallic deposits (Bouabdellah et al., 2016; Zou et al., 2018; Wang et al.,
2017; Peter and Scott, 1997; Prokin and Buslaev, 1998; Peltonen et al.,
2008; Jiao et al., 2009; Herrington et al., 2005; Yu et al., 2014; Williams
and Pollard, 2001; Zhu et al., 2014) as a benchmark, the cobalt con-
centrations in the Co and 2Co”’ types of deep-sea ferromanganese de-
posits defined by Andreev (2020) are comparable to those of land-based
hydrothermal and volcanic cobalt-bearing deposits. This indicates that
the Co and 2Co’’ types possess strong potential as cobalt resources.
According to Andreev’s (2020) classification, these two types of deep-
sea ferromanganese deposits are primarily associated with nodules
and crusts located in the southern and western regions of the Pacific
Ocean, where hydrogenetic nodules with elevated cobalt contents have
been reported (Hein et al., 2015; Mizell et al., 2022).

The Pacific Ocean hosts the world’s largest concentration of poly-
metallic nodules, with notable accumulations in the CCZ, the Peru Basin,
the Cook Islands Exclusive Economic Zone, and the western Pacific.
These regions contain predominantly hydrogenetic-diagenetic, diage-
netic, and hydrogenetic nodules (Hein et al., 2020). Since 1965,
numerous investigations have examined the spatial distribution of these
Pacific deposits. Mero (1965) classified the Pacific Ocean into four
distinct zones based on the concentrations of transition elements within
the nodules: Zone A, characterized by iron-rich nodules; Zone B, by
manganese-rich nodules; Zone C, by nickel and copper-rich nodules; and
Zone D, by cobalt-rich nodules. Zone D primarily occupies the low-
latitude regions of the central Pacific. Cronan (1967) further observed
that nodules in the western and southern Pacific display higher cobalt
contents than those in the eastern part. The Mineragenetic Map of the
World Ocean (Asnekcanjpoe et al., 2009) indicates that Co and 2Co types
of ferromanganese deposits are mainly distributed in the Northwest
Pacific Basin and the Penrhyn Basin. Hein et al. (2013) mapped the
global extent of seafloor polymetallic nodules, showing that they pre-
dominantly occur in deep-sea basins. However, subsequent predictions
by Dutkiewicz et al. (2020) revealed differences from the boundaries
delineated by Hein et al. (2013), particularly in several deep-sea basins
such as the Pigafetta Basin (Fig. 1a). Overall, studies specifically
addressing the spatial distribution of cobalt-rich nodules as an inde-
pendent category remain scarce. The present investigation targets the
Pacific Ocean and its peripheral seas, employing an integrated approach
combining binary logistic regression and kernel density estimation to
analyze the distribution pattern of hydrogenetic cobalt-rich nodules and
to delineate the Area for Potential Resource Assessment (APRA).

2. Materials and methods
2.1. Data sources
The boundaries of the Pacific Ocean and its peripheral seas in this

research are delineated according to the IHO Sea Areas (version 3) from
the Flanders Marine Institute (Flanders Marine Institute, 2018). The
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study area includes the South Pacific Ocean, North Pacific Ocean,
Southern Ocean, Philippine Sea, Coral Sea, South China Sea, Tasman
Sea, and Bering Sea, covering approximately 94.2 % of the total inves-
tigated region (Fig. 1b). The global ore-controlling parameters include
near-bottom current velocity (Sulpis et al., 2018), marine sediment
thickness (Straume et al., 2019), global primary productivity across land
and ocean (Oregon State University, 2020), calcium carbonate(CaCO3)
concentration in surface sediments (Sulpis et al., 2018), bathymetric and
elevation data (General Bathymetric Chart of the Oceans, 2013), and
near-bottom dissolved oxygen levels at 500 m depth (World Ocean
Circulation Experiment, 2020). The global polymetallic nodule dataset
comprises 8141 data entries describing the concentrations of Mn, Fe, Co,
Ni, and Cu in nodules. These data primarily include 1736 records from
the Scripps Institution of Oceanography (Frazer and Fisk, 1981), 1270
records from the dataset compiled by Monget et al. (1976), and 2736
entries from the International Seabed Authority’s polymetallic nodule
database (International Seabed Authority, 2010). In addition, 54 data
points from the Cook Islands Exclusive Economic Zone (Hein et al.,
2015) and 42 data points from the Peru Basin (von Stackelberg, 1997)
are incorporated. The dataset also contains 8117 records specifying
geochemical types of polymetallic nodules, consisting of 4265 samples
with elemental compositions of Mn, Fe, Co, Ni, and Cu, along with 3852
samples classified by geochemical type obtained from VNIIOceanog-
raphy (Andreev et al., 2004).

2.2. Method

2.2.1. Method flow chart

To integrate the strengths of data-driven statistical analysis (e.g.,
Dutkiewicz et al., 2020) and geological interpretation (e.g., Hein et al.,
2013), this study employed a combined approach using binary logistic
regression and kernel density estimation. Binary logistic regression
serves as a statistical modeling technique that establishes the relation-
ship between a binary outcome variable (presence or absence of
hydrogenetic cobalt-rich nodules) and multiple predictor variables
(controlling factors of such nodules). However, this method may intro-
duce overfitting. In contrast, kernel density estimation is a non-
parametric technique that estimates the probability density function of
a random variable (distribution of hydrogenetic cobalt-rich nodules in
this case) but excludes areas lacking sampling data. To enhance pre-
diction reliability, the outputs of binary logistic regression and kernel
density estimation were intersected in the final analysis.

The methodological framework for delineating the APRA of hydro-
genetic cobalt-rich nodules in the Pacific Ocean is presented in Fig. 2 and
comprises three main stages: (I) binary logistic regression-based distri-
bution analysis, (II) kernel density-based distribution analysis, and (III)
APRA delineation. The first stage includes three procedures: (I-1) data
preparation, (I-2) establishment of the binary logistic regression equa-
tion, and (I-3) generation of the predicted distribution of cobalt-rich
nodules using the regression model. The second stage involves (II-1)
data preparation, (II-2) kernel density analysis with threshold optimi-
zation, and (II-3) calculation of the cobalt-rich nodule distribution based
on kernel density estimation. The final stage focuses on (III-1) deriving
the intersection of the predicted distributions from steps I-3 and II-3,
followed by (III-2) determining the APRA distribution of cobalt-rich
nodules. This integrated step accounts for both high-probability occur-
rence zones and the need for spatial precision in delineating potential
cobalt-rich areas.

2.2.2. Binary logistic regression study of hydrogenetic cobalt-rich nodule
distribution

I-1 Data preparation

The “Extract by Mask” function in ArcGIS was employed to isolate
data within the designated study region, including near-bottom current
velocity, sediment thickness, primary productivity, CaCOs concentra-
tion in surface sediments, water depth, dissolved oxygen levels in
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Fig. 2. Flowchart of this research on the distribution of Pacific hydrogenetic cobalt-rich nodules.

seawater, and recorded polymetallic nodule sites. Following the
geochemical classification framework of deep-sea ferromanganese de-
posits proposed by Andreev (2020), polymetallic nodules from the
world’s three major oceans were categorized into five geochemical types
based on their cobalt, nickel plus copper, and manganese contents
(Table 1). These types comprise 2Co’’ type, Co type, Ni-Cu-Co type,
Ni-Cu type, and Mn type. In this research, nodules of the 2Co’’ and Co
types were identified as hydrogenetic cobalt-rich nodules, aligning with
the classification of Bonatti et al. (1972) (Fig. 3), while the Ni-Cu—Co,
Ni-Cu, and Mn types were grouped as non-hydrogenetic nodules.
Additionally, the “Extract Values to Points” tool in ArcGIS was utilized
to obtain data corresponding to the geographic coordinates of the Pacific
nodule sites. This procedure extracted values from datasets representing
bottom current velocity, sediment thickness, primary productivity,
CaCO3 concentration in surface sediments, water depth, and near-
bottom dissolved oxygen content. The integrated results produced a
comprehensive Pacific polymetallic nodule distribution dataset encom-
passing both the geochemical classifications of Pacific nodules and their
associated ore-controlling environmental parameters.

I-2 Establishment of binary logistic regression equation

Using the Pacific polymetallic nodule distribution dataset, the ore-
controlling factor data were normalized to remove the impact of scale
differences among variables during correlation analysis. For the five
controlling parameters, including bottom current velocity, sediment
thickness, primary productivity, CaCOg3 content in surface sediments,
and dissolved oxygen concentration in seawater, normalization was
conducted by dividing each data value by its corresponding maximum

Table 1
Geochemical type of polymetallic nodules (modified after Andreev, 2020).

Geochemical Type Contents %

Ni + Cu Co Mn
2Co’" type 0.3-0.7 >0.4 14.0-24.0
Co type 0.3-0.7 <0.4 15.0-21.0
Ni-Cu-Co type 0.7-1.7 <0.4 21.35-27.0
Ni-Cu type >1.7 <0.4 25.0-33.0
Mn type 0.7-2.0 0.02-0.14 33.0-47.0

(Co+Ni+Cu)x10

Mn

Fig. 3. Ternary discrimination diagram of Co type and 2Co’’ type of nodules
(Bonatti et al., 1972).

value (normalized data = original data / maximum value). The
respective maximum values used for normalization were 0.436 m s,
7248 m, 2584 mg Cm 2 day !, 25.826 gm 2 a’l, and 263 pmol kg L. In
contrast, water depth data were normalized according to the frequency
of hydrogenetic cobalt-rich nodule occurrences within specific depth
intervals (Fig. 4). Subsequently, a binary logistic regression equation
was constructed to model the relationship between hydrogenetic cobalt-
rich nodules and the selected ore-controlling parameters. Variables with
p-values exceeding the established significance level in the Wald test
were excluded from the model. The final regression equation retained
four controlling parameters: water depth, sediment thickness, primary
productivity, and dissolved oxygen concentration. Furthermore, a
threshold (cut value) was determined based on the principle of opti-
mizing the prediction accuracy for both hydrogenetic and non-
hydrogenetic nodule classifications.

I-3 Hydrogenetic co-rich nodule distribution calculation

Using the binary logistic regression equation developed in step 1-2
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together with the Pacific polymetallic nodule distribution dataset from
step I-1, the ore-controlling parameters (water depth, sediment thick-
ness, primary productivity, and dissolved oxygen) were selected and
normalized. With these normalized variables and the regression equa-
tion, the probability of hydrogenetic nodule occurrence across the Pa-
cific was computed. The distribution range was then refined according
to the defined cut value, and the probability (PA) of hydrogenetic Co-
rich nodule occurrence within this range was established.

2.2.3. Kernel density estimation of hydrogenetic co-rich nodule distribution
II-1 data preparation

In the Pacific polymetallic nodule distribution research dataset, the
sampling sites were categorized into those containing hydrogenetic Co-
rich nodules and those without them.

I1-2 Density analysis and threshold optimization

The spatial heat map of hydrogenetic Co-rich nodule distribution
across the study area was generated using the “Kernel Density” tool in
ArcGIS. A specific threshold was applied to delineate the distribution
range of hydrogenetic Co-rich nodules. Subsequently, site data with and
without hydrogenetic Co-rich nodules were processed using the “Extract
Values to Points” tool in ArcGIS to obtain the corresponding density

1
P_1+exp[—<ﬁo+ﬁixi)]
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2.2.4. Study on the distribution of APRA III-1 taking the intersection

To minimize the extent of the APRA, the prediction maps of Pacific
hydrogenetic Co-rich nodules generated in steps I and II were inter-
sected. When the sum of PA and PB is a constant value exceeding 100 %,
and PA > PB, the probability range of hydrogenetic cobalt-rich nodule
distribution within the intersection can be determined as [PA + PB — 1,
PB].

III-2 Calculation of hydrogenetic cobalt-rich nodule distribution

Based on the overlap between the binary logistic regression predic-
tion map and the kernel density distribution prediction map of hydro-
genetic cobalt-rich nodules in the Pacific, the APRA was delineated. The
probability of hydrogenetic cobalt-rich nodule distribution within this
APRA falls within the range of [PA + PB — 1, PB].

3. Results
3.1. Results of binary logistic regression

Based on the obtained parameters of the binary logistic regression
equation (Table 2), the following equation can be obtained:

Bo + B;x;i = —1.868 — 1.335P\ WD\ N — 12.787P\ SeThick\ N — 26.016P\ PP\ N + 3.314P\ DO\ N

values for each location. The accuracy of the density map in dis-
tinguishing nodule types under the given threshold was then evaluated.
The threshold was iteratively adjusted until the maximum classification
accuracy and its corresponding value wereachieved, which was identi-
fied as the optimal threshold.

I1-3 Calculation of Kernel density distribution of hydrogenetic cobalt-
rich nodules

Using the optimal threshold obtained, the distribution range of
hydrogenetic cobalt-rich nodules was delineated, and the probability
(PB) of their distribution within this range was calculated. Subsequently,
a kernel density distribution map of hydrogenetic Co-rich nodules in the
Pacific was generated.
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Fig. 4. Water depth frequency of Pacific polymetallic nodules occurrence.

where P_.WD_N is the normalized depth, P_SedThick N represents the
normalized sediment thickness, P_PP_N denotes the normalized primary
productivity, and P_DO_N is the normalized dissolved oxygen content in
the bottom water of the Pacific Ocean.

Applying a cut value of 0.08 in the binary logistic regression equa-
tion resulted in a prediction accuracy of 80.10 % for hydrogenetic
cobalt-rich nodule sites, with 652 sites correctly identified and 162
misclassified. For non-hydrogenetic nodule sites, the prediction accu-
racy reached 77.87 %, with 9540 sites correctly predicted and 2711
misclassified, yielding an overall accuracy of 78.01 %.

The spatial distribution of hydrogenetic cobalt-rich nodules across
the Pacific Ocean and its peripheral seas was derived from the regression
model (Fig. 5). Under the Lambert Azimuthal Equal Area projection,
regions exhibiting a cut value greater than 0.08 encompass a total area
of 59,227,774 km?. Within this zone, the probability of hydrogenetic
cobalt-rich nodule occurrence remains relatively high at 78.01 %.
Nonetheless, this region covers a substantial proportion (32.8 %) of the
total study area, indicating a broad spatial extent of predicted nodule
presence.

3.2. Results of kernel density analysis

By applying the “Kernel Density” tool in ArcGIS with a cut value of
0.05, the misjudgment rate for locations containing hydrogenetic Co-

Table 2
Variable parameters of the binary logistic regression equation.
i S.E. Wald df Sig. Exp(p)
P_.WD_N -1.335 0.488 7.491 1 0.006 0.263
P_SedThick N -12.787 2.288 31.229 1 0.000 0.000
PPPN —26.016 1.322 387.257 1 0.000 0.000
P_DON 3.314 0.534 38.483 1 0.000 27.495
Bo —1.868 0.404 21.433 1 0.000 0.154

Note: B: Coefficients of binary logistic regression equation; S.E.: Standard errors
of B; Wald: Observations of wald statistics; df: Freedom; Sig.: Probabilities of
wald statistics; Exp(p): Exp(p) = eP.
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Table 3
Cut values and corresponding misjudgments in kernel density analysis.

Predicted site number by cut

value
cut value 0.03 0.04 0.05
HydrogeneticCo-rich nodules sites 814 774 760
non hydrogeneticCo-rich nodules sites 814 10,297 10,583
misjudgment rate for hydrogeneticCo-rich nodules 0.00 491% 6.63%
sites %

misjudgment rate for non hydrogeneticCo-rich 93 % 16 % 14 %
nodules sites
Overall misjudgment rate 87.5

%

153% 13.2%

Note: The number of hydrogenetic cobalt-rich nodules sites is 814, and the
number of non hydrogenetic cobalt-rich nodules sites is 12251.

rich nodules was determined to be 6.63 %, whereas the misjudgment
rate for locations lacking such nodules was 14 %. This produced a total
misjudgment rate of 13.2 % (Table 3).

The spatial distribution of hydrogenetic Co-rich nodules across the
Pacific Ocean and its surrounding seas was derived through kernel
density analysis using a cut value of 0.05 (Fig. 6). Based on the Lambert
Azimuthal Equal Area projection, regions with values exceeding 0.05
encompass an area of 30,500,745 km?. Within this region, the likelihood
of hydrogenetic Co-rich nodule occurrence is notably high, reaching
86.8 %. Nevertheless, this area remains extensive, representing 16.9 %
of the total study region.

3.3. Distribution of hydrogenetic cobalt-rich nodules in the Pacific Ocean

The total area of the Pacific Ocean and its peripheral seas considered
in this study is 180,723,485 km?. The APRA derived from binary logistic
regression analysis covers 59,227,774 km?, representing 32.8 % of the
total study region, with a hydrogenetic cobalt-rich nodule distribution
probability (P1) of 78.01 %. The APRA obtained through kernel density
analysis encompasses 30,500,745 km?, equivalent to 16.9 % of the study
area, with a corresponding distribution probability (P2) of 86.8 %.

The comparison reveals that the APRAs identified by the two
analytical approaches do not fully coincide. Notably, binary logistic
regression predicts the presence of hydrogenetic cobalt-rich nodules in
regions such as the East Pacific Rise, which are unsuitable for nodule
formation (Hein et al., 2013), suggesting that the model exhibits a de-
gree of overfitting. To refine the APRA delineation, the intersection of
the two predictive results was taken (Fig. 7), yielding an area of
21,364,725 km?, accounting for 11.8 % of the total study area. The
estimated probability of hydrogenetic cobalt-rich nodule occurrence
within this overlapping zone falls within the range [P1 + P2 — 1, min
(P1, P2)], corresponding to values between 64.81 % and 78.01 %.

4. Discussion

4.1. Control mechanism of differentiating hydrogenetic nodules from
diagenetic nodules

The geochemical characteristics of deep-sea ferromanganese de-
posits, including Mn, Co, Ni, and Cu contents, exhibit variations with
water depth, which correspond to specific pH and dissolved oxygen
ranges (Andreev, 2020; Chester and Jickells, 2009). Factors such as
nanoparticle size, redox potential, and pH govern the valence state of
Mn ions. As the redox potential increases, the Mn valence state transi-
tions from +2 to 43 and eventually to +4 (Sun et al., 2019).Within 10 A
vernadite, Mn®* preferentially occupies Jahn-Teller—distorted octahe-
dral sites and plays a key role in the topotactic transformation to
todorokite, ultimately contributing to todorokite stabilization in suboxic
marine sediments (Manceau et al., 2014). This mineralogical trans-
formation serves as an important distinction between Co-rich hydro-
genetic nodules and diagenetic Ni-Cu-rich nodules. In hydrogenetic
nodules, manganese minerals are predominantly composed of vernadite.

Compared with diagenetic nodules, hydrogenetic nodules exhibit an
exceptionally high specific surface area, reaching up to 419 m?/g (Ren
et al., 2023). For interfacial reactions such as adsorption, the reaction
rate can be expressed as v = —4 =k e A e C", where v is the reaction
rate, m is the reacting mass, t is time, k is a rate constant, A is the re-
action interface area, C is the reactant concentration, and n is the
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Fig. 7. Overlapping areas between the binary logistic regression distribution and the kernel density distribution of Pacific hydrogenetic cobalt-rich nodules.

reaction order. The large specific surface area of hydrogenetic nodules
therefore enhances the adsorption of Co?" from seawater onto vernadite
surfaces. Additionally, within hydrogenetic nodules, Co?" is oxidized to
Co®* by Mn®" within the phyllomanganate buserite (Manceau et al.,
1997), leading to a non saturation-controlled adsorption process.
Consequently, the Co concentration in hydrogenetic nodules is also
influenced by the duration of the adsorption reaction. In contrast, Ni and
Cu are primarily derived from the dissolution of biogenic silica, calcium
tests, or reduced organic matter (Chester and Jickells, 2009), which

regulate the concentrations of adsorbed species.

The occurrence of hydrogenesis or diagenesis in deep-sea environ-
ments is primarily influenced by pH and dissolved oxygen conditions.
These factors are determined by the transport of oxygenated seawater
near the seafloor through bottom currents, such as the Antarctic Bottom
Water, and by the reduction of organic matter that settles onto the
seafloor from the overlying water column, particularly from surface
waters (Koschinsky and Hein, 2003; Halbach et al., 1988; Koschinsky
and Halbach, 1995). Consequently, the spatial distribution of
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hydrogenetic nodules can be effectively predicted by integrating pa-
rameters such as surface primary productivity, dissolved oxygen levels
near the seabed, bottom current dynamics, water depth, and CaCO3
concentrations in surface sediments.

4.2. Control factors for predicting distribution of hydrogenetic cobalt-rich
nodules

The spatial distribution of hydrogenetic cobalt-rich nodules is
influenced by multiple environmental and geological parameters
(Dutkiewicz et al., 2020; Kuhn et al., 2017), such as sediment thickness,
surface primary productivity, CaCO3 concentration in sediments, dis-
solved oxygen levels in seawater, water depth related to bottom water
formation, and bottom current velocity. When sediment flux is elevated,
as observed in certain marginal sea basins, thick sediment layers accu-
mulate and induce a dilution of cobalt within nodules (Ren et al., 2024),
thereby reducing their cobalt content. Elevated primary productivity
promotes the deposition of organic materials that subsequently
decompose, triggering diagenetic processes (Andreev, 2020; Chester and
Jickells, 2009), which suppress cobalt enrichment in the nodules.
Increased CaCOs3 concentration in sediments reflects a greater input of
biogenic material, unfavorable for nodule formation, since the carbon-
ate compensation depth (CCD) exerts a critical influence on nodule
development (Kuhn et al., 2017). Furthermore, reduced dissolved oxy-
gen in bottom waters indicates an environment favoring diagenetic
alteration rather than the precipitation of hydrogenetic cobalt-rich
nodules (Anekcangpos, 2009; Chester and Jickells, 2009).

The regression coefficients obtained from the binary logistic
regression analysis indicate that sediment thickness and primary pro-
ductivity, with values of —12.787 and —26.016 respectively, are the
predominant factors influencing the spatial distribution of cobalt-rich
nodules in the Pacific Ocean. The spatial resolution of sediment thick-
ness and primary productivity datasets employed in this study enables
the differentiation of hydrogenetic Co-rich nodules from other nodule
types across the Pacific region, which likely explains their dominant
control on nodule distribution. The water depth dataset was adjusted
according to the frequency of polymetallic nodule occurrence within
specific depth intervals, revealing a correlation with hydrogenetic Co-
rich nodules and yielding a regression coefficient of —1.335. In
contrast, the dissolved oxygen data, sourced from global profiles (htt
ps://www.ewoce.org), have spatial intervals on the order of several
degrees, which limit their ability to effectively distinguish hydrogenetic
nodules from other nodule types. Consequently, the regression coeffi-
cient for dissolved oxygen is relatively low at 3.314. Although both
bottom current velocity and CaCO3 concentration in sediments are
theoretically associated with cobalt nodule formation (Kuhn et al., 2017;
Chester and Jickells, 2009; Anekcanapos, 2009), their regression co-
efficients are effectively zero and negligible, possibly due to their
weaker discriminative capability compared to sediment thickness and
primary productivity.

Although correlation-based approaches such as binary logistic
regression are valuable for predicting the spatial distribution of hydro-
genetic cobalt-rich nodules, their effectiveness is constrained by the
types of available data and their spatial resolution. Consequently, in-
stances of overfitting may occur, as evidenced by the predicted nodule
distribution near the East Pacific Rise (Fig. 5), which contradicts
geological models indicating that nodules primarily form in deep ocean
basins (Hein et al., 2013). To address this limitation, the present study
integrated binary logistic regression with kernel density analysis, which
relies solely on geological observation data (Fig. 6). This combined
approach effectively mitigates the overfitting observed in the south-
eastern Pacific (Fig. 7), while also filtering out certain anomalous data
points from geological observations (Fig. 6). These outcomes demon-
strate the importance of integrating data-driven statistical techniques
with geological understanding to achieve more reliable predictions of
hydrogenetic cobalt-rich nodule distribution.
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5. Conclusion

Hydrogenetic cobalt-rich nodules in the Pacific Ocean are predomi-
nantly concentrated in the low-latitude waters of the western Pacific,
particularly within the Mariana Basin, the Philippine Basin, the northern
sector of the Central Pacific Basin, and the northern portion of the
Southwest Pacific Basin. Additionally, cobalt-rich nodules are also
observed in the Southern Ocean near 60 degrees south latitude. The
formation and spatial distribution of hydrogenetic cobalt-rich nodules
are governed by multiple environmental and geological parameters,
including sediment thickness, primary productivity, CaCOs content in
sediments, dissolved oxygen concentration in seawater, water depth,
and bottom current velocity. Results from binary logistic regression
indicate that sediment thickness and primary productivity are the
dominant factors influencing nodule formation, suggesting their effec-
tiveness as key predictors for mapping the distribution of hydrogenetic
Co-rich nodules. Moreover, reliable prediction of nodule distribution
requires the integration of statistical modeling techniques with geolog-
ical insights to capture both data-driven patterns and geologically con-
strained controls.
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