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Abstract

To explore the geochemical characteristics and genesis of the elements in ferromanganese nodules from the Northwest
Pacific, this study analyses the mineral composition, elemental content, occurrence phase and genetic mechanisms of
samples by X-ray diffraction (XRD), inductively coupled plasma-optical emission spectrometry (ICP-OES), inductively
coupled plasma-mass spectrometry (ICP-MS) and phase analysis methods. The results show that ferromanganese
nodules are mainly hydrogenetic, and Mn/Fe content ratio ranges from 0.95 to 2.05. The major minerals are vernadite
(6-MnO,) and amorphous ferric oxyhydroxide (FeOOH), and the secondary minerals include todorokite, birnessite,
quartz and plagioclase. Ferromanganese nodules contain high contents of Co (0.24%-0.42%), Cu (0.23%—0.73%), Ni
(0.33%—-0.86%) and rare earth elements (REEs, 1 192—1 990 pg/g), which have positive Ce and negative Y anomalies
but no Eu anomaly. A cluster analysis suggests that the elements in ferromanganese nodules can be divided into three
groups: hydrogenetic components, including Fe, Ti, Zr, P, Pb, Co, Ba, Sr, V and REEs; diagenetic components,
including Mn, Ni, Mg, Zn and Cu; and detrital components, including Al, Na, K and Ca. According to chemical
leaching, ferromanganese nodules can be divided into four phases: Na, Ca, Mg and Sr are mainly enriched in the
carbonate phase; Mn, Co, Ni and Ba are mainly enriched in the Mn-oxide phase; Fe, P, Ti, Cu, Pb, V, Zn, Zr and REEs
are mainly enriched in the Fe-oxide phase; and Al and K are mainly enriched in the residual phase. A combination of
the two different methods reveal selective enrichment of metal elements from seawater by ferromanganese nodules,
featuring multisource mineralization. Moreover, through ion exchange and adsorption, approximately 71.2% of REEs
are enriched in the Fe-oxide phase, 15.4% in the Mn-oxide phase and 12.4% in the residual phase, while REE contents
in the carbonate phase are relatively low. In addition, under the oxic conditions of seawater, the oxidation of soluble
Ce?* to insoluble CeO, together with Fe-Mn minerals results in Ce enrichment in ferromanganese nodules. This study
provides a reference for the metallogenesis of ferromanganese nodules from the Northwest Pacific.
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1 Introduction

Ferromanganese nodules are marine authigenic sedi-
mentary minerals that are mainly distributed in deep-sea
basins with water depths of 4 000—6 500 m (Hein et al.,
2013, 2020; Hein and Koschinsky, 2014; Kuhn et al.,
2017; Yang et al., 2024). Ferromanganese nodules are
mainly composed of Fe and Mn oxides, with the cores in-
cluding biological shells, fish teeth and volcanic debris,

etc., and also contain trace metals with important econom-
ic values, such as Co, Ni, Cu and rare earth elements
(REEs) (Nakamura et al., 2024; Shen et al., 2024; Zhong
et al., 2021; Zhang et al., 2023). According to the materi-
al source and growth environment, ferromanganese nod-
ules can be divided into three types: hydrogenetic, hy-
drothermal and diagenetic (Halbach et al., 1981; Bau et al.,
2014; Josso et al., 2017). The first two are mainly formed
by the precipitation of metal elements in the bottom sea-
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water, while the latter is mainly formed by the migration
of metal elements in the pore water of the sediment. Some
of the hydrogenetic nodules have diagenetic microlayers,
and diagenetic nodules also have hydrogenetic microlay-
ers (Cheng et al., 2023a; Wu et al., 2023; Heller et al.,
2018). The microlaminae of ferromanganese nodules dif-
fer between hydrogenetic and diagenetic nodules, which
reflects the changes in redox environment of the bottom
water (Hein et al., 2013; Wegorzewski and Kuhn, 2014;
Guan et al., 2019). Usually, hydrogenetic nodules are
formed on the oxic surface of sediments with a low Mn/Fe
content ratio (Mn/Fe < 2.5) and vernadite (6-MnO,) and
amorphous ferric oxyhydroxide (FeOOH) as the major
minerals. Diagenetic nodules are formed in suboxic sedi-
ments with a high Mn/Fe ratio (Mn/Fe >5) and 10 A
manganate minerals (todorokite, busselite, etc.) or 7 A
manganate minerals (birnessite, etc.) as the major miner-
als. There are also mixed types of hydrogenetic and diage-
netic nodules (2.5 < Mn/Fe < 5) (Kuhn et al., 2017;
Reykhard and Shulga, 2019; Hein et al., 2020). Moreover,
the contents of Mn, Fe, Co, Ni, Cu and REEs in different
types of ferromanganese nodules are also obviously dif-
ferent (Guan et al., 2017; Menendez, et al., 2019; Cheng
et al., 2023b; Ren et al., 2023). For example, hydrogenet-
ic nodules from the Northwest Pacific and Cook Islands
Exclusive Economic Zone (EEZ) are rich in Fe, Co and
Ce and poor in Ni and Cu (Hein et al., 2012, 2015; Deng
et al., 2022; Ren et al., 2022; Luo et al., 2023); diagenetic
nodules from the Clarion-Clipperton Zone (CCZ) in the
Northeast Pacific and Central Indian Ocean Basin (CIOB)
are rich in Mn, Cu and Ni and poor in Co and Ce (Hein
and Koschinsky, 2014; Cao et al., 2017; Fu and Wen,
2020; Li et al., 2020; Ren et al., 2021); hydrothermal nod-
ules from the Peru Basin in the Southeast Pacific are rich
in Mn and Fe but poor in Co and REEs (Chen and Owen,
1989; Wu et al., 2023; Knaack et al., 2023).

Different types of nodules are different in source and
enrichment mechanisms of metal elements in different
mineral phases (Li et al., 2009; Zhong et al., 2017b).
Therefore, it is necessary to analyse the occurrence phase
of ferromanganese nodules to effectively reveal their ele-
mental sources and genetic mechanisms. Usually, ele-
ments occur in the adsorbate state, carbonate phase, Mn-
oxide phase, Fe-oxyhydroxide phase and residual phase
(Koschinsky and Halbach, 1995; Koschinsky and Hein,
2003; Khanchuk et al., 2015; Mikhailik et al., 2017; Surya
et al., 2020). More specifically, alkali and alkaline earth
metals are enriched in the adsorbate and carbonate phases,
and REEs are mainly present in Mn oxide (5-MnO,) and
amorphous Fe oxyhydroxide (FeOOH) (Bau and Koschin-
sky, 2009; Jiang et al., 2011; Mohwinkel et al., 2014;
Liang et al., 2024). Based on chemical leaching, Bai et al.
(2004) found that REEs of ferromanganese crusts from
the Pacific were mainly present in the Fe-oxide phase,
with only a small fraction in the Mn-oxide phase, which
indicates that REE enrichment was controlled by the Fe-

mineral phase (goethite or amorphous FeOOH). Ren et al.
(2019) studied ferromanganese nodules from the South
China Sea and western Pacific by laser ablation-inductive-
ly coupled plasma-mass spectrometry (LA-ICPMS) and
chemical leaching methods, and their results showed that
the partitioning of REEs in the Fe- and Mn-mineral phas-
es varied among different areas and their enrichment was
controlled by vernadite and amorphous FeOOH. Cheng
et al. (2023b) proposed that REE contents of ferroman-
ganese nodules were very low in Fe mineral phases of
goethite and FeOOH and Mn mineral phases of todor-
okite and busselite, but were mainly enriched in hydroge-
netic 3-MnO, mineral phase.

Ferromanganese nodule in the Northwest Pacific
Basin is hydrogenetic nodule. Compared with diagenetic
and hydrothermal nodules, hydrogenetic nodule has high-
er Co and REE contents with important economic value
(Hein et al., 2013, 2020; Ren et al., 2022, 2023). At
present, there are few ferromanganese nodule investiga-
tion stations in this region, the research work is very
limited, and the resource potential is unclear. Although
previous studies have been carried out on the element
content, mineral composition and genetic characteristics
of ferromanganese nodules from the Northwest Pacific,
the occurrence phase and enrichment mechanism of
elements remain unclear. In this study, ferromanganese
nodule samples from the Northwest Pacific Basin
were chosen to investigate their mineral composition, ele-
mental content, occurrence phase and genetic mecha-
nisms. This study provides a reference for the metallo-
genesis of ferromanganese nodules from the Northwest
Pacific.

2 Geological setting

The Magellan, Marcus-Wake and Marshall Seamounts
are located in the Northwest Pacific. These seamounts are
the oldest hot spots of intraplate magmatism, formed be-
tween 120 Ma and 90 Ma and drifted northwestward to
their present location as the Pacific Plate expanded (Kop-
pers et al., 2003; Miiller et al., 2008; Ren et al., 2016).
The research area is located in an intermontane basin near
the Magellan Seamounts and Marcus-Wake Seamounts in
the Northwest Pacific, with a water depth of 5 000—6 500 m
(Deng et al., 2019). The Northwest Pacific Basin is an
area with low primary production and low inputs of ter-
rigenous materials. The sediments are mainly pelagic clay
with a thickness of 0—40 m and a sedimentation rate of 0.8—
1.0 mm/ka (Luo et al., 2023). In addition, the Lower Cir-
cumpolar Deep Water (LCDW) rich in oxygen and low in
temperature and salinity, which flows through the study
area, provides a suitable environment for the occurrence
of ferromanganese nodules (Kawabe et al., 2003). Ferro-
manganese nodules found in the study area are located on
the surface of pelagic clay sediments (Machida et al.,
2016).
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3 Materials and methods

3.1 Sample collection and description

Ferromanganese nodule samples from the Northwest
Pacific were collected during the Day 67-1 expedition of
R/V Xiangyanghong 01. Samples were collected by dredg-
ing or boxing, and the sampling locations are shown in
Fig. 1. Ferromanganese nodule samples were retrieved at
5 stations, namely, BO1, B03, B04, B0O6 and TOl. The
samples were black, oolitic on the surface, and had no
cores or biological traces on their surface. Sample BO1
contains spherical nodules with diameters of 2 x 2 cm and
3 x 3 cm, and Samples B03, B04, B06 and TO1 contain
conjunctive nodules with diameters of 4 x 3 cm and 3 x
2 cm. Sample descriptions and photos are shown in
Table 1 and Fig. 2, respectively. After drying, the sam-
ples were ground to 200 mesh by an agate mortar and then
placed in a clean sample bag for later treatments.

3.2 Major and trace element analytical methods

50.00(£0.50) mg of samples were weighed into a sam-
ple liner. Then, 1 mL of nitric acid, hydrochloric acid and
hydrofluoric acid, respectively, were added to the sam-
ples, which were then placed in a sealed steel sleeve and
heated in an oven at 190°C for 48 h. After cooling, the
samples were heated on an electric heating plate at 150°C

to dryness. After addition of 3 mL of 30% (v/v) hy-
drochloric acid solution and 0.5 mL of 1 pg/g rhodium in-
ternal standard solution, the samples were then put in a
sealed steel sleeve to heat once again in an oven at 150°C
for 8 h. After cooling, 2% (v/v) nitric acid solution was
added to a volume to 50 mL for measurement. Major ele-
ments were determined by ICP-OES (Thermo Fisher,
iCAP7000, USA), and REEs were determined by ICP-MS
(Thermo Fisher, iCAPRQ, USA) at the Key Laboratory of
Marine Geology and Metallogeny, First Institute of
Oceanography, Ministry of Natural Resources. The stan-
dard materials GBW 07295 and GBW 07296 were used to
check data quality of the analysis, with relative errors of
the elements less than 5%, and the recoveries between
90% and 110%.

3.3 Chemical leaching method

According to the chemical leaching method proposed
by Koschinsky et al. (Koschinsky and Halbach, 1995;
Koschinsky and Hein, 2003), four phases of the samples
were sequentially extracted at the Key Laboratory of Ma-
rine Geology and Metallogeny, First Institute of Oceanog-
raphy, Ministry of Natural Resources. In brief, 1 g of sam-
ples was put in a 200 mL reaction bottle, mixed with the
leaching reagent, and shaken at room temperature. The
leaching solution was centrifuged for analysis. The
residue was washed twice with Milli-Q water and then
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Fig. 1. Location of ferromanganese nodule samples.
Table 1. Description of ferromanganese nodule samples
Station  Latitude/°N  Longitude/°’E ~ Number Type Diameter/cm  Water depth/m  Sampling
BO1 17.807 557  153.695 282 BOIM middle spherical nodules 3x3 5694 boxing
BO1S small spherical nodules 2x2 5694 boxing
B03 17.640 543 155.464 373 BO3M  middle conjunctive nodules 4x3 5698 boxing
B03S small conjunctive nodules 3x2 5698 boxing
B04 16.549 205 159.093 026 B04M  middle conjunctive nodules 4x3 5790 boxing
B04S small conjunctive nodules 3x2 5790 boxing
B06 20.310552  161.702 904 B06M  middle conjunctive nodules 4x3 5140 boxing
B06S small conjunctive nodules 3x2 5140 boxing
TO1 17.656 095 155.492 477 TOIM  middle conjunctive nodules 4x3 5689 dredging
TO01S small conjunctive nodules 3x2 5689 dredging
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Fig. 2. Photograph of the ferromanganese nodule samples.

transferred to the next leaching step. The experimental
steps were as follows. Leach 1 (L1): exchangeable ions
and carbonate phase (referred to as the carbonate phase)
was extracted with 30 mL of 1 mol/L acetic acid solution
(pH = 2.5); Leach 2 (L2): Mn oxide phase was extracted
with 175 mL of 0.1 mol/L hydroxylamine hydrochloride
solution (pH = 3.7); Leach 3 (L3): Fe oxide phase was ex-
tracted with 175 mL of 0.2 mol/L ammonium oxalate so-
lution (pH = 3.5); Leach 4 (L4): major and trace elements
in residual phase were analysed according to the methods
in Section 3.2. During the experiment, the relative devia-
tions were less than 5%. The acetic acid, hydroxylamine
hydrochloride, oxalic acid and ammonium oxalate used in
the experiment were all of superior purity; the nitric acid
and hydrofluoric acid were all obtained by secondary
azeotropic distillation; and the water was secondary
deionized water.

3.4 Mineral identification method

The mineral identification of the samples was per-
formed by XRD (Nippon Science Corporation,
D/MAX2500HB+/PC, Japan) at the Key Laboratory of
Marine Geology and Metallogeny, First Institute of
Oceanography, Ministry of Natural Resources. The scan-
ning range was 3°-75°, the step size was 0.02°, the scan-
ning speed was 2°/min, the voltage was 40 kV, the cur-
rent was 80 mA, and a Cu rake was used. XRD data were
obtained using Jade 6.0 software.

4 Results

4.1 Mineralogical characteristics

The XRD patterns of ferromanganese nodules from
the Northwest Pacific are shown in Fig. 3. The major Mn
minerals are vernadite (V, 6-MnO,) with small amounts of
todorokite (T) and birnessite (B). Vernadite is a hydro-
genic oxide formed under strongly oxic conditions (Hein
et al., 2000; Wegorzewski and Kuhn, 2014; Guan et al.,
2019), indicating that the ferromanganese nodules are

mainly hydrogenetic. However, todorokite generally
forms under suboxic conditions (Hein et al., 2013; Yin
et al., 2019; Cheng et al., 2023b), indicating that the ferro-
manganese nodules are affected by early diagenesis to
some extent. Moreover, no diffraction peak of crystalline
Fe mineral is detected in ferromanganese nodule samples,
combined with the chemical leaching results of extracted
reactive Fe in the following text, it can be inferred that the
ferromanganese nodules contain a large amount of amor-
phous ferric oxyhydroxide (FeOOH). In addition, ferro-
manganese nodules contain small amounts of detrital min-
erals, including quartz (Q) and plagioclase (Pl), indicat-
ing that the ferromanganese nodules are affected by ter-
rigenous inputs (Cui et al., 2012; Ren et al., 2023).

4.2 Major and trace element characteristics

The major and trace element contents of ferroman-
ganese nodules from the Northwest Pacific are shown in
Table 2. The results show that Mn and Fe have the high-
est contents among the major elements, with Mn ranging
from 16.55% to 24.94% and Fe ranging from 12.19% to
17.40%. And then, Al, Ca, Mg, Na and Ti contents range
from 0.64% to 3.67%. K, P, Co, Cu, Ni, Ba, Sr and Pb
contents range from 0.07% to 0.86%. Finally, V, Zn and
Zr contents range from 420 pg/g to 905 pg/g. Mn/Fe and
Ca/P ratios range from 0.95 to 2.05 and from 5.60 to 9.59,
respectively. According to the previous studies (Ren et al.,
2016), Ca/P ratio of phosphatized crusts in the Pacific is
less than 2, the ferromanganese nodules in the study area
are not affected by phosphatization.

The ferromanganese nodules are enriched in REEs
(Table 2), with their contents ranging from 1 192 ng/g to
1990 pg/g. Among the REEs, Ce has the highest con-
tents ranging from 597 pg/g to 1 216 ug/g, and account-
ing for approximately 50% of the total REEs. The con-
tents of light rare earth element (LREE) and heavy rare
earth element (HREE) range from 950 ng/g to 1 693 pg/g
and from 223 pg/g to 297 pg/g, respectively, with
LREE/HREE ratios ranging from 3.94 to 5.86, indicating
that LREE contents are higher than those of HREEs. The
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Fig. 3. X-ray diffraction patterns of ferromanganese nodules. V-Vernadite, T-todorokite, B-birnessite, Q-quartz, and
Pl-plagioclase. cps: counts per second.

Table 2. Major and trace element contents and ratios of ferromanganese nodules

Spherical nodule Conjunctive nodule
Element Unit
BOIM BO1S Average BO6M B06S B03M B03S TOIM TOIS B04M B04S Average
Mn % 1655 1736 1696 2099 2044 2126 2322 2199 2319 1879 2494 2185
Fe % 17.40 16.78 17.09 1537 15.14 13.49 1235 1419 13.01 1229 12,19 13.50
Al % 2091 3.37 3.14 245 2.58 2.68 2.64 2.83 2.96 3.67 2.86 2.83
Ca % 158 1.60 1.59 1.74 1.79 1.68 1.56 1.70 1.67 2.07 1.62 1.73
K % 066 0.67 0.66 0.74 0.75 0.67 0.69 0.72 0.73 0.81 0.78 0.74
Mg % 124 1.41 1.32 1.55 1.45 1.62 1.81 1.74 1.91 1.48 1.89 1.68
Na % 150 1.55 1.53 1.70 1.73 1.69 1.69 1.81 1.84 2.12 1.83 1.80
P % 028 029 0.28 0.28 0.27 0.26 0.22 0.26 0.24 0.22 0.22 0.25
Ti % 138 1.33 1.35 1.05 1.08 0.87 0.73 0.87 0.75 0.71 0.64 0.84
Co % 037 035 0.36 0.42 0.41 0.32 0.28 0.33 0.29 0.24 0.26 0.32
Cu % 023 030 0.27 0.32 0.30 0.47 0.59 0.55 0.59 0.53 0.73 0.51
Ni % 033 038 0.36 0.62 0.55 0.68 0.84 0.71 0.83 0.58 0.86 0.71
Ba % 012  0.12 0.12 0.14 0.14 0.12 0.11 0.12 0.12 0.10 0.10 0.12
Sr % 009 0.09 0.09 0.10 0.10 0.08 0.07 0.09 0.08 0.08 0.07 0.08
Pb % 0.12  0.11 0.11 0.10 0.10 0.10 0.10 0.09 0.09 0.09 0.08 0.10
\Y% ug/g 498 458 478 529 530 473 456 494 480 432 474 483
Zn pg/g 505 553 529 654 599 697 844 697 820 624 905 730
Zr ug/g 681 657 669 639 637 524 463 508 473 465 420 516
Mn/Fe - 095 1.03 0.99 1.37 1.35 1.58 1.88 1.55 1.78 1.53 2.05 1.63
Ca/P - 568 560 5.64 6.13 6.59 6.42 7.00 6.50 6.84 9.59 7.23 7.04
La ng/g 201 170 186 203 193 179 156 156 140 139 143 164
Ce pg/g 1216 1017 1117 1154 1150 877 713 779 648 656 597 822
Pr ug/g 44.0  40.6 423 48.8 48.5 42.5 36.2 39.9 36.8 32.9 342 40.0
Nd png/g 182 160 171 191 188 165 143 161 144 130 137 158
Sm pug/g 39.5 343 36.9 41.8 40.0 35.7 31.9 34.6 313 29.8 31.7 34.6
Eu ug/g 944 822 8.83 9.62 9.35 8.78 7.85 8.28 7.42 7.29 7.62 8.28
Gd pug/g  44.1 38.8 414 43.1 42.4 40.2 353 373 332 33.1 34.8 37.4

to be continued
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Spherical nodule

Conjunctive nodule

Element Unit
BOIM BOIS Average BO6M B06S BO3M B03S TOIM TOIS B04M B04S Average

Tb pg/g  6.82 5.95 6.38 6.65 6.46 6.22 5.57 5.84 5.33 5.24 5.55 5.86
Dy uglg 42.7 36.7 40.0 39.0 38.1 38.4 33.9 349 31.6 323 34.0 353
Ho ng/g  8.26 7.27 7.77 7.40 7.25 7.37 6.43 6.74 6.22 6.30 6.67 6.80
Er ug/g 233 21.3 22.3 21.2 21.2 20.9 18.5 19.5 17.7 17.7 18.9 19.4
Tm pg/g 345 3.06 3.25 3.01 2.92 3.06 2.68 2.81 2.50 2.52 2.78 2.79
Yb pug/lg 240 212 22.6 21.1 19.9 20.9 18.2 19.5 17.3 17.4 19.2 19.2
Lu ug/g  3.53 3.26 3.40 3.16 3.02 3.17 2.73 2.88 2.58 2.64 2.84 2.88
Y pg/g 141 147 144 142 137 126 109 135 122 105 116 124
REEs ug/lg 1990 1716 1853 1935 1907 1575 1320 1444 1246 1218 1192 1480
LREE pg/g 1693 1431 1562 1648 1629 1308 1088 1179 1007 995 950 1226
HREE ug/g 297 285 291 287 278 266 232 265 239 223 241 254
LREE/HREE - 5.69 5.03 5.36 5.75 5.86 4.91 4.69 4.45 4.22 4.47 3.94 4.78
Y/Ho - 17.1 20.2 18.7 19.2 18.9 17.1 16.9 20.1 19.7 16.8 17.4 18.3
3Ce - 2.81 2.67 2.74 2.53 2.59 2.19 2.06 2.15 1.97 2.11 1.86 2.18
SEu - 099 098 0.99 0.99 0.99 1.01 1.02 1.01 1.01 1.01 1.00 1.01
dY - 0.68 0.82 0.75 0.76 0.75 0.68 0.67 0.80 0.79 0.67 0.70 0.73

Note: LREEs =La+ Ce +Pr+Nd + Sm + Eu, HREEs = Gd + Tb + Dy + Ho + Er+ Tm + Yb + Lu+ Y, 8Ce = 2Ce/(Lay + Pry), 5Eu = 2Eu,/
(Smy+Gdy), 8Y = 2Y/(Dyy + Hoy), and Lay, Cey, Pry, Smy, Euy, Gdy, Yy, Dyy and Hoy are normalized to North American shale
(NASC). NASC data are from Wang et al. (1989). — represents no data.

dCe values [8Ce = 2Ce\/(Lay + Pry), where Cey, Lay and
Pry are contents normalized to the respective contents in
the North American shale, NASC] range from 1.86 to
2.81 (8Ce > 1), suggesting a positive Ce anomaly. The
0Eu values [6Eu = 2Eu,/(Smy + Gdy), where Euy, Smy
and Gdy are contents normalized to the respective con-
tents in the NASC] range from 0.98 to 1.02 (6Eu = 1),
suggesting no Eu anomaly. The 8Y wvalues [0Y =
2Y,/(Dyy + Hoy), where Yy, Dyy and Hoy are contents
normalized to the respective contents in the NASC] range
from 0.67 to 0.82 (8Y < 1), suggesting a negative Y
anomaly. The Y/Ho ratios range from 16.8 to 20.2. Ac-
cording to the previous studies (He et al., 2011), the Y/Ho
ratio of non-phosphatized crusts in the Pacific ranges from
17 to 22, so ferromanganese nodules in the study area are
not affected by phosphatization.

In addition, the sizes with diameters of 2 X 2 c¢cm, 3 X
3cm, 3 x 2 cm and 4 X 3 cm have no obvious effect on
the element contents, while the types of spherical nodules
and conjunctive nodules have an effect on the element
contents. For example, Fe and REE contents of spherical
nodules are higher than those of conjunctive nodules, and
Mn, Cu, Ni and Zn contents of conjunctive nodules are
higher than those of spherical nodules. There are some
differences in the element contents between spherical nod-
ules and conjunctive nodules, which may be related to the
differences of redox environment and material source.

The element contents of ferromanganese nodules in
the study area are compared with those of other oceanic
nodules, oceanic crust, continental crust and the Earth’s
crust to characterize their relative enrichments. The ele-
ment enrichment coefficients are shown in Fig. 4. The
studied nodules are enriched in Fe, Ti, Co, Pb and REEs
compared to the nodules in Clarion-Clipperton Zone

(CCZ), Peru Basin and Central Indian Ocean Basins, en-
riched in Cu, Ni and Zn compared to the nodules in Cook
Islands Exclusive Economic Zone (EEZ), South China
Sea and Philippine Sea. Meanwhile, the studied nodules
are enriched in Mn, Co, Cu, Ni, Pb, Zn and REEs in com-
parison with oceanic crust, continental crust and Earth’s
crust.

5 Discussion

5.1 Origin of the ferromanganese nodules

At present, the genetic classification of ferroman-
ganese nodules using elemental geochemical characteris-
tics has been widely recognized. Halbach et al. (1981)
proposed a triangle diagram based on Mn, Fe, Co and
Ni+Cu to classify the origin types by analysing a large
number of nodule and crust samples in the Pacific. Since
it is difficult to distinguish diagenetic origin or hydrother-
mal origin from triangle diagrams, Bau et al. (2014) pro-
posed the use of rare earth element indices (such as 3Ce,
the Y/Ho ratio and Nd content) to classify the origin types
by analysing nodule and crust samples from different sea
areas around the world. Therefore, according to the Fe —
(Co+ Cu+Ni) x 10—Mn ternary diagram proposed by Bon-
attietal. (1972)and the (Cu+Ni)x 15— (Zr+Y +Ce) x 100—
(Fe + Mn)/4 ternary diagram proposed by Josso et al.
(2017), the origin of ferromanganese nodules can be dis-
tinguished. The results show that (Fig. 5) most of the sam-
ple points are located in the hydrogenetic zone, and a few
are located in the transition zone between hydrogenetic
and diagenetic processes, indicating that the ferroman-
ganese nodules in the study area are mainly hydrogenetic
and less affected by diagenesis. Moreover, according to
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the 6Ce-Nd and 8Ce-Y\/Hoy correlation diagram pro-
posed by Bau et al. (2014), the origin of ferromanganese
nodules can also be distinguished. The results show that
(Fig. 6) the sample points are all located in the hydroge-
netic zone (Nd > 100 pg/g, Ce > 1 and Y/Hoy < 1), in-
dicating that the ferromanganese nodules in the study area
are mainly hydrogenetic. Moreover, according to subma-
rine photography, the ferromanganese nodules are located
below the carbonate compensation depth (CCD) with a
water depth greater than 5 100 m, and combined with the
oxygen-rich metallogenic conditions, low temperature and
low sedimentation rate in the study area (Kawabe et al.,
2003; Ren et al., 2022; Luo et al., 2023), the ferroman-
ganese nodules are mainly hydrogenetic.
NASC-normalized REE distribution patterns of ferro-
manganese nodules from the Northwest Pacific are shown
in Fig. 7. The results show that the nodules in the study
area, as well as the nodules in the Cook Islands EEZ,
South China Sea, Philippine Sea and the crusts in the
Northwest Pacific, have positive Ce and negative Y
anomalies. However, the nodules in the CCZ, Peru Basin
and Central Indian Ocean Basin have weak or no Ce
anomaly. Moreover, the REE pattern of the studied nod-
ules shows a mirror relationship with that of seawater, in-

dicating that the REEs of ferromanganese nodules are
mainly from seawater (Ren et al., 2022, 2024).

5.2 Elemental correlation of ferromanganese no-
dules

To reveal the material source of ferromanganese nod-
ules from the Northwest Pacific, elemental correlation
analysis are applied, and the correlation coefficient ma-
trix is shown in Table 3. The results show that Mn is posi-
tively correlated with Mg, Cu, Ni and Zn but negatively
with Fe, P, Al, Ti, Pb, Zr and REEs. Fe is positively corre-
lated with P, Ti, Co, Ba, Sr, Pb, V, Zr and REEs but nega-
tively with Na, K, Mg, Cu, Ni and Zn. Al is positively
correlated with Ca, K and Na but negatively with Mn, Co,
Ba, Sr and V. Therefore, Mn, Mg, Cu, Ni and Zn are
mainly related to Mn mineral phases, Fe, P, Ti, Co, Ba,
Sr, Pb, V, Zr and REEs are mainly related to Fe mineral
phases, and Al, Ca, K and Na are mainly related to Al
mineral phases. Mineral phases are the main factor con-
trolling the difference of selective enrichment.

To determine the material source of ferromanganese
nodules, the principal component analysis is performed,
and the results are shown in Table 4. According to the
Kaiser Meyer Olkin (KMO) and Bartlett sphericity tests,
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the elemental data meet the requirements of the principal
component analysis. The results show that there are three
main factors with eigenvalues greater than 1 and the cu-
mulative variance contribution of the three main factors is
95.5%. In main factor F1, Fe, Ti, Zr, Pb and P have posi-
tive correlations and are of hydrogenetic origin, and Mn,

Ni, Zn, Mg and Cu have negative correlations and are of
diagenetic origin. In main factor F2, V, Ba, Sr, Co and
REEs have positive correlations and are of hydrogenetic
origin, and Al and Na have negative correlations and are
of detrital origin. In main factor F3, Ca, K and Na have
positive correlations and are of detrital origin.
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To further determine material source of the ferroman-
ganese nodules, a cluster analysis of the elements is per-
formed, and the cluster combination diagram is shown in
Fig. 8. According to the mineral phases of ferroman-
ganese nodules, the elements can be categorized into three
groups at a distance of 15 related to Fe, Mn and Al miner-
al phases, respectively. In ferromanganese nodules, the el-
ements of Fe, Ti, Zr, P, Pb, Co, Ba, Sr, V and REEs,
which are related to Fe mineral phase, are of hydrogenet-
ic source. The elements of Mn, Ni, Mg, Zn and Cu, which
are related to Mn mineral phase, are of diagenetic source.
The elements of Al, Na, K and Ca, which are related to Al
mineral phase, are of detrital source. Therefore, the ele-
ment sources of ferromanganese nodules can be divided
into three types: hydrogenetic, diagenetic and detrital,
which indicates that ferromanganese nodules have under-
gone a very complex mineralization process, showing the
characteristics of multisource mineralization (Ren et al.,
2022, 2024; Luo et al., 2023).

5.3 Occurrence phase of ferromanganese nod-
ules

5.3.1 Elemental occurrence characteristics
Using the chemical leaching method, ferromanganese

nodules can be divided into four phases: the adsorbed
cation and carbonate phase (collectively called carbonate
phase hereafter), Mn-oxide phase, Fe-oxide phase and
residual phase. The results of elemental occurrence phas-
es in ferromanganese nodules from the Northwest Pacific
are shown in Table 5 and Fig. 9. Na, K, Ca, Mg and Sr are
mainly enriched in the carbonate phase, with their per-
centages of 80.7%, 65.3%, 47.0% and 55.0%, respective-
ly, but K is much less enriched. Mn, Co, Ni and Ba are
mainly enriched in the Mn-oxide phase, with their per-
centages of 96.8%, 84.1%, 78.9% and 54.8%, respective-
ly, but Ca, K, Mg, Cu, Sr, V, Zn and REEs are much less
enriched. Fe, P, Ti, Cu, Pb, V, Zn, Zr and REEs are main-
ly enriched in the Fe-oxide phase, with their percentages
of 84.6%, 93.6%, 84.9%, 66.0%, 97%, 68.4%, 51.8%,
93.0% and 71.2%, respectively, but Al, Co, Ni and Ba are
much less enriched. Al and K are mainly enriched in the
residual phase, with their percentages of 51.6% and
45.4%, respectively, but Fe, Ca, Mg, Na, Ti, Ba and REEs
are much less enriched. Moreover, REE enrichment in the
different phases follows the order of Fe-oxide phase >
Mn-oxide phase > residual phase > carbonate phase. Ap-
proximately 71.2% of REEs are enriched in the Fe oxide
phase, 15.4% in the Mn-oxide phase and 12.4% in the
residual phase. REE contents in the carbonate phase are
low, with a phase enrichment ratio of 1.01%. The phase
results of ferromanganese nodules are basically consistent
with those of ferromanganese crusts from the Northwest
Pacific (Gao et al., 2023).

The ferromanganese nodules in the study area are
mainly hydrogenetic, and the elements come from seawa-
ter. Na, K, Ca, Mg and Sr in seawater mainly exist as free
cations and enter carbonate minerals of ferromanganese
nodules through ion exchange or adsorption (Byrne, 2002;
Bai et al., 2004). According to the above phase analysis,
almost all of the Mn (96.6%) is from the Mn-oxide phase,
and most of the Fe (84.6%) is from the Fe-oxide phase.
Marine Fe-Mn oxides are authigenic components that se-
lectively enrich metals from seawater (Ren et al., 2022,
2024). The main Mn mineral is vernadite (6-MnO,),
which has negative surface charges; the main Fe mineral
is amorphous ferric oxyhydroxide (FeOOH), which has
low positive charges (Koschinsky and Halbach, 1995;
Koschinsky and Hein, 2003). According to the colloidal
adsorption theory, positively charged ions and complexes
in seawater are adsorbed to 6-MnO,, and negatively
charged or uncharged ions and complexes are adsorbed to
FeOOH. Moreover, 6-MnO, and FeOOH have large spe-
cific surface arecas and strong adsorption capacities
(Koschinsky and Hein, 2003; Zhong et al., 2017b). Mn,
Co, Ni and Ba, which occur mainly as free cations, are se-
lectively adsorbed to 8-MnO,; Fe, P, Ti, Cu, Pb, V, Zn, Zr
and REEs, which occur mainly as anionic complexes, are
selectively adsorbed to FeOOH. Meanwhile, the residual
phase is mainly composed of silico-aluminate detrital
minerals and clay minerals, and is derived mainly from
terrigenous detrital materials, which is usually enriched in
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Table 4. Principal component analysis of ferroman-
ganese nodules

Main factor

Element
F1 F2 F3
Mn -0.995 0.057 0.017
Ni —0.984 —0.102 0.080
Zn —0.967 -0.206 —0.053
Mg —0.958 -0.150 —-0.020
Cu -0.850 -0.474 0.173
Ti 0.835 0.339 -0.398
Zr 0.790 0.541 —0.265
Fe 0.788 0.418 —-0.381
Pb 0.762 0.138 -0.539
P 0.674 0.570 -0.338
\% 0.027 0.974 -0.075
Ba 0.287 0.935 -0.118
Sr 0.423 0.881 0.116
Co 0.444 0.867 -0.211
Al 0.424 —0.746 0.393
REEs 0.658 0.682 -0.270
Ca 0.192 —0.087 0.950
K -0.322 —-0.029 0.895
Na -0.362 -0.323 0.865
Eigenvalue 8.86 5.71 3.57
variance/% 46.6 30.1 18.8
Accumulative 46.6 76.7 95.5
variance/%
0 5 10 15 20 25
Label Number +. + + + +. +
Fe 2 -
Ti 9 —
Zr 18
REEs 19 — —
P 4 —
Pb 15
Co 10 —
Ba 13—
Sr 14 —
\ 16 —
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Ca 3 —
Al 5

Fig. 8. Cluster combination diagram of the elements in
ferromanganese nodules.

Al and K. In addition, based on the distributions of ele-
ments in seawater and at the water-sediment interface,
Ren et al. (2024) propose a new two-stage model for nod-
ule metallogenesis. Stage [ is the initial enrichment of
trace elements by the sinking of ferromanganese hydrox-
ide colloids, which regulate the distributions of scav-
enged-type elements in the water column. Stage I is the
top-down migration of trace elements dominated by
bioparticle cycling, which promotes the re-enrichment of
trace elements by ferromanganese hydroxides at the wa-

ter-sediment interface. So the enrichment mechanism of
elements in ferromanganese nodules needs to be further
studied.

5.3.2 REE patterns of the occurrence phase

REEs have unique geochemical properties, and their
contents, characteristic parameters and distribution pat-
terns play important roles in revealing their source and
growth environment. For example, 8Ce and 6Eu are im-
portant indicators of the redox environment, and the
Y/Hoy ratio is an important parameter for tracing miner-
alization (Zhong et al., 2017a, 2017b). The REE distribu-
tion patterns in the four occurrence phases of ferroman-
ganese nodules are shown in Fig. 10. Although the REE
contents of each sample are different, the REE patterns in
the same phase are basically similar, and the characteris-
tic parameters (such as dCe and d0Y) and variation trends
are also relatively similar, indicating that the mineraliza-
tion processes controlling REE enrichment in ferroman-
ganese nodules were basically similar.

The REE contents in carbonate phase range from
12.8 ug/g to 16.7 ng/g with a relatively low phase enrich-
ment ratio of 1.01%. The water depth of ferromanganese
nodules in this study area is more than 5 100 m, below the
carbonate compensation depth (CCD) of 4 400 m, where
carbonate is almost completely dissolved (Xu et al.,
2008). Therefore, the REE contents in carbonate phase are
very low. In addition, 6Ce ranges from 0.03 to 0.06
(06Ce < 1), with a negative Ce anomaly, and Y ranges
from 1.08 to 1.23 (8Y > 1), with a positive Y anomaly.
These REE patterns are similar to those in seawater, indi-
cating that the carbonates inherit the REE pattern of sea-
water and thus the REEs mainly come from seawater (Zhong
et al., 2017b). The REE contents in Mn-oxide phase range
from 145 pg/g to 314 ng/g with a phase enrichment ratio
of 15.4%. 6Ce ranges from 1.33 to 1.94 (8Ce > 1), with a
positive Ce anomaly, and Y ranges from 1.42 to 1.96
(Y > 1), with a positive Y anomaly. Ferromanganese
nodules in the study area are mainly hydrogenetic and
form in an oxic environment (Koschinsky and Hein, 2003;
Hein et al., 2020). As a result, soluble Ce3* is oxidized to
insoluble Ce** under the oxic conditions of seawater, lead-
ing to the formation of CeO, precipitates together with Fe-
Mn minerals, which results in approximately 14.8% of Ce
to be enriched in the Mn-oxide phase and a positive Ce
anomaly due to Ce fractionation from other REEs.

The REE contents in Fe-oxide phase range from
829 ng/g to 1 413 pg/g, with a relatively high percentage
of 71.2%, indicating relatively high selective enrichment
of REEs in the Fe-oxide phase. dCe ranges from 2.12 to
3.10 (6Ce > 1), with a positive Ce anomaly, and Y
ranges from 0.46 to 0.67 (8Y < 1), with a negative Y
anomaly. Under the oxic conditions of seawater (Koschin-
sky and Hein, 2003; Hein et al., 2020), soluble Ce3* is ox-
idized to insoluble Ce**, leading to the formation of CeO,
precipitate together with Fe-Mn minerals, which results in
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Fig. 9. Elemental occurrence phases of ferromanganese nodules.

an enrichment of approximately 71.8% of Ce in the Fe-
oxide phase and a positive Ce anomaly. Unlike Ce, Y can-
not undergo redox reactions in ferromanganese nodules,
and Y readily desorbs from ferric oxyhydroxide, leading
to Y fractionatation from other REEs with a negative Y
anomaly (Huang et al., 2021). The REE contents in resid-
ual phase range from 130 pg/g to 270 pg/g with a phase
enrichment ratio of 12.4%. 6Ce ranges from 1.97 to 2.75
(6Ce > 1), with a positive Ce anomaly, and 8Y ranges
from 0.57 to 0.83 (8Y < 1), with a negative Y anomaly.
The REE patterns in residual phase are different from
those in terrigenous sediments. The difference may be re-
lated to the differences of redox environment and materi-
al source (Zhong et al., 2017b), but further study is needed.

6 Conclusions

The mineral compositions, geochemical characteris-

tics, occurrence phases and genetic mechanisms of ferro-
manganese nodule samples from the Northwest Pacific are
studied.

The ferromanganese nodules are mainly hydrogenetic,
with the major minerals being vernadite (5-MnO,) and
amorphous ferric oxyhydroxide (FeOOH), and the sec-
ondary minerals including todorokite, birnessite, quartz
and plagioclase. Mn and Fe contents are greater than those
of other elements, Co, Cu, Ni and REEs are enriched in
ferromanganese nodules, and the REE distribution pat-
terns show positive Ce and negative Y anomalies but no
Eu anomaly.

According to the cluster analysis method, the ele-
ments of ferromanganese nodules can be classified into
three groups: hydrogenetic components, including Fe, Ti,
Zr, P, Pb, Co, Ba, Sr, V and REEs; diagenetic compo-
nents, including Mn, Ni, Mg, Zn and Cu; and detrital
components, including Al, Na, K and Ca. Using the chem-
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Fig. 10. REE patterns in the four occurrence phases of the ferromanganese nodules.

ical leaching, ferromanganese nodules can be divided into
four phases: carbonate phase enriched in Na, Ca, Mg and
Sr; Mn-oxide phase enriched in Mn, Co, Ni and Ba; Fe-
oxide phase enriched in Fe, P, Ti, Cu, Pb, V, Zn, Zr and
REEs; and residual phase enriched in Al and K. There-
fore, the difference between the two methods reflects the
selective enrichment of metal elements by ferromangane-
se nodules from seawater, featuring multisource mineral-
ization.

Through ion exchange and adsorption, the REEs of
ferromanganese nodules are mainly enriched in the Fe-ox-
ide phase, which is followed by the Mn-oxide phase and
residual phase. However, the REE contents in the carbon-
ate phase are relatively low. Under the oxic seawater con-
ditions, the oxidation of soluble Ce3* to insoluble CeO,
together with Fe-Mn minerals is expected to result in Ce
enrichment in ferromanganese nodules.
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