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Polymetallic ferromanganese nodules (PMNs) in the Clarion-Clipperton Zone
(CCZ) exhibit significant spatial variability in chemical composition, which
complicates exploration efforts and increases associated costs. The primary
factors driving this spatial variability remain unclear due to limited
understanding of the growth history of these nodules. This study investigated
the internal structure and elemental distributions of PMNs from both the eastern
and western CCZ using a range of in-situ techniques, including high-resolution
element mapping and chemical analysis, to characterize the compositional
differences and growth processes of the nodules. Analysis of Nodule BC06
from the eastern CCZ reveals a decreasing Mn/Fe ratio from the inner part
(Layer ) to the outer part (Layer II). In contrast, Nodule BC1901 from the western
CCZ consists of three layers, with the Mn/Fe ratio increasing from Layer | to Layer
Il'and then decreasing from Layer Il to Layer IlI. Discrimination diagrams indicate
that both nodules formed through hydrogenetic and diagenetic processes, with
Nodule BCO6 showing stronger diagenetic influences. Variations in diagenetic
effects from core to rim suggest different geochemical controls in the two
regions. In the eastern CCZ, compositional changes are mainly driven by the
movement of PMNs away from the equatorial high-productivity zone. In the
western CCZ, the variability in deep-water ventilation and the intensity of
Antarctic Bottom Water are the key factors influencing nodule composition.
These findings enhance our understanding of the growth history and spatial
variability of PMNs in the CCZ and provide valuable insights for future
resource evaluation.

micro-layers, ferromanganese nodule, spatial variability, in-situ analysis, clarion-
Clipperton zone

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1489184/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489184/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489184/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489184/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489184/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1489184&domain=pdf&date_stamp=2024-12-19
mailto:lijie@sio.org.cn
mailto:xhli@sio.org.cn
https://doi.org/10.3389/fmars.2024.1489184
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1489184
https://www.frontiersin.org/journals/marine-science

Li et al.

1 Introduction

Polymetallic manganese (or ferromanganese) nodules (PMNs)
contain high concentrations of nickel, copper, and cobalt, as well as
other metals such as molybdenum, rare earth elements, and lithium,
all of which are critical to high-tech industries and hold significant
economic value (Hein et al., 2020). Additionally, the extremely slow
accumulation rates of these nodules, combined with their
continuous adsorption of dissolved metals from seawater, allow
them to record changes in the seawater composition over time (e.g.,
Glasby, 2006; Kuhn et al., 2017). As a result, studying these PMNs is
vital for both exploring critical metal resources in the marine
environment and for understanding the environmental changes of
seawater (Ren et al., 2024).

Nodule deposits are found throughout the global oceans, but
they typically form on the surfaces of abyssal plains at depths of
4,000 to 6,000 m below sea level (Hein and Koschinsky, 2014).
Among these, the Clarion-Clipperton Zone (CCZ) is the most
prominent nodule field and hosts the largest known nodule
resources in the ocean. Currently, 17 out of 19 exploration
contract areas for polymetallic nodules, granted by the
International Seabed Authority, are located in the CCZ (http://
www.isa.org.jm) (Figure 1). Extensive research has been conducted
on PMNs in the CCZ for many years, and the chemical composition
of bulk PMNs in this region is well-documented (e.g., Menendez
et al,, 2019; Wegorzewski et al., 2015; Wegorzewski and Kuhn,
2014). In general, PMNs from the CCZ are classified as mixed type,
with both hydrogenetic and diagenetic origins (e.g. Hein et al., 2020;
Bau et al.,, 2014; Von Stackelberg, 1997). However, covering an area
of approximately 4.5 million km* and stretching about 7,240 km in
length, the chemical compositions of PMNs in the CCZ vary
regionally. The manganese and copper contents of the PMNs
increase markedly towards the southeast, while the nickel and
cobalt contents exhibit a partial trend along the central axis of the
CCZ (ISA, 2010). Despite extensive research, relatively little
attention has been given to the reasons behind the spatial
variations in the compositions of Mn-nodules within the CCZ.
With the current demand for deep-sea PMN exploration, the
process remains challenging and costly. Therefore, efficiently
identifying promising locations requires a theoretical
understanding of nodule formation and spatial variability.

The varying populations of PMNs in different locations can be
attributed to several factors, including the seafloor topography,
bottom current activity, and the activity of benthic organisms
(Zhong et al., 2019; Wang et al,, 2015; Pan and Hua, 1996). While
these parameters can be readily measured under modern seafloor
conditions, obtaining historical data is significantly more challenging.
Since PMNs typically grow over several million years, changes in the
geological environment during such a long growth process have a
profound impact on their composition. To better understand the
factors influencing the chemical composition of PMNs in the CCZ, it
is crucial to study their growth history. Numerous studies have
examined the individual growth layers of PMNs worldwide. For
example, Menendez et al. (2019) conducted an integrated study of the
chemical compositions of micro-layers in PMNs from the UK
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contract area and Areas of Particular Environmental Interest
(APEI-6) in northeastern CCZ. It was concluded that the
compositional changes in the nodules in these areas are related to
plate motion as the PMNs move from high to low productivity zones
due to northwestward plate movement. Thus, primary productivity,
associated with the activity of benthic organisms, has been identified
as the primary factor controlling chemical variations in the study
area. However, Menendez et al. (2019) only addressed the vertical
variations in the chemical compositions of PMNs in the eastern CCZ.
It remains unclear whether lateral variations in the nodule
composition across the CCZ can also be ascribed to plate motion,
and if this is not determined, the primary factors controlling the
differences in the chemical compositions of nodules in the eastern
and western parts of the CCZ are still not well understood. A
comprehensive understanding of nodule formation requires
studying their micro-features. Because individual growth layers of
PMNs can serve as an archive of changes in environmental
conditions during their formation, they are considered one of the
best recorders of geological history.

Therefore, to improve our understanding of lateral variations in
the CCZ, in this study, PMNs were collected from both the eastern
and western regions. Various in-situ analytical techniques were
utilized to investigate the element distributions and mineralogy
within the PMNs. We focused on three key aspects: (i)
micrographic variations and mineral assemblages during nodule
growth; (ii) changes in environmental conditions during nodule
development; and (iii) the primary factors influencing the nodule
formation process. Understanding the spatial distribution of
individual growth layers with varying chemical and mineralogical
compositions in PMNs provides valuable insights into the
geochemical processes involved in their formation (Park et al., 2023).

2 Geologic setting and samples

The CCZ, located in the Central Eastern Pacific Ocean, north of
the equatorial high productivity zone (Antoine et al., 1996), extends
from approximately 5°N to 20°N and from 120°W to 160°W. CCZ
is bounded by the Clarion Fracture Zone to the north and the
Clipperton Fracture Zone to the South, with a total length of
approximately 7,240 km and an area of 4.5 million km?
(Figure 1). The fractures trend southwest-northeast in response
to the northwestward motion of the Pacific Plate (Von Stackelberg
and Beiersdorf, 1991). This area contains one of the largest nodule
fields in the ocean and hosts several contract areas for the
exploration of polymetallic nodules (e.g., Halbach et al., 1988).
The sedimentation rates in the western CCZ are 0.15-0.4 cm ka™"
(Miiller and Mangini, 1980), while those in the eastern CCZ are
slightly higher (0.20-1.15 cm ka™") (Mewes et al., 2014; Mogollon
etal, 2016; Volz et al., 2018). The study areas are located below the
carbonate compensation depth (CCD), which is located at depth of
approximately 4,500 m below sea level (Johnson, 1972; Lyle, 2003).
The oxygen penetration depths (OPDs) in the eastern CCZ are 1-
4.5 m (Mewes et al., 2014; Mogollon et al., 2016; Volz et al., 2018).
The sediment in the study areas is mainly siliceous clay (ISA, 2010).
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The locations of (A) contract areas for ferromanganese nodule exploration and areas of particular environmental interest (APEI) in the Clarion-
Clipperton Zone (CCZ) (modified from the website of the International Seabed Authority (ISA); http://www.isa.org.jm); (B, C) Bathymetric maps
showing the locations of the sampling sites in the eastern and western CCZ. The sampling locations are depicted by the red stars.

The present-day primary productivity decreases slightly from east
to west across the CCZ (Glasby, 2006).

The nodules used in this study were collected from box cores
obtained during the cruise of the R/V Xiangyanghong 10 in 2019.
Site BCO6 (122.16°W, 12.34°N) and Site BC1901 (156.50°W, 9.38°
N) are located in the eastern and western CCZ, respectively, and
have a water depth of ~5000 m. Although considerable variations
exist in the morphology and size of the PMNss at these two stations,
previous research has reported that morphology and size have

minimal impacts on the compositions of the PMNs (DY54 cruise
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report, 2020). Therefore, in this study, we selected one PMN from
each site to represent the sites in the study area (Figure 2). As most
of the PMNs from Site BC06 had rough surfaces, we also selected a
PMN with a rough surface from Site BC1901 for comparison. The
selected PMNs were cut vertically into two equal parts. One part
was adhered to glass slides using epoxy resins. After polishing, 300
um thick thin sections were prepared for in-situ geochemical
analysis. Additionally, five subsamples of individual layers were
subsequently drilled from the other part, which were used to
determine the mineralogical composition.
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Nodule BC06

Nodule BC1901

FIGURE 2

(A, C) Photographs of hand specimens, and (B, D) reflected light microscope images of selected samples. The yellow dotted lines denote the
boundaries between the layers. The locations of the LA-ICP-MS line analyses are denoted by the black arrows. The locations of the LA-ICP-MS spot

analyses are denoted by the white circles on the lines.

3 Methods
3.1 BSE images

Back-scattered electron (BSE) imaging was performed at the
Key Laboratory of Submarine Geosciences, Second Institute of
Oceanography, Ministry of Natural Resources, Hangzhou, China.
An 8100 electron probe micro-analysis instrument(EPMA, JEOL
Corporation, Japan) was utilized to conduct the analysis. The
analytical conditions were an acceleration voltage of 10 kV and a
probe current of 20 nA. The samples were carbon-coated and
observed using the EPMA to examine their micro-textures
and structures.

3.2 LA-ICP-MS spot and line analyses

In-situ major and trace element analysis of the individual
microlayers within the PMNs was conducted via laser ablation-
inductively coupled plasma mass spectrometry (LA-ICP-MS) at the
Hefei University of Technology, Hefei, China. A 193 nm ArF
excimer laser system (GeoLasPro) was coupled with an Agilent
7900 x ICP-MS instrument. For each analysis, a 50 m spot size, an
energy density of 5 ]/cm?, and a repetition rate of 5 Hz were used. At
the ablation site, 20 seconds of background measurement were
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conducted followed by 45 seconds of data acquisition. The chemical
compositions of the PMNs were calibrated against fused glass chips
of multiple external standards, namely, NIST SRM 610, NIST SRM
612, and BCR-2G. The raw data calculations were conducted oftline
using an Excel-based software (ICPMS DataCal). A total content
normalization strategy without the use of internal standards was
employed (Liu et al., 2008). The accuracy and reproducibility of the
measurements were assessed using the United States Geological
Survey standard nodule NOD-A-1 for quality control. The NOD-A-
1 powder was pressed into pellets to more closely resemble the
nodule samples. The external reproducibility of the analysis
calculated using NOD-A-1 was better than +10% for most of the
major elements and the rare earth elements plus Y (REY), which is
in good agreement with the recommended values (Supplementary
Table S1). The results for a total of 35 data points on the studied
samples are presented in Supplementary Table S2.

Line analysis of the PMNs via LA-ICP-MS was performed at
Tuoyan Testing Technology Co., Ltd., Guangzhou, China. A 193
nm ArF Excimer laser ablation system (NWR 193) coupled with a
Thermo Fisher iCAP RQ and a dual concentric injector (DCI)
plasma torch integrated with a two-volume ablation cell were used.
The operating conditions for the laser ablation system and the ICP-
MS instrument were as follows: a beam size of 20 um, an energy
density of 4 J/em?, and a repetition rate of 20 Hz. The laser scan
speed was 5 um/s. Line analysis was performed on selected areas of
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the PMNs, and these areas covered the micro-layers from the core
to the rim (Figure 2). The raw data were calibrated using the Iolite
software following the methods of Paton et al. (2011) and Zhu et al.
(2017). All of the element concentrations were converted to ppm
values from Iolite to Excel and the data were saved as csv files.

3.3 Micro X-ray fluorescence mapping

Major element mapping was conducted using a Bruker M4 plus
Tornado micro-X-ray fluorescence (XRF) energy dispersive
spectrometer (U-XRF) at the Tuoyan Testing Technology Co.,
Ltd., Guangzhou, China. The instrument was equipped with a Rh
X-ray tube and two XFlash silicon drift X-ray detectors. A single
polished thin section was mapped to obtain the element abundances
and phase proportions. The analytical parameters were 50 kV, 300
UA, a spacing of ~20 pm, and a dwell time of 5 ms. After the test was
completed, the M4 Tornado V1.6.614.0 software was used to
calibrate the raw data, resolve the spectral peaks, and export the

element maps.

3.4 X-ray diffraction analysis

The mineralogical compositions of the subsamples were
analyzed using a Rigaku SmartLab diffractometer at Westlake
University. The X-ray diffraction (XRD) was conducted using Cu-
Ko generated at 45 kV and 100 mA. Powder subsamples were
scanned from 0° to 80° 20 at a rate of 2°/min and a step size of 0.03°.
The results were analyzed using the Jade 6.5 software. The mineral
compositions were determined by comparing the test results with
the Crystallography Open Database (COD). Todorokite (or buserite
IT) and buserite I have peaks at ~10 A. The peak of unstable buserite
I shifts to 7 A birnessite upon heating to 105°C for 24 hours.
Therefore, a heating experiment was conducted to distinguish
between the different types of 10 A manganates (Manceau et al,
2014; Wegorzewski et al., 2015; Reykhard and Shulga, 2019).

4 Results
4.1 Structure

As shown in Figures 2 and 3, both of the studied PMNs
exhibited relatively symmetrical structures. The layers grew
concentrically around a single nucleus. However, the internal
structures of the PMNs were observed to differ under the optical
microscope and the electron microscope. The BSE images revealed
that the internal structures of the PMNs consisted of areas with
medium to high brightness and dark gray regions. The dark/light
areas exhibited a variety of different textures, i.e., laminated,
dendritic, massive, and detrital (Figure 3). Various textures were
present within an individual nodule, and their extents varied among
the different PMNs. Nodule BC06 contained two layers, and Nodule
BC1901 contained three layers. Specifically, in Nodule BC06, the
inner part (Layer I) exhibited a detritic texture, which was
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characterized by rounded, bulbous, discontinuous layers with
pore spaces between circular growths. This texture was unique to
Nodule BC06 from the eastern CCZ (Figures 3A, B). The outer part
(Layer II) exhibited a highly porous texture and apparently
dendritic features (Figures 3C, D). In contrast, Nodule BC1901
exhibited three types of textures, i.e., massive, dendritic, and
laminated. The inner part (Layer I) of the nodule exhibited a
massive texture with some detrital minerals (Figure 3E). The
middle part (Layer II) exhibited a laminated morphology of
alternating dark/light layers of the similar thickness (Figure 3F).
The outer part (Layer III) predominantly exhibited dendritic
textures and was less porous (Figures 3G, H). The manganese
oxide minerals exhibited a finely layered, coliform structure with
a porous texture (i.e., stromatolitic). Overall, the inner structure of
Nodule BC06 was more porous than that of Nodule BC1901.

4.2 Element mapping

U-XRF maps of the PMNSs’ cross-sections are displayed in
Figures 4 and 5, which show the qualitative distributions of the
major elements (including Fe, Mn, Cu, Ni, and Co) in the nodules.
In both PMNs, Mn and Fe are negatively correlated. The
distributions of Ni, Cu, and Mn are generally similar and
opposite to that of Fe. The current u-XRF results show that Mn
is considerably more abundant than Fe in the overall region of
Nodule BC06, except for the nuclei and some very thin Fe-rich
microlayers in Layer II. Compared with Layer I, Layer II of Nodule
BC06 has lower Cu and Ni contents and higher amounts of Fe
(Figure 4). For Nodule BC1901, Fe is considerably more abundant
than Mn in the overall region of Nodule BC1901. The areas with
higher Mn, Ni, and Cu contents are mostly located in the middle of
the nodule (Layer II) compared to the outer and inner parts. The
inner and outer parts contain larger amounts of Fe (Figure 5).
Among all of the microlayers in both PMNs, Co is predominantly
enriched in some of the thin Fe-rich layers and the nucleus.

4.3 Individual layers

Quantitative analysis was conducted via LA-ICP-MS. The
results are presented in Supplementary Table S1. Parts of the
PMNs have relatively high Mn contents (up to 35.97 wt.%), with
corresponding Cu and Ni contents of up to 2.52 wt.% and 2.87
wt.%, respectively. The Mn-rich layers also tend to have relatively
low Fe and Co contents (as low as 0.74 wt.% and 0.01 wt.%,
respectively) and high Mn/Fe ratios (up to 44.79). Compared with
Nodule BC06 (Fe = 3.84 wt.%, Co =0.17 wt.%), Nodule BC1901
from the western CCZ tends to contain layers with higher Fe and Co
contents (8.40 wt.% and 0.19 wt.% on average, respectively).
Moreover, these layers have lower Cu and Ni contents (average
values of 1.15 wt.% and 1.13 wt.%) compared to those in Nodule
BC1901 (Figures 6A-C). The REY contents of the individual layers
are also highly variable, with XREY values of ~211 ug/g to ~1448
ug/g. On Post-Archean Australian Shale (PAAS) normalized REY
plots (Figure 7), the PMNs from both sites exhibit negative Y
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FIGURE 3
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Microphotographs showing the growth textures of the polymetallic nodules analyzed in this study. (A, B) Layer | and (C, D) Layer Il of Nodule BCO6;
(E) Layer | and (F) Layer Il of Nodule BC1901; and (G, H) Layer Ill of Nodule BC1901. The left column contains micro-photographs under reflected
light. The right column contains backscattered electron (BSE) images of the two nodules.

anomalies. Nodule BC06 from the eastern CCZ has lower 3Ce
values (0.38-1.70) and Yy/Hoy ratios (0.41-0.74) compared to
those of Nodule BC1901 from the western CCZ (8Ce = 1.07-1.92;
Yn/Hoy = 0.59-0.84) (Figures 6, 7). The PMNs from both stations
exhibit weak positive Eu anomalies, with 8Eu values of 1.08-1.34.
Generally, the low XREY contents are associated with small positive
or even negative Ce anomalies (as low as ~0.39). These layers are
more abundant in Nodule BC06 from the eastern CCZ than in
Nodule BC1901. Nodule BC06 has a larger number of layers with
low XREY contents (average of 462 Lg/g), negative Ce anomalies

Frontiers in Marine Science

(average of 1.03), and generally lower LREE contents (average of
356 lg/g) compared to Nodule BC1901 (Figure 7). However, both
PMNs exhibit light rare earth element (LREE) enrichment (by a
factor of 3-4) compared to the heavy rare earth elements
(HREEs) (Figure 6F).

Vertical profiles of the Mn/Fe and Co/(Cu+Ni) ratios of the
studied PMNs are shown in Supplementary Figure S1. The results
are consistent with the element mapping data The Mn-rich layer is
located close to the nuclei of Nodule BC06, whereas the middle part
of Nodule BC1901 contains a greater proportion of Mn-rich layers
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w-XRF map images of the thin section of Nodule BCO6showing the element distributions: (A) Fe; (B) Mn; (C) Cu; (D) Ni; and (E) Co. The

microphotograph under reflected light in a) is the same as that in Figure 2B.

than the outer and inner parts. Overall, the Mn/Fe ratio of Nodule
BC06 is much higher than that of Nodule BC1901 (Figure 8A).
With respect to the Co/(Cu+Ni) ratios, Nodule BC06 has a lower
Co/(Cu+Ni) ratio than Nodule BC1901 (Figure 8B). Regarding the
individual layers, the median values of the layers generally exhibit a
trend that is opposite to that of the Mn/Fe ratio. In Nodule BCO06,
these values increase from Layer I to Layer II, while in Nodule
BC1901 they decrease from Layer I to Layer II and then increase
from Layer II to Layer III. In both samples, the Ba content
consistently decreases from the core to the rim (Figure 8C).

4.4 XRD patterns

Figure 9 presents the XRD patterns for powdered samples of
various layers within Nodules BCO6 and BC1901. The XRD patterns
contain prominent diffraction peaks at approximately 10 A
(attributed to the 001 reflection) and 5 A (the 002 reflection of
the same mineral). Additionally, there are weaker peaks at around 7
A, indicative of a different mineral. Notably, the 7 A reflection is
nearly undetectable in Layer I of Nodule BC06. Comparative
analysis shows that the 10 A peaks are more intense and distinct
in Nodule BC06 than in Nodule BC1901, and the 10 A peak is not
present in Layer I of Nodule BC1901. For Nodule BC06, the ~10 A
peak is sharpest in Layer I, whereas in Nodule BC1901, it is sharpest
in Layer II, indicating a well-ordered mineral structure in these
layers. Conversely, Layer III in Nodule BC1901 contains a moderate
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peak, and Layer I had the broadest peak, indicating a less-ordered
arrangement. Two hk bands at approximately 2.45 A and 1.42 A are
also discernible in all of the samples. The other significant peaks
correspond to the diffraction patterns of various minerals, including
quartz and phillipsite.

After drying the samples at 105°C, the ~10 A peak decreased to
varying extents, while the 7 A peak intensified. Specifically, in
Layers I and III of Nodule BC1901 and Layer II of Nodule BCO06,
the ~10 A peak became less pronounced than the ~7 A peak. In
contrast, after heating, in Layer II of Nodule BC1901 and Layer I of
Nodule BCO6, the ~10 A peak significantly decreased but remained
more distinct than the ~7 A peak. Furthermore, some reflections
near ~10 A shifted to lower angle regions (9-9.6 A) after drying,
e.g., in Layer III of Nodule BC1901.

5 Discussion

5.1 Reliability of LA-ICP-MS line-
scan analysis

The LA-ICP-MS technique is a powerful tool for geochemical
analysis of PMNs and has distinct advantages over traditional
EPMA. Unlike EPMA, which has been the standard for major
element analysis for some time, LA-ICP-MS can simultaneously
acquire both major and trace element data. This capability
eliminates the discrepancies that often arise between the major
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FIGURE 5

w-XRF map images of the thin section of Nodule BC1901showing elemental distributions: (A) Fe; (B) Mn; (C) Cu; (D) Ni; and (E) Co. The
microphotograph under reflected light in (A) is the same as that in Figure 2D.

and trace element compositions determined using different
analytical methods, especially for PMNs containing micro/nano-
layers. Furthermore, LA-ICP-MS provides a more rapid and
sensitive determination of the element composition, leading to
significant reductions in both time and cost. Advances in this
technology have significantly broadened the scope of geochemical
investigations, as demonstrated by Menendez et al. (2019), who
successfully utilized LA-ICP-MS to conduct simultaneous major
and trace element analysis of PMNs. Additionally, the application of
the Tolite software by Zhu et al. (2017) and Li et al. (2020) for data
reduction has streamlined the process of converting raw line-scan
and mapping data into meaningful element concentrations.

The present study further validated the reliability of LA-ICP-
MS line-scan analysis. We found that the element concentration

Frontiers in Marine Science

ranges obtained via line-scan analysis were in close agreement with
those obtained via spot analysis, suggesting that LA-ICP-MS can
effectively be used for both line and mapping compositional
statistics. This provides a more comprehensive and detailed view
of a nodule’s composition. The consistency of the trends of the
contents of elements such as Mn, Fe, Co, Ni, Cu, and REY obtained
via line-scan analysis and spot analysis (Figure 6) underscores the
reliability of using LA-ICP-MS in geochemical investigations.
Although the precision and accuracy of LA-ICP-MS may be
influenced by certain limitations, its ability to offer detailed element
distributions across a sample’s surface is invaluable. This level of
detail is crucial for attaining a nuanced understanding of the
geochemical processes occurring during the formation of PMNs.
Therefore, when used with careful interpretation and validation
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Mn/Fe

Plots of Mn/Fe vs. (A) Ni; (B) Cu; (C) (Co+Ni+Cu)x10; (D) Yn/Hoy; (E) 8Ce; and (F) LREE/HREE for Nodule BCO6 and Nodule BC1901. 6Ce =
Cep/(0.5Lay + 0.5Pry). All of the elements (Ce, La, Pr, Y and Ho) are normalized to Post-Archean Average Shale (PAAS). The values for PAAS are from
McLennan (1989). The open and solid symbols denote data obtained via LA-ICP-MS spot and line analyses.

against established standards and techniques, LA-ICP-MS line-scan
analysis is a robust and reliable method for geochemical analysis of
Mn-PMNs.

5.2 Genesis of PMNs

Marine PMNs can be categorized into three groups based on
their origin: hydrogenetic, diagenetic, and hydrothermal PMNs
(Josso et al., 2017; Bau et al., 2014; Bonatti et al.,, 1972). These
groups are generally distinguished by their different mineral
compositions and geochemical compositions. The following
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discussion explores the genesis of the different layers of the
nodules analyzed in this study. We focus on variations in their
mineralogy and chemical compositions.

5.2.1 Mineralogy

Hydrogenetic PMNs, which precipitate directly from seawater,
are predominantly composed of Fe-rich vernadite, a poorly
crystalline form of 6-MnO,. This mineral is intricately interwoven
with poorly ordered or amorphous iron oxyhydroxide (8-FeOOH)
and exists in the form of nanoparticles (Koschinsky et al., 2010).
Despite their high iron contents, hydrogenetic PMNs typically lack
distinct X-ray reflections for Fe-phase minerals due to the poor
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crystallinity or X-ray amorphous nature of iron oxides/hydroxides.
For instance, for Layer I of Nodule BC1901, the XRD pattern lacks
sharp reflections, displaying only weak ~7 A and ~10 A peaks. In
combination with the elevated Fe content, this supports the
identification of Fe-bearing vernadite as the primary manganese
mineral, which is indicative of a predominant hydrogenetic process
(Hein et al., 2013, 2016).

In contrast, diagenetic PMNs form through pore-fluid
precipitation, yielding phyllomanganates such as birnessite (~7 A)
and buserite (~10 A), as well as tectomanganates such as todorokite.
Todorokite, buserite I, and II, which are characterized by a ~10 A
peak. However, buserite I is prone to transformation into birnessite
after heating at 105°C for 24 hours, while buserite II, which has a
high interlayer cation content, exhibits greater thermal stability.
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Violin plots of the (A) Mn/Fe ratio; (B) Co/(Cu+Ni) ratio, and (C) Ba content for the different layers of the studied nodules. The lower and upper lines
on the violins denote the lower quartile and upper quartile values, respectively. The open squares denote the median values for each layer. The
numbers to the right of the violins are the median values.
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XRD patterns of PMNs analyzed in this study. All of the subsamples were analyzed at room temperature (black pattern) after drying at 105°C (red
pattern). The peaks at ~7 A correspond to 7 A phyllomanganate. The reflections at ~2.45 A and ~1.42 A are typical of Fe-rich vernadite. The broad
peaks at ~10 A and ~5 A at room temperature correspond to 10 A Mn-phases (10 A phyllomanganate/todorokite). The 10 A and ~5 A peaks that are
still present after heating are characteristic of a stable 10 A manganite (todorokite/buserite ) phase. The intensified peaks at ~7 A are indicative of an
unstable 10 A —manganese phase (buserite 1), which collapses upon heating at 105°C. Qz = quartz and Ph = phillipsite.

The cations in buserite II resist the structural collapse to the 7 A
spacing observed in less stable buserite I after heating (Manceau
et al, 2014). Thus, heating experiments are a valuable tool for
distinguishing between different 10 A manganates. In this study, the
XRD patterns of all of our samples exhibited a notable reduction in
the ~10 A peak after heating at 105°C, and the ~10 A peak was
predominantly transformed into a ~7 A peak, suggesting that the
original 10 A phase was predominantly buserite I. The remaining
~10 A peak was likely caused by a stable manganate phase, such as
buserite II or todorokite.

Previous research has revealed that 10 A phyllomanganates can
incorporate more Ni and Cu than todorokite, which typically
contains less than 2 wt% of these elements (Bodei et al., 2007).
Our analysis of Nodule BC06, which has high Mn/Fe ratios and Ni
+Cu contents of greater than 2 wt%, suggests that the layers in this
nodule are predominantly composed of buserite II, rather than
todorokite. This conclusion is consistent with that of Wegorzewski
et al. (2015), who suggested that unstable 10 A phyllomanganates
are the dominant Mn-phase, the stable 10 A Mn-phase constitutes
subordinate mineral components, and todorokite is absent in the
central Pacific Ocean.

Unlike Fe-rich vernadite, buserite has a high crystallinity and
produces clear X-ray reflections. In Nodule BC06, Layer I exhibits a
more pronounced ~10 A peak compared to Layer II, indicating a
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higher concentration of buserite and the significant influence of
diagenetic processes. Similarly, Layer II of Nodule BC1901 also
exhibits a strong ~10 A peak, indicating a higher concentration of
buserite and a more substantial contribution of diagenetic
precipitates compared to the other two layers.

5.2.2 Chemical composition

Marine PMNs can be distinguished through analysis of specific
element ratios and trace element contents. Discrimination between
hydrogenetic, diagenetic, and hydrothermal PMNs can be achieved
using the Mn/Fe ratio, (Co+Ni+Cu)x10 value, and trace element
compositions (Bonatti et al., 1972; Bau et al., 2014; Josso
et al., 2017).

Hydrogenetic PMNs, which precipitate from seawater, are
characterized by high Fe concentrations, typically exceeding 10%,
Mn/Fe ratios of less than 2.5, and a significant Co concentration,
which has been reported for PMNs in the northwestern Pacific and
Cook Islands-Penrhyn Basin (Hein et al., 2020; Ren et al., 2022,
2023). In contrast, diagenetic PMNss are distinguished by higher Cu,
Ni, and Mn contents compared to their hydrogenetic counterparts.
Mixed hydrogenetic-diagenetic PMNs exhibit additional Cu
enrichment, while hydrothermal deposits have variable Fe and
Mn contents and lower (Co+Ni+Cu) contents than hydrogenetic
PMNs (Hein et al., 2020).
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Chemical characteristics of the studied nodules. Nodule BCO6: (A) Layer | and (B) Layer II; Nodule BC1901: (C) Layer |, (D) Layer Il and (E) Layer III.
Ternary diagram of Fe, Mn, and (Cu + Ni) X 10 is following Bonatti et al. (1972). The samples with Mn/Fe ratios of > 2.5 (some refer to 5) indicate a
influence by early diagenetic processes. The open and filled symbols denote data obtained via LA-ICP-MS spot and line analyses. The grey shaded

area denotes a hydrothermal origin.

In this study, the significant variations in the Mn/Fe ratios and
(Co+Ni+Cu)x10 values of the analyzed nodules suggest that their
growth was influenced by both hydrogenetic and diagenetic
processes, while hydrothermal processes only had a slight impact
(Figure 10). Layer I of Nodule BC06, which exhibits a detrital
texture and is Mn-rich, has the highest Mn/Fe ratio (44.78) and Ni
+Cu contents (reaching 5.30 wt.%). This is indicative of the
occurrence of diagenetic processes. Although the p-XRF mapping
results indicate that Layer II is dominated by Mn-rich minerals,
characterized by dendritic and laminated textures, the Mn/Fe ratio
of this layer (determined via LA-ICP-MS) is lower than that of
Layer I. This places Layer II closer to the mixed hydrogenetic-
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diagenetic field on the genesis discrimination diagram (Figure 10B),
suggesting a reduction of the influence of diagenetic processes.
Nodule BC1901 generally exhibits higher Fe contents and lower
Mn/Fe ratios compared to Nodule BC06, and its Fe-rich layers likely
consist of Fe-bearing vernadite. These layers form via precipitation of
hydrated Mn and Fe oxide colloids from oxic seawater, as well as
metal enrichment via adsorption, complexation, and oxidation
(Koschinsky and Hein, 2003; Hein et al., 2013). Typical
characteristics of nodules formed via a hydrogenetic formation
mechanism are Mn/Fe ratios of up to ~3, low (Ni + Cu) and Ba
concentrations, and notably high Co and Ti concentrations
(Wegorzewski and Kuhn, 2014). In the case of Nodule BC1901, the
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highest Mn/Fe ratio determined for Layer I via LA-ICP-MS is 1.82.
The u-XRF mapping results revealed that the Fe is mainly
concentrated in Layer I. Combined with its geochemical
characteristics, this supports the conclusion that this layer has a
predominantly hydrogenetic origin. This is also evident on the
ternary discrimination plot, on which the data for Layer I
predominantly plot within the hydrogenetic field (Figure 10C). In
contrast to Layer I, Layer IT and Layer III of Nodule BC1901 plot
within both the hydrogenetic and diagenetic fields this discrimination
diagram (Figures 10C-E). This distribution suggests that while these
layers primarily acquired metals from seawater, they also
incorporated metals from sediment pore water. Notably, Layer II
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has the highest average and maximum Mn/Fe ratios among the layers
of Nodule BC1901, indicating that the diagenetic processes had a
greater influence. However, this diagenetic signature is weaker in the
outer parts of the nodule, suggesting a gradient of the contribution of
diagenetic metal enrichment.

In addition to major element data, REY and trace element data
provide further insights into the genesis of Mn-nodules.
Hydrogenetic layers tend to have high (Zr+Ce+Y) contents and
positive 8Ce values. Whereas fast-growing suboxic diagenetic
phases usually have lower (Zr+Ce+Y) contents and negative Ce
values (Kuhn et al., 1998; Ohta et al., 1999). In Figures 11 and 12,
Layer I of Nodule BC06 plots in the diagenetic field on the
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Plots showing the density of the individual layers in the studied nodules. Nodule BCO6: (A) Layer | and (B) Layer Il; Nodule BC1901: (C) Layer I, (D)
Layer Il and (E) Layer IIl. 8Ce = Cey/(0.5Lay + 0.5Pry). All of the elements (Ce, La, Pr, Y, and Ho) are normalized to PAAS (McLennan, 1989). The

white lines are based on the discriminate diagram of Bau et al. (2014).

discrimination plots created by Josso et al. (2017) and Bau et al.
(2014). In contrast, Layer II plots in the mixed diagentic-
hydrogenetic field and has higher 6Ce values and (Zr+Ce+Y)
contents. The data for Nodule BC1901 plot in the mixed and
hydrogenetic fields and have positive Ce anomalies when
normalized to PAAS (average 8Ce of 1.52, n = 15). The 8Ce value
decreases from Layer I to Layer II and then increases from Layer II
to Layer IIL

There are two explanations for the variations in the Ce anomaly
value. One hypothesis suggests that these variations are associated with
the redox conditions, under which PMNs selectively absorb tetravalent
Ce from seawater. During diagenesis, under suboxic to anoxic
conditions, Ce is reduced from insoluble Ce*" to soluble Ce’",
leading to diagenetic phases having negative Ce anomalies (Bau
et al, 1997; Pattan et al, 2005; Bau et al, 2014). An alternative
explanation is that these variations are related to the growth rate of
the PMN. A slow growth rate results in prolonged contact with
seawater, facilitating Ce enrichment and leading to a positive Ce
anomaly. These results indicate that the redox conditions may not
be the dominant factor controlling the Ce anomaly, thus the 8Ce values
are positive for PMNs with a diagenetic or hydrogenetic source (Cheng
et al, 2023; Su et al,, 2022). However, in this study, we found that the
8Ce value is negatively correlated with the Mn/Fe ratio (Figure 6E).
Layers with lower 8Ce values tend to plot closer to the diagenetic field
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on the ternary discrimination plots compared to layers with higher 8Ce
values (Figures 10, 11). We propose that the lower Ce anomaly values
are likely indicative of a greater input from diagenetic precipitation.

In conclusion, Nodule BCO6from the eastern CCZ
predominantly exhibit characteristics indicative of intensification
of diagenetic influences from the core to the rim. In contrast,
Nodule BC1901from the western CCZ characteristics indicative of
initial intensification of diagenetic processes followed by a trend of
weakening of diagenetic processes towards the outer layers. This
suggests the occurrence of complex interplay between hydrogenetic
and diagenetic processes.

5.3 Major factors controlling the growth of
individual layers

Our findings indicate that Nodule BC06 is primarily of
diagenetic origin. The decrease in the Mn/Fe ratio (Figure 8) and
increase in the 8Ce value from Layer I to Layer II (Figures 10C, D)
suggest a transition from a sub-oxic environment to a more oxic
environment. Previous studies have suggested that a reduction of
the supply of organic matter to the seafloor can induce a shift in the
redox environment (Wegorzewski and Kuhn, 2014). When
biological productivity is high enough to increase the amount of
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organic matter that reaches the seafloor, aerobic respiration
decreases the amount of dissolved oxygen in the sediment pore
fluid (Kuhn et al,, 2017), causing a rapid decrease in the oxygen
content and forming a shallower oxic/suboxic front (OSF).
Consequently, Layer I likely precipitated when the flux of organic
material to the sediments was higher than that during the formation
of Layer II (e.g., Halbach et al., 1988). This is further supported by
the decrease in the Ba content from Layer I to Layer II (Figure 8C)
as the variation in Ba within the PMN reflects fluctuations in the
primary biological productivity (Dymond et al., 1984; Hein et al.,
1997). During the decomposition of organic matter, Ba is released
into the water column and is incorporated into the PMNs.
Currently, the high productivity zone is located to the south of
our sampling sites. The flux of organic matter to the sediments is
likely highest within this high productivity zone, providing optimal
conditions for PMN growth via diagenetic processes. According to
the movement of the tectonic plates, the Pacific Plate has moved
northwestward by 0.3° latitude per million years since 43 Ma
(Wessel and Kroenke, 1998). Therefore, the initial location of the
site at which Nodule BC06 was collected may have been closer to
the equatorial high-productivity zone than it is today. As the Pacific
Plate moved, this site likely moved away from this zone. A decrease

10.3389/fmars.2024.1489184

in the surface primary productivity would have led to oxidizing
conditions, causing the OSF to retreat deeper into the sediment. As
a result, the diagenetic formation weakened towards the outer parts
of the nodule (Figure 13A). Polymetallic nodules from the nearby
UK contract area also exhibit this pattern, suggesting it is a regional
phenomenon rather than an isolated case (Menendez et al., 2019).

In contrast, Nodule BC1901 from the western CCZ initially
grew in an oxic environment. The diagenetic processes intensified
during the formation of Layer II and then weakened during the
formation of the outer layers. This growth history is also supported
by the trends of the Mn/Fe ratio and 8Ce value (Figures 8, 12). If
this phenomenon was also driven by plate movement, it would
imply that the site from which Nodule BC1901 was collected must
have migrated from south of the equator and passed through the
high productivity zone before reaching its current location. Based
on the present-day distribution of the primary productivity, this site
would need to have moved from approximately ~3°S to its current
position (~9°N). Because the Pacific Plate moved northwestward by
0.3° latitude/Ma after 43 Ma (Wessel and Kroenke, 1998), the
estimated age of nodule is ~40 Ma. However, our estimate of the
age of Nodule C1901 is up to ~4.22 Ma obtained via Co chronology
(Supplementary Table S2). This is consistent with the estimated age
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FIGURE 13

Schematic models illustrating the environmental changes during the formation of the PMNs in the eastern and western CCZ. (A) Nodule BC06 from
the eastern CCZ consists of two layers. As the nodule moved away from the equatorial high productivity zone due to tectonic movement of the
Pacific Plate, the redox conditions changed from sub-oxic to more oxic. The metal elements were primarily sourced from the pore water, especially
during the growth of Layer I. (B) Nodule BC1901 from the western CCZ is composed of three layers. During the growth of Layer I, the nodule began
to form on the seafloor under oxic conditions as a result of strengthening of the AABW. The metal elements were mainly sourced from the
seawater. As global climate change weakened the bottom currents, the OSF moved closer to the surface of the sediments. The formation
mechanism shifted from hydrogenetic to diagenetic, and the metal elements were increasingly sourced from the pore water (Layer ). Subsequently,
the strengthening of the AABW led to more oxidizing conditions, causing the OSF to retreat deeper into the sediment. This provided optimal
conditions for hydrogenetic formation (Layer Ill). The yellow arrows represent pore water, and the black arrows represent seawater. The blue and
orange colors in the PMNs represent diagenetic and hydrogenetic precipitates, respectively.
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of PMNs with similar sizes and morphologies in this region
reported by Yi et al. (2020), who estimated the age of PMNs in
this area (10.05°N, 154.32°W) to be ~4.70 Ma (Early Pliocene) using
comprehensive methods, including magnetic scanning, '°Be/’Be
dating, and Co chronometers. The substantial discrepancy
between these estimated ages suggests that the change in the
formation mechanism cannot be solely explained by the
movement of the Pacific Plate.

Another factor that may have contributed to the fluctuations of
the diagenetic formation processes is the variability of the oxygen-
rich Antarctic Bottom Water (AABW). When the AABW weakens,
the oxygen content in the sediment decreases, causing the OSF to
become shallower, thereby intensifying diagenesis (Park et al.,
2023). Previous studies have shown that deep-sea ventilation
linked to the formation of AABW and its variability is a key
factor controlling the ventilation (i.e., the redox conditions)
beneath the Eastern Tropical Pacific (Yi et al., 2023). Additional
support for this interpretation comes from the lower Co/(Cu+Ni)
ratios of Layer IT compared to Layers I and IIT (Figure 8B), which is
a proxy for deep-water ventilation conditions (Zhong et al., 2020).
Thus, the intensified diagenesis during the formation of Layer II of
Nodule BC1901 may have been associated with weakening of the
AABW (Figure 13B). According to previous research, Earth
experienced a transition from ice-free conditions in the Northern
Hemisphere to extensive glaciation due to the onset of Northern
Hemisphere glaciation (NHG) at around 3.6 Ma (Studer et al., 2012;
Mudelsee and Raymo, 2005). Following the expansion of sea ice, the
AABW weakened, creating strongly reducing conditions that
caused the OSF to move toward the sediment-water interface.
The inferred change in the formation mechanism may be related
to these changes in the environment. While the current evidence
strongly supports this interpretation, future studies that utilize more
precise dating techniques could provide further validation and
deeper insights into the timing and dynamics of these changes.

In summary, movement of the Pacific Plate was only a
secondary factor influencing the nodule growth in the western
CCZ. Instead, variations in the AABW were likely the primary
factor controlling the growth of Nodule BC1901. Initially, Nodule
BC1901 began to form on the seafloor in an oxic environment with
greater deep-water ventilation and stronger AABW. As global
climate change led to diminished bottom currents, the nodule
formation mechanism shifted from hydrogenetic to diagenetic.
Subsequently, intensification of the AABW led to more oxidizing
conditions, causing the OSF to retreat deeper into the sediment.
Under the new oxygenated bottom water conditions, hydrogenetic
growth of PMNs was favored (Figure 13B).

5.4 Implications for spatial variability within
the CCZ

As the largest nodule field found on the deep-sea floor of all
oceans worldwide, the CCZ contains PMNs with varying chemical
compositions. This variability reflects differences in the nodule
growth mechanisms within the CCZ. The polymetallic nodules in
the eastern CCZ were primarily precipitated from suboxic sediment
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pore water; whereas, although they also contain diagenetic layers,
the polymetallic nodules in the western CCZ were principally
formed via hydrogenous precipitation. The Fe oxyhydroxide and
Mn oxide colloids formed via hydrogenetic precipitation attracted
dissolved Co* from the seawater onto the surfaces of the PMNs. At
the same time, metal ions (such as Cu®* and Ni*") were released via
dissolution of Mn oxides, diffused upward into the pore-water, and
re-precipitated around the accreting PMNs (Hein et al., 2020;
Manceau et al., 2014). Consequently, compared to those in the
western CCZ, the PMNs in the eastern CCZ are enriched in Mn and
Cu and depleted in Co (ISA, 2010). The formation of this
geochemical composition requires spatial variability of the
depositional and geochemical conditions, which control
the growth mechanisms of the PMNs. In the past, the PMNs in
the eastern CCZ were located closer to the equatorial high
productivity zone. Although plate motion has moved them to an
area with lower productivity, the initial diagenetic layers, which are
enriched in Mn and Cu, continue to significantly influence the bulk
composition of the PMNs. Furthermore, at present, the primary
productivity in the eastern CCZ is still higher than that in the
western CCZ, creating conditions suitable for the formation of more
diagenetic microlayers with higher Mn and Cu contents in the
eastern CCZ. In contrast, the PMNs in the western CCZ have
always been located outside the equatorial high productivity zone,
making the western CCZ an ideal environment for the formation of
Fe-rich layers via hydrogenetic processes.

As a result, the Mn and Cu contents of PMNss increase towards
the eastern CCZ. However, the reason for the trend of Ni along the
central axis of the CCZ remains elusive. Therefore, future studies
are needed to obtain a more detailed characterization of PMNs from
different regions within the CCZ, which would be beneficial to
exploration efforts. Nonetheless, the results of this study underscore
the importance of the growth history of PMNs in explaining the
spatial variability of their element distributions.

6 Conclusions

Based on the analysis of the mineralogical and geochemical
compositions of polymetallic nodules from the eastern and western
CCZ in the Pacific Ocean, we reached the following conclusions.

1. Based on careful interpretation and validation against
established standards and techniques, LA-ICP-MS line-
scan analysis yielded reliable geochemical data for PMNG.

. Polymetallic nodules from the eastern and western CCZ had
different textures, mineralogical compositions, and chemical
distributions. The nodule collected from the eastern CCZ
was primarily influenced by diagenetic processes, whereas
the nodule collected from western CCZ was influenced by
both hydrogenetic and diagenetic processes.

. The growth history of Nodule BC06 from the eastern CCZ
was divided into two periods. The movement of the nodule
away from the equatorial high-= productivity zone as a

result of plate motion was the principle reason for the

change in the growth mechanism. The growth history of
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Nodule BC1901 from the western CCZ was divided into
three periods. Variations in the deep-water ventilation and
AABW were the major controlling factors.

. Studying the growth history of PMNs could help to explain
the spatial varieties of some elements in PMNs in the
eastern and western CCZ. Therefore, future studies are
needed to obtain a more detailed characterization of PMNs
in different regions in the CCZ.
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