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and Yanhui Dong4

1Guangzhou Marine Geological Survey, China Geological Survey, Guangzhou, China, 2Guangdong
University of Technology, Guangzhou, China, 3Geological Survey of Spain, Madrid, Spain, 4State Key
Laboratory of Submarine Geoscience, Second Institute of Oceanography, Ministry of Natural
Resources, Hangzhou, China

KEYWORDS

polymetallic ferromanganese nodules, cobalt-rich ferromanganese crusts,
polymetallicsulfides, sediments, seawater, giant diatoms, black shales
Editorial on the Research Topic

Biogeochemical cycling and depositional processes of critical metals in
the deep sea and their constraints on global changes
1 Introduction

Critical metals—notably cobalt (Co), nickel (Ni), and rare earth elements (REE)—

demonstrate pronounced enrichment in deep-sea sedimentary environments, particularly

within polymetallic ferromanganese nodules, Co-rich ferromanganese crusts, and

hydrothermal polymetallic sulfide deposits. These metalliferous phases represent

strategic resources essential for sustainable technologies and decarbonization economies

(Jiang et al., 2023; Sakellariadou et al., 2022). The sediment–water interface functions as a

critical biogeochemical reaction front governing metal fluxes between oceanic and

sedimentary reservoirs (Ren et al., 2024a; Du et al., 2025). Nevertheless, metal cycling

dynamics across this interface are modulated by interconnected environmental forcing: (1)

productivity-driven organic matter fluxes, (2) redox oscillations, (3) bottom-current

reworking, (4) volcanic-hydrothermal inputs, and (5) climatic-tectonic controls on

depositional architectures.

A mechanistic understanding of critical metal transport pathways, enrichment

processes in mineral phases, and post-depositional preservation states is fundamental for

both elucidating deep-sea ore genesis and reconstructing paleoenvironmental proxies.

Integrating metal deposition systems within biogeochemical cycling frameworks under

global change scenarios involves two imperatives: advancing earth system science and

enabling predictive resource exploration models.

This Research Topic (Biogeochemical Cycling and Depositional Processes of Critical Metals:

Implications for Global Change) synthesizes 9 pioneering studies examining ferromanganese
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nodules, sulfide deposits, giant diatom tests, and black shales across

Pacific, Indian, and South China Sea basins and the Yangtze platform

continental margin (Figure 1). These findings provide novel insights

into metal cycling and paleoceanographic evolution.
2 Summary of Research Topic
contributions

Ren et al. investigated Co enrichment in ferromanganese crusts,

identifying key controls such as diffusion flux, seawater Co

concentration, and MnO2 dilution. It innovatively integrates these

factors into a quantitative model to explain Co variations with water

depth, offering a framework for resource assessment. This work

highlights the role of biogeochemical processes in deep-sea

metal deposition.

He et al. revealed that bacterial communities and biological

structures facilitate metal enrichment and mineralization, with

regional variations in polymetallic ferromanganese nodule formation

linked to redox conditions and productivity. Li et al. demonstrated

spatial variability in nodule composition within the Clarion-

Clipperton Zone, attributing differences to hydrogenetic vs.

diagenetic processes driven by plate motion and Antarctic bottom

water dynamics. These studies explore the biogeochemical cycling and

depositional processes of critical metals in deep-sea polymetallic

nodules, highlighting microbial roles and environmental controls.

Lai et al. investigated microbial driven polymetallic

ferromanganese nodule formation in the South China Sea, revealing

how heterogeneous marine environments influence metal deposition.

An analysis of microbial communities and geochemical conditions
Frontiers in Marine Science 026
across three regions revealed distinct nodule formation mechanisms:

diagenesis in suboxic settings and hydrogenesis in oxygen-rich areas.

This work highlights microbial roles in metal cycling and nodule

genesis, offering novel insights into deep-sea biogeochemical processes

and their global implications.

Yang et al. investigated the biogeochemical cycling and deposition

of critical metals in the Duanqiao hydrothermal field on the Southwest

Indian Ridge. The analysis of mineral textures, trace elements, and
230Th/U dating reveals multistage mineralization driven by seawater-

hydrothermal fluid interactions. This study identifies enrichment

mechanisms for Zn, Pb, As, Ag, and Cd in pyrite, chalcopyrite, and

sphalerite, advancing the understanding of metal deposition in

ultraslow-spreading ridges.

Yang et al. investigated metal regeneration dynamics in

polymetallic nodule areas through ex-situ sediment disturbance

experiments, revealing synchronized metal behaviors (e.g., Li, V,

Co) linked to ferromanganese oxides and sediment texture. Key

innovations include quantifying short-term metal release and

identifying physicochemical controls, offering critical insights for

deep-sea mining ecological risks. Shen et al. explored the middle

Pleistocene ventilation history in the Magellan Seamounts via

magnetic coercivity, metal enrichment, and grain size, linking

weakened ventilation post-430 ka to reduced Antarctic bottom

water formation. This work innovatively integrates multiple proxies

to disentangle eolian inputs from circulation-driven redox changes,

advancing the understanding of deep-sea biogeochemical cycles and

their climate connections. Both studies highlight the interplay between

metal mobility, sedimentation, and global change.

Lin et al. advanced the understanding of biogeochemical cycling

and deep-sea deposition by revealing that Ethmodiscus rex diatom
FIGURE 1

Schematic map of sample locations for the 9 studies in the Research Topic. Data sources: Ferromanganese nodules (Lai et al.; Li et al.; He et al.),
ferromanganese crusts (Ren et al.), sulfide deposits (Yang et al.), sediments (Lai et al.; Shen et al.; Yang et al.), seawater (Lai et al.), giant diatoms (Lin et al.),
and black shales (Wang et al.). The topography dataset available at https://www.ngdc.noaa.gov.
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blooms (last glacial maximum to early Holocene) were driven by

deep-water upwelling and volcanic nutrient fluxes, not solely eolian

dust. Key innovations include linking diatom mat formation to

intensified deep currents and topographic upwelling, highlighting

the role of deep-ocean processes in carbon sequestration and global

climate dynamics. Notably, the Figure 7 in the original publication

contained an error, which has been addressed in a subsequent

Correction notice (Lin et al.).

Wang et al. investigated the biogeochemical cycling and

deposition of critical metals (V, Cr, Ni, U, Sr, Ba) in Cambrian

black shales of the Shuijingtuo Formation, highlighting their

enrichment mechanisms under anoxic conditions, high

productivity, and hydrothermal activity. Key innovations include

linking metal enrichment to organic matter affinity, redox-sensitive

deposition, and submarine hydrothermal influences, providing

insights into paleoenvironmental controls on metal cycling in

deep-sea settings.
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Black shales have attracted the attention of numerous researchers not only due

to their high potential as hydrocarbon source rocks and shale gas reservoirs, but

also to the enrichment of critical metal elements in black shale series. Black

shale of the Cambrian Shuijingtuo Formation is one of the most important black

shales in the Yangtze platform. This paper conducts integrated research on

the mineralogical and geochemical characteristics of this black shale from the

Luojiacun section inWestern Hubei Region, aiming at elaborating the enrichment

mechanism of elevated critical metal elements in the Shuijingtuo black shale.

Minerals in the Shuijingtuo black shale are predominantly composed of quartz

(avg. 43.0%) and clay minerals (avg. 32.5%), with small proportions of calcite,

albite, clinochlore, and pyrite. The Shuijingtuo black shale is characterized by

high total organic carbon (TOC, avg. 3.9%) content and enriched in V-Ni-Cr-U

and Sr-Ba critical metal assemblages. The elevated V, Cr, Ni, and U present

dominant organic affinities, while Sr and Ba are closely correlated to calcite and

pyrite, respectively. The enrichment of V-Cr-Ni-U critical element assemblages

in Shuijingtuo black shale are ascribed to the high primary productivity, anoxic

depositional conditions, marine biologic production, and low-temperature

hydrothermal activities. The enrichment of Sr and Ba is related to the high

primary productivity and anoxic depositional conditions, respectively.
KEYWORDS

critical elements, enrichmentmechanism, palaeoredox environment, organic-rich black
shale, Shuijingtuo Formation, Western Hubei region
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1 Introduction

Black shales are commonly considered as potential

hydrocarbon source rocks and shale gas reservoirs because of the

high total organic carbon (TOC) content (Gao et al., 2019; Yan

et al., 2021), which contribute to large proportions of Proterozoic

and Palaeozoic hydrocarbons and play important roles in oil and

gas development worldwide (Luning et al., 2000; Wu et al., 2015).

Moreover, a variety of important elements, including V, Mn, Ni,

Mo, U, Ba, and P are significantly enriched with high grade and

large scale in these black shale series in some areas (Ye and Fan,

2000; Fathy et al., 2024), which have a promising economic

potential. Consequently, research on black shales is of important

economic significance for both hydrocarbon and polymetallic

extraction. Furthermore, due to the occurrence of several

particular geological events (e.g., mass extinctions, biodiversity

change, oceanic anoxia, and continental glaciation) during the

deposition process of black shales (Armstrong et al., 2009;

Delabroye and Vecoli, 2010; Yan et al., 2010; Sheets et al., 2016;

Trela et al., 2016; Pohl et al., 2017), research on black shales is of

important theoretical significance as well , which can

correspondingly provide valuable information for these geological

events (Ghosh and Sarkar, 2010; Dai et al., 2018; Yan et al., 2021).

Black shale of the Niutitang Formation (corresponding to the

Shuijingtuo Formation in this paper) is a set of shale with great gas

potential in South China. A large number of scholars have carried

out studies on the evaluation of pore characteristics and gas

potential, sources of organic matter, geochemical characteristics

of rare earth elements and restoration of sedimentary environment

in the Niutitang Formation black shale (Yin et al., 2017; Wan et al.,

2018; Xi et al., 2018; Tian et al., 2019; Liu et al., 2020; Wu et al.,

2020; Zhang et al., 2021; Awan et al., 2022; Li et al., 2022;

Wei et al., 2022). In particular, research on mineralogical and

geochemical characteristics of the Shuijingtuo black shale

composition is of crucial significance because they have been

widely used as important indicators for ancient seawater

chemistry, palaeomarine environment conditions, and source

compositions of detrital sediments (Algeo and Maynard, 2004;

Algeo and Rowe, 2012; Dai et al., 2013b) due to their predictable

behavior during different geological processes (Ghosh and Sarkar,

2010; Dai et al., 2014, 2017).

However, due to the heterogeneity in chemical composition of

black shales, the mineralogical and geochemical characterization of

these shales remains contentious, let alone the enrichment

mechanism of strategic metal elements in black shales

(Han et al., 2018). In the current study, the mineralogical and

geochemical characteristics of black shales of the Cambrian

Shuijingtuo Formation from Western Hubei Region are

elaborated, with emphasis on the abundance, occurrence and

genesis of potential elevated strategic metals in black shales. This

research will provide not only essential mineralogical and

geochemical evidences for the provenance composition and

depositional paleoenvironment of black shales, but also an

objective evaluation on the enrichment of potential strategic

metal element resources in black shales.
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2 Geological setting

A set of black mudstones and black siliceous rocks with extremely

high organic matter content were widely developed and well preserved

in the Yangtze platform in the Early Cambrian. The Yangtze platform

generally transited from a shallow water platform area to a slope and

deep-water basin during the Early Cambrian. Consequently, during

this period, the Yangtze platform was roughly divided into four

sedimentary facies areas from NW to SE, viz., the inland shelf

shallow water platform, the outer shelf depression, the shelf edge

upper slope area, and the deep-water basin area (Och et al., 2013;

Cremonese et al., 2014; Fu et al., 2016; Zhang et al., 2016).

The western Hubei Region is geotectonically located on the

southeast slope of Huangling Uplift in the northwest of the middle

of the Yangtze Platform, known as the Yichang slope belt, where the

black shales of the Early Cambrian Shuijingtuo Formation are

widely distributed (Figure 1A). In the Yichang slope belt, there is

a double-layer basement composed of the Kongling complex in the

Paleoproterozoic and the intruding Neo-Proterozoic Huangling

granite and Xiaofeng basic-ultrabasic rocks, which is held by the

western Hubei fold.

The black shales of the Early Cambrian Shuijingtuo Formation

were the primary hydrocarbon source rocks and shale gas reservoirs

in the studied area, which were mainly deposited in a transitional

sedimentary environment from shallow water platform area to the

shelf edge upper slope and deep-water basin facies area of the

Yangtze platform (Zhu et al., 2015). The Shuijingtuo Formation was

lithologically composed of black shales, and unconformably overlay

the black mudstones of the Lower Cambrian Yanjiahe

Formation (Figure 1B).
3 Sampling and analytical methods

The black shale samples in this study were collected from the

lowest part of the Shuijingtuo Formation of the Luojiacun section,

which is geographically situated in Zigui county, Yichang city in the

Western Hubei Region (Figure 1A). Twenty-six bulk black shale

samples were taken with a sampling interval ranging from tens of

centimeters to 2 meters (Figure 1B). Each sample was ground to 200

mesh with an agate mortar for mineralogical and geochemical analysis.

The mineral composition of black shale samples was

determined by X-ray diffraction analysis (XRD, Bruker D8 A25

Advance), which was carried out on powder diffractometer with

monochromatic Cu, Ka radiation. The quantitative content of

minerals was subsequently analyzed based on the X-ray

diffractograms using Software Jade 6.5.

The morphological characteristics of typical minerals and

occurrence of some trace elements in black shales were observed

by field emission scanning electron microscope (FE-SEM, FEI

Quanta 450 FEG) in conjunction with an energy dispersive X-ray

spectrometer (SEM-EDS), which can realize the integrated analysis

function of image, composition and structure. SEM images of

typical minerals were captured by a retractable solid-state

backscatter electron detector.
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The TOC content of black shale samples was determined by a

Vario EL III element analyzer with the standard deviation of

measurements below ±0.10%. Prior to determination, the black

shale samples were first treated by 4 M HCl at 60°C for at least 24 h

to remove the carbonate minerals.

The major and trace element concentration of black shale

samples was respectively determined by X-ray fluorescence

spectrometer (XRF, Primus II) and inductively coupled plasma

mass spectrometer (ICP-MS, Agilent 7700e) at the Wuhan Sample

Solution Analytical Technology Co., Ltd.

Before XRF analysis, all samples were dried at 105°C for

12 hours, and then no less than 5.0g of each sample was ashed at

815°C using a muffle furnace. The major elements oxides in the

sample were determined by the melt plate method. Precision for

determination of major elements oxides concentrations is better

than 2.5%.

Prior to ICP-MS determination, each black shale sample was

acid-digested according to the following process: Dry the

samples at 105°C for 12 hours. 50 mg of each sample was

digested with 1 ml HNO3 and 1 ml HF, and heated at 190°C

for more than 24 hours. Cool the digestion solution down, and

evaporate it at 140°C on an electric heating plate until dry, then

digest the residue with 1 ml HNO3 and evaporate it to dry again.

Thereafter, the residue was digested with1 ml HNO3, 1 ml MQ

water and 1 ml of internal standard In (the concentration is 1 mg/
g) and heated at 190°C for more than 12 hours. Subsequently, the

solution was diluted with 2% HNO3 for ICP-MS determination.

Multi-element standard sample (BHVO-2、BCR-2 and RGM-2)

was used for calibration of trace element concentrations.

Precision for determination of trace element concentrations is

better than 5.0%.
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4 Results

4.1 Mineralogical characteristics of
black shales

Minerals in the Shuijingtuo black shales from the Luojiacun

section are mainly composed of quartz and clay minerals, with small

proportions of calcite, albite, clinochlore, and pyrite, aswell as traces of

siderite and gypsum (Table 1). Quartz is the most abundant mineral

(21.1%-68.9%, avg. 43.0%) in the Shuijingtuo black shale. In some

cases, quartz occurs with sharp edges and corners and large particles

(Figure 2A), indicating a terrigenous origin (Dong et al., 2021; Chen

et al., 2022;Ye et al., 2022;Gao et al., 2023). Inother cases, quartz occurs

as crystals of different sizes with better roundness, which is usually

smaller than terrigenous quartz (Figures 2B, I), indicating an

authigenic origin. The authigenic quartz was possibly formed from

transformationof clayminerals, alterationof clasticminerals (feldspar,

mica), dissolution of siliceous biological skeleton, pressure dissolution,

or devitrification of volcanic ash (Zhang et al., 2018; Yan et al., 2021).

Illite is the primary clay mineral in the Shuijingtuo black shale

(9.7%-52.3%, avg. 29.1% Table 1). Illite occurs in the form of long strips

(Figures 2B, C) and pore infillings (Figures 2D, E). The former more

likely indicated a terrigenous origin from shallow water shelf or slope

sedimentary environment with low TOC content (Zhang et al., 2017).

The latter was more likely to represent an authigenic origin, which was

probably derived from the alteration of clastic feldspar minerals, the

transformation of montmorillonite or mixed layer minerals, or from

the precipitation of diagenetic solution (Zhang et al., 2018).

Carbonate minerals in the Shuijingtuo black shale mainly consist of

calcite and dolomite, the content of which respectively ranges from

1.0% to 38.0% (avg. 10.8%) and from 1.1% to 6.0% (avg. 3.2%). Calcite
FIGURE 1

(A) Regional geological map of the study area (modified from Chen, 2018); (B) sampling column of the Shuingtuo Formation.
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mostly exists in the form of fracture- or pore-infillings (Figures 2C, F),

while dolomite mainly occurs as single crystals and calcareous

cementation (Figure 2C), both indicating an authigenic formation

process during the late diagenesis (Shao et al., 1998; Dai et al., 2015).

Pyrite is ubiquitously distributed in the Shuijingtuo black shale

(0.7%-8.7%, avg. 2.5%). It mainly occurs in the form of single subhedral

crystals (Figure 2H), and framboidal aggregate (Figure 2G), which is

indicative of syngenetic origin (Chou, 2012). In a few cases, pyrite also

occurs in the form of fracture infillings, filling in cracks of quartz and

albite in granular or veinlet form during an epigenetic process

(Figures 2A–C).

Albite is the primary feldspar mineral in the Shuijingtuo black

shale (3.9%-21.2%, avg. 12.1%), which occurs in the form of long
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strips (Figure 2H) and subhedral crystals (Figures 2B–E), indicating

terrigenous origin and an authigenic origin, respectively. In addition,

phosphate minerals, e.g., apatite were also observed under the

scanning electron microscope. Apatite is mainly present in the

form of authigenic euhedral to subhedral particles (Figures 2A, I).
4.2 Geochemical characteristics of
black shales

4.2.1 Major and trace element concentration
Based on the XRF analysis, SiO2, Al2O3 and CaO are the

predominant major element oxides in the Shuijingtuo black shale,
TABLE 1 Mineral composition and content of black shales of Shujingtuo Formation in Luojiacun, western Hubei Province (%).

Sample Illite Clinoch Quartz Calcite Dolomite Siderite Pyrite Gypsum Albite

SJT-1 29.1 / 68.9 / 1.1 / 0.9 / /

SJT-2 29.4 / 46.4 9.4 5.1 / 1.9 / 7.7

SJT-3 24.6 / 50.8 4.8 3.8 / 3.9 / 12.2

SJT-4 36.7 / 42.9 3.1 3.7 / 2.5 / 11.2

SJT-5 32.6 / 46.2 3.6 2.5 / 2.4 / 11.9

SJT-6 21.4 / 47.1 3.9 3.6 / 8.7 / 15.2

SJT-7 28.3 / 43.5 6.1 3.9 / 6.0 / 12.2

SJT-8 35.6 / 42.6 6.5 1.5 / 2.5 0.5 10.9

SJT-9 20.6 / 55.2 9.6 2.7 / 2.3 / 9.6

SJT-10 14.4 / 59.6 8.3 4.0 / 3.3 / 10.4

SJT-11 22.2 / 53.0 6.7 3.1 / 3.0 0.7 11.4

SJT-12 31.2 / 48.0 2.7 1.6 / 2.4 1.6 12.6

SJT-13 17.9 / 52.9 11.3 3.1 / 2.5 / 12.3

SJT-14 9.7 / 51.5 18.0 5.0 / 3.8 / 12.1

SJT-15 20.1 / 54.5 12.5 2.0 / 1.8 / 9.1

SJT-16 18.0 / 57.1 10.1 3.2 / 2.2 / 9.5

SJT-17 31.4 0.9 32.8 8.2 3.2 0.6 1.8 / 21.2

SJT-18 32.0 2.6 25.3 16.4 5.0 / 2.6 / 16.1

SJT-19 35.5 4.0 30.8 13.3 1.7 / 1.7 / 12.9

SJT-20 20.0 1.2 29.7 27.6 6.3 / 2.1 / 13.0

SJT-21 30.1 3.8 21.1 38.0 1.9 / 1.2 / 3.9

SJT-22 19.8 7.6 34.6 17.4 2.7 / 1.7 / 16.2

SJT-23 41.9 10.4 28.6 3.6 1.2 / 1.3 / 13.0

SJT-24 29.2 7.5 33.1 10.4 2.7 / 1.3 / 15.7

SJT-25 35.5 8.5 38.7 1.0 1.2 / 1.8 / 13.3

SJT-26 34.6 8.1 22.9 17.7 6.2 / 0.7 / 9.9

MIN 9.7 / 21.1 1.0 1.1 / 0.7 / 3.9

MAX 41.9 10.4 68.9 38.0 6.3 0.6 8.7 1.6 21.2

AVE 27.0 5.4 43.0 10.8 3.1 0.6 2.5 0.9 12.1
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followed by Fe2O3, K2O and MgO (Table 2). The content of SiO2,

Al2O3 and CaO varies from 37.3% to 65.2% (55.9%), 6.3% to 18.2%

(avg. 10.3%), and 1.5% to 22.1% (avg. 8.2%), respectively.

Secondarily, the content of Fe2O3, K2O and MgO is respectively

2.3-6.0% (avg. 4.0%), 1.7-4.1% (avg. 2.8%), and 1.1-2.6% (avg.

1.8%). The content of other oxides (TiO2, Na2O, MnO and P2O5)

is less than 1%. Compared with the major element oxide content of

North American shale (NASC), CaO content of the Shuijingtuo

black shale is slightly enriched (2.26 times higher), while the content

of other major elements is similar or depleted. Compared with the

average composition of post Archean Australian shale (PAAS), CaO

content of the Shuijingtuo black shale is significantly enriched (6.25

times higher), and the content of other major elements is also

similar or depleted. The elevated CaO content is ascribed to the

relatively high calcite content of the Shuijingtuo black shale.

With respect to the trace elements in the Shuijingtuo black shale,

their enrichment degree is evaluated by the concentration coefficient

(CC) proposed by Dai et al. (2015). In order to eliminate the influence

caused by the change of sedimentary rock composition, the Al-

normalized concentration coefficient is used to quantify the
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enrichment degree of trace elements in this paper (McLennan,

2001a; Piper and Perkins, 2004; Li et al., 2017a, b, c), and the

calculation formula is as follows: CC=(X/Al)sample/(X/Al)UCC, where

X represents a given element in the sample and/or upper crust

content (UCC). Compared with the trace element concentration in

UCC (Taylor and McLennan, 1995), U is significantly enriched

(CC>10), and Ba is enriched (5<CC<10) in the Shuijingtuo black

shale (Supplementary Table 1; Figure 3). Uranium and Ba

concentration respectively varies from 5.2 mg/g to 68.4 mg/g (avg.

32.4 mg/g) and 708 mg/g to 35156 mg/g (avg. 2846 mg/g). In addition,

V, Cr, Ni and Sr are slightly enriched (2<CC<5), the concentration of

which respectively ranges from 105 mg/g to 1446 mg/g (avg. 255 mg/g),
97.5 mg/g to 240 mg/g (avg. 165 mg/g), 38.2 mg/g to 216 mg/g (avg. 90.8
mg/g), and 155mg/g to 2583 mg/g (avg. 703 mg/g). The other trace

elements (e.g., Li, Be, Sc, Co, Zn, Ga, Rb, Y, Zr, Nb, Sn, Cs, La, Ce, Pr,

Nd, Hf, Ta, Tl, Pb and Th) in the Shuijingtuo black shale show similar

or depleted concentrations compared to the average concentration of

corresponding elements in UCC (CC<2).

The total concentration of rare earth elements (REE) in the

Shuijingtuo black shale is 128 mg/g on average (80.9-201 mg/g)
FIGURE 2

Modes of occurrence of minerals in the Shuiijingtuo black shale. (A) clastic quartz and apatite in sample No.7; (B) authigenic quartz, albite and illite in
sample No.7; (C) illite, albite, calcite and dolomite in sample No.7; (D) authigenic illite and albite in sample No.9; (E) Mutually metasomatized illite
and albite in sample No.7; (F) calcite vein in sample No.21; (G) framboidal pyrite in sample No.9; (H) single subhedral crystals pyrite and albite in
sample No.7; (I) authigenic quartz, albite and apatite in sample No.7.
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(Supplementary Table 1), which is lower than that of the UCC (146.4

mg/g), NASC (160.1 mg/g) and PAAS (184.8 mg/g). The total

concentration of light rare earth elements (LREE; e.g., La, Ce, Pr,

Nd, Sm, Eu, Gd) and heavy rare earth elements (HREE; e.g., Tb, Dy,

Ho, Er, Tm, Yb, Lu) respectively ranges from 73.3 mg/g to 190 mg/g
(avg. 118 mg/g) and 7.2 mg/g to 14.1 mg/g (avg. 10.3 mg/g), accounting
for 92% and 8% of the total REEs. The LREE/HREE ratio ranges from

9.5 to 16.1 (avg. 11.4), higher than that in NASC (9.7), indicating an
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enrichment of LREE in the Shuijingtuo black shale. Furthermore,

according to the chondrite-normalized REE distribution pattern

(Figure 4A), the LREE part shows an obvious rightward trend,

while the HREE part shows a relatively flat slope, further indicating

the high fractionation between LREE and HREE and the enrichment

of LREE. When normalized to the REE values of NASC, the

Shuijingtuo black shale presents a flat REE distribution pattern

(Figure 4B), reflecting a consistent provenance and stable tectonic
TABLE 2 The content of major element in the blak shales of Shuingtuo Formation in Luojiacun, western Hubei Province (%).

Samples SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Al2O3/TiO2

SJT-1 61.97 0.57 10.47 3.69 0.02 1.59 4.23 1.01 3.65 0.16 18.31

SJT-2 58.96 0.45 8.39 3.07 0.04 2.05 7.71 0.80 2.88 0.14 18.53

SJT-3 59.45 0.58 10.81 4.14 0.03 1.61 4.56 1.11 3.73 0.14 18.81

SJT-4 60.53 0.62 11.47 4.35 0.04 1.97 4.19 1.11 3.79 0.13 18.62

SJT-5 63.43 0.61 11.21 3.60 0.03 1.52 3.74 1.15 3.68 0.13 18.25

SJT-6 49.82 0.46 8.53 4.73 0.00 1.55 3.72 0.93 2.78 0.16 18.59

SJT-7 62.31 0.54 9.71 3.68 0.04 1.91 4.80 1.03 3.33 0.14 17.91

SJT-8 59.76 0.54 9.57 3.78 0.03 1.28 5.99 0.98 3.24 0.14 17.75

SJT-9 60.95 0.51 9.10 3.14 0.04 1.37 7.06 0.96 2.97 0.16 17.77

SJT-10 63.40 0.54 9.24 3.51 0.03 1.24 5.46 0.99 3.01 0.14 17.15

SJT-11 60.89 0.49 8.66 3.54 0.04 1.54 6.76 0.95 2.80 0.20 17.60

SJT-12 65.16 0.54 9.55 3.49 0.03 1.08 3.65 1.00 3.10 0.22 17.62

SJT-13 59.93 0.45 7.68 3.00 0.05 1.29 8.44 0.86 2.46 0.24 17.27

SJT-14 53.40 0.41 7.30 3.61 0.08 1.67 11.30 0.89 2.28 0.24 17.72

SJT-15 61.97 0.35 6.26 2.28 0.05 1.15 9.16 0.78 1.90 0.16 17.87

SJT-16 61.84 0.38 6.66 2.89 0.07 1.45 8.15 0.85 2.01 0.20 17.75

SJT-17 54.11 0.63 12.46 4.58 0.03 1.82 8.05 1.04 2.77 0.11 19.71

SJT-18 41.73 0.49 10.94 5.10 0.04 2.59 15.15 0.83 2.36 0.10 22.36

SJT-19 48.30 0.55 11.92 4.22 0.04 1.95 12.66 0.87 2.52 0.11 21.83

SJT-20 43.38 0.54 12.23 4.05 0.04 2.49 14.86 0.64 2.74 0.12 22.68

SJT-21 37.33 0.37 8.26 3.49 0.04 1.81 22.12 0.57 1.75 0.12 22.50

SJT-22 50.20 0.51 10.10 5.03 0.05 1.94 12.53 0.85 2.02 0.15 19.89

SJT-23 57.77 0.68 14.23 5.37 0.04 2.18 5.19 1.05 2.97 0.14 20.81

SJT-24 53.15 0.53 10.95 4.79 0.05 2.21 10.63 0.93 2.18 0.13 20.54

SJT-25 56.94 0.81 18.16 6.00 0.03 2.25 1.49 0.80 4.08 0.15 22.42

SJT-26 45.44 0.55 12.65 5.04 0.05 2.52 12.74 0.62 2.70 0.12 22.96

MIN 37.33 0.35 6.26 2.28 0.00 1.08 1.49 0.57 1.75 0.10 /

MAX 65.16 0.81 18.16 6.00 0.08 2.59 22.12 1.15 4.08 0.24 /

AVE 55.85 0.53 10.25 4.01 0.04 1.77 8.24 0.91 2.83 0.15 /

PAAS 63.7 1.01 19.2 7.33 0.1 2.24 1.3 1.21 3.8 0.16 /

NASC 64.9 0.70 16.9 5.67 0.1 2.86 3.6 1.14 4.0 0.13 /

PASSN 0.88 0.52 0.53 0.55 0.35 0.79 6.25 0.75 0.75 0.95 /

NASCN 0.86 0.75 0.61 0.71 0.64 0.62 2.26 0.80 0.71 1.16 /
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activity (Yan et al., 2021). The NASC-normalized (La/Sm)N value is

1.13 on average (0.94-1.5), representing a weak fractionation between

light rare earth elements.

4.2.2 Distribution and modes of occurrence of
elevated elements

According to unary linear regression method, the elevated V,

Ni, U and Cr concentration have weak or negative correlation with

Al2O3 content in the Shuijingtuo black shale (r= -0.07, -0.13, -0.61,

-0.39) (Figures 5A–D). Furthermore, it is found that V, Ni, U and

Cr concentrations present strong positive correlations with Sibio
content in the Shuijingtuo black shale (Figures 5E–H), which

indicates that V, Ni, U, and Cr mainly occur in organic form in

the Shuijingtuo black shale.

In addition, there is a strong positive correlation between Ba

and pyrite in the Shuijingtuo black shale (Figure 5I), indicating that

Ba is mainly hosted in pyrite. By contrast, a strong positive

correlation between Sr and calcite in the Shuijingtuo black shale

indicates that Sr is mainly hosted in calcite (Figure 6).

Vertically, the elevated V and Ni show similar variation

characteristics, the contents of which are both higher in the upper

portion of the Shuijingtuo black shale from the Luojiacun section

(Figure 6). Chromium and U show similar vertical variation

characteristics, the content of which are higher in the middle and

upper section (Figure 6). Furthermore, Sr content is higher in the lower

section and Ba content is higher in the middle section, which presents

similar variation to calcite and pyrite content, respectively (Figure 6),

furthering indicating the occurrence of Sr with calcite and Ba with pyrite.
5 Discussion

5.1 Tectonic environment

Through outcrop observation, core description, thin section

observation, scanning electron microscope observation and
Frontiers in Marine Science 0714
geochemical analysis of main and trace elements, it is concluded

that the Lower Cambrian sedimentary facies in the Middle

Yangtze area is dominated by shallow water shelf - deep water

shelf - slope sedimentary facies (Zhang et al., 2019; Zhao et al.,

2019; Gao et al., 2020; Ding et al., 2021), among which the western

Hubei - Hunan and Guizhou areas belong to deep water shelf -

slope sedimentary facies (Zhao et al., 2019). Different tectonic

environments have certain characteristics of provenance, and are

characterized by specific sedimentary processes, which can be

distinguished by several geochemical indexes. Sugisaki et al.

(1983) pointed out that the MnO/TiO2 ratio can be effectively

used to distinguish the tectonic environment, with value of 0.5 ~

3.5 and <0.5 indicative of a deep-sea or trench ocean bottom

environment far away from the continent, and a nearshore

shallow sea or continental slope environment, respectively. The

MnO/TiO2 ratios of the Shuijingtuo black shale samples range

from 0.03 to 0.19 (avg. 0.08), reflecting a nearshore shallow sea or

continental slope environment.

Murray (1994) proposed the discrimination diagram of Al2O3/

(Al2O3+TFe2O3) - TFe2O3/TiO2 to reflect tectonic environment, in

which all the Shuijingtuo black shale samples fall into the

continental margin environment (Figure 7A). In the diagram of

Al2O3/(Al2O3+TFe2O3) - (La/Ce)N, all the Shuijingtuo black shale

samples fall within the continental margin environment as well

(Figure 7B). Moreover, the dCe value also can accurately distinguish

three tectonic environments near the mid ocean ridge, the pelagic

basin and the continental margin. Zhou (2019) proposed that the

dCe value of 0.18-0.38, 0.51 ~ 0.61 and 0.74 ~ 0.96 respectively

indicates a regional sedimentation near the ocean ridge, the pelagic

basin, and the continental margin, and found that the Niutitang

(corresponding to the Shuijingtuo) black shale in Northwest Hunan

was formed in the deep- to semi deep-water sedimentary

environment close to the continental margin. The dCe values of

the Shuijingtuo black shale samples in this study range from 0.82 to

1.00 (avg. 0.94), also indicating the normal continental margin

environment. Furthermore, SiO2-log (K2O/Na2O) diagram also can
FIGURE 3

Concentration coefficients of trace elements in the Shuijingtuo black shale.
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be used to identify the tectonic environment (Roser and Korsch,

1986; Huang et al., 2013). In the diagram of SiO2-log (K2O/Na2O),

all the Shuijingtuo black shale samples fall within the passive

continental margin (Figure 7C). The normal continental margin
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includes shallow sea shelf and semi-deep sea slope, which is

consistent with the founding that the tectonic location of the

Luojiacun profile belongs to shelf margin - upper slope area

(Hu, 2019).
FIGURE 5

Occurrence modes of elevated elements in the Shuijingtuo black shale. (A) V vs. Al2O3; (B) Ni vs. Al2O3; (C) U vs. Al2O3; (D) Cr vs. Al2O3; (E) V vs. Si bio;
(F) Ni vs. Si bio; (G) U vs. Si bio; (H) Cr vs. Si bio; (I) Ba vs. Pyrite.
FIGURE 4

REE distribution patterns with chondrite standard (A) and NASC standard (B) for the Shuijingtuo black shale.
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5.2 Sediment provenance

Generally, provenances from sediment source region, marine

biological precipitation/recrystallization, and volcanic ash are the

dominant sources for black shales and other sediments. The input

of terrigenous clastic materials can be manifested by contents and

ratios of some elements that are not easily affected by diagenesis and

weathering process (Murray, 1994; Murphy et al., 2000; Rachold
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and Brumsack, 2001; Rimmer, 2004; Tribovillard et al., 2006;

Calvert and Pedersen, 2007; Lézin et al., 2013). According to the

discriminant indicators of Ti/Al, Th/Al and Zr/Al ratios, the

terrigenous clastic input of the Shuijingtuo black shale was of

medium degree and remained relatively stable during the

deposition process (Yang, 2020). The Al2O3/TiO2 ratio was also

widely used as an efficient indicator of the source rock composition,

with 3-8, 8-21, and 21-70 respectively of mafic basalt, intermediate
FIGURE 6

Vertical characteristics of enriched trace elements in the Shuijingtuo black shale.
FIGURE 7

Tectonic environment discrimination of Shuijingtuo black shales. (A) Diagram of Fe2O3/TiO2 vs. Al2O3/(Al2O3+Fe2O3); (B) (La/Ce)N vs. (Al2O3

+TFe2O3); (C) log(K2O/Na2O) vs. SiO2. 1-Continental margin; 2-Pelagic Basin; 3-Mid-oceanic ridge.
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granodiorite, and felsic granite source (Hayashi et al., 1997). The

Al2O3/TiO2 ratios of the Shuijingtuo black shale in Luojiacun

section range from 17.2 to 23.0 (avg. 19.4), predominantly falling

within the field of intermediate granodiorite (Figure 8A), which

indicates that the terrigenous material source for the Shuijingtuo

black shales is of intermediate granodiorite composition. In

addition, the TiO2/Zr ratio of >200, 55-199, and <55 respectively

represents a mafic, intermediate, and felsic igneous source rock

(Hayashi et al., 1997). The TiO2/Zr ratios of the Shuijingtuo black

shale samples ranges from 38.6 to 56.4, with an average of 44.9,

manifesting that the sediment source for the study area is primarily

of intermediate to felsic composition (Figure 8B). Moreover, the

La–Th–Sc ternary diagram and cross plots of Th/Sc versus Zr/Sc,

and La/Th vs. Hf are also reliable indicators of source rock

composition (McLennan, 2001b; Vosoughi Moradi et al., 2016;

Zhai et al., 2018), according to which the Shuijingtuo black shale

samples primarily fall within the field close to felsic and

granodiorite source (Figures 8C–E). Based on all these

geochemical indexes, it is concluded that the Shuijingtuo black

shale from the Luojiacun section were predominantly sourced from

intermediate to felsic rocks similar to granodiorite.

Apart from the terrigenous supply, marine biogenic production

also contributes as a provenance of the Shuijingtuo black shale from

the Luojiacun section. Element Si is often used to reflect the input

degree of terrigenous clasts (Murphy et al., 2000; Tribovillard et al.,

2006), because Si is generally preserved in quartz and silicate

minerals derived from terrigenous clasts (Kidder and Erwin,

2001). However, many studies have shown that marine sediments

are usually rich in biogenic silica. The Si/Al ratio of the Shuijingtuo

black shale samples ranges from 2.76 to 8.73 (avg. 5.10), which is

higher than the average value of terrigenous sediment (3.11,
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Wedepohl, 1991). This indicates that the excessive Si and the

occurrence of authigenic quartz (Figures 2B, I) in the Shuijingtuo

black shale may be caused by biogenesis other than terrigenous

input (Wojcik-Tabol and Slaczka, 2009). Previous research has also

revealed that the provenance for the Early Cambrian black shales in

the Yangtze platform was strongly influenced by the marine

biogenic production (Wu et al., 2016; Zhu et al., 2021; Xia et al.,

2022; Wang et al., 2023; Fu et al., 2023b).
5.3 Palaeoredox conditions

The Palaeoredox environment plays a crucial role in the

distribution and evolution of marine organisms, as well as in the

circulation, differentiation and enrichment of elements in marine

sediments (Chang et al., 2009). It has been confirmed by several

research that the early Cambrian black shales in the Yangtze Platform

were deposited under an anoxic palaeoredox conditions (Xu et al.,

2013; Han et al., 2015; Wu et al., 2016; Zhu et al., 2021; Xia et al.,

2022; Wang et al., 2023; Fu et al., 2023b). Correspondingly, several

redox sensitive elements and elemental ratios are useful indicators of

palaeomarine environment, especially the palaeoredox conditions

(Wignall, 1994; Crusius et al., 1996; Algeo, 2004; Algeo and

Maynard, 2004; Rimmer, 2004; Rimmer et al., 2004; Tribovillard

et al., 2004; Abanda and Hannigan, 2006; Tribovillard et al., 2006;

Zhang et al., 2023). For instance, V/(V+Ni) ratio of >0.84, 0.54-0.82,

and <0.60 respectively reflects euxinic, anoxic, and dysoxic to oxic

conditions, and U/Th ratio of >0.5 is generally indictive of anoxic

condition (Jones and Manning, 1994). The U/Th and V/(V+Ni)

ratios of the Shuijingtuo black shale samples vary from 0.37 to 10.50

(avg. 4.31) and 0.56 to 0.87 (avg. 0.69), respectively, mostly falling
FIGURE 8

Source rock composition of the Shuiijingtuo black shales. (A) Cross plots of Al2O3 versus TiO2; (B) Cross plot of TiO2 and Zr; (C) Cross plot of Th/Sc
versus Zr/Sc; (D) La/Th versus Hf bivariate plot; (E) La-Th-Sc diagram for the Shuijingtuo black shales.
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within the anoxic field in the cross plots of V/(V+Ni) vs. U/Th

(Figure 9), indicate that the Shuijingtuo black shale was primarily

deposited under anoxic to euxinic conditions. Similarly, Ni/Co ratio

of >7, 5-7, and <5 respectively reflects anoxic, dysoxic, and oxic

conditions (Jones and Manning, 1994). The Ni/Co ratio of the

Shuijingtuo black shale samples vary from 3.24 to 16.62 (avg. 8.18),

also indicating deposition of the Shuijingtuo black shale under

anoxic conditions.

Furthermore, authigenic uranium (Ua=Utotal-Th/3) and dU
(dU=U/[1/2 (U+Th/3)]) are also commonly used to refer the

palaeoredox conditions of sedimentary environment (Wignall,

1994; Wignall and Myers, 1998). The Ua content of less than 5 mg/
g generally indicates an oxidizing condition (Jones and Manning,

1994), while dU>1 and <1 respectively indicates an anoxic and

normal marine sedimentary environment (Wignall, 1994). The Ua

and dU of the Shuijingtuo black shale respectively ranges from 0.6 to

66.2 mg/g (avg. 29.5 mg/g), and 1.05 to 1.94 (avg. 1.68), further

manifesting an anoxic sedimentary environment of the Shuijingtuo

black shale.

Studies on Ce anomalies in modern seawater show that Ce is a

sensitive factor for judging the redox environment (Yang et al.,

2008). Generally, under oxidation conditions, Ce3+ is oxidized to

Ce4+, Ce4+ is prone to hydrolysis and precipitation by adsorption of

Fe and Mn oxides, which is separated from other rare earth

elements, resulting in Ce depletion in seawater. Under anoxic

reduction conditions, Fe oxides dissolve and Ce4+ is reduced to

Ce3+, resulting no obvious Ce anomaly in seawater. Consequently,

the variation of dCe value reflects the reduction-oxidation variation

of sedimentary environment (DeBaar et al., 1985), and the dCe
value of 0.78 is used as the reference value to discriminate the redox
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conditions of depositional environment (Wright et al., 1987).

Coincident with those concluded from the above-mentioned

geochemical indexes, the dCe of the Shuijingtuo black shale

samples is between 0.82 and 1.00 (avg. 0.94), indicating a

relatively anoxic environment as well.

A set of black shales with high organic matter was deposited in

the Ordovician-Silurian, and its depositional environment was also

anoxic-reductive (Mustafa et al., 2015; Mohammed et al., 2020;

Zhou et al., 2021; Yi et al., 2022; Fu et al., 2023a), which is consistent

with the depositional environment of the Shuijingtuo Formation in

this paper. These results indicate that the shales with high organic

matter have a positive correlation with the anoxic environment,

which can provide indications for shale gas exploration and

paleoenvironmental restoration.
5.4 Palaeomarine productivity

It is widely accepted that apatite is closely related to biological

life activities, and has two kinds of formation mechanism. The first

is the direct action of biology (Li et al., 2017a), that is, through

biological life activities, the dispersed phosphorus in the medium is

absorbed and formed into phosphate shell or bone, which is

preserved in sediments after biological death, and transformed

into apatite during diagenesis. The apatite formed by this

mechanism is bioclastic apatite. The second is the indirect effect

of biology, which is mainly affected by biomass and redox

conditions. The indirect effect of biology is the main form of

apatite formation in the early Cambrian. Al2O3 is generally

considered in geochemistry to be derived only from terrigenous
FIGURE 9

Cross plots of U/Th versus V/(V+Ni) of the Shuijingtuo black shale.
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clastic inputs (Liu, 2017; Li et al., 2017a). According to unary linear

regression method, there is a significant negative correlation

between P2O5 and Al2O3 (Figure 10A), and an obvious positive

correlation with TOC (Figure 10B) in the black shale of the

Shuijingtuo Formation. Although P is not enriched in the black

shale of the Shuijingtuo Formation (Table 2), P is still biogenic and

related to higher palaeomarine productivity.

In addition, the content of biological silicon (Sibio) can be used

to restore palaemarine productivity, which is quantified by the

following formula (Murray and leinen, 1996): Sibio=Sisample – [(Si/

Al)average shale × Alsample], where Sisample and Alsample are the total Si

and Al content in the studied sample, (Si/Al) average shale (3.11) is the

Si/Al ratio of average shale (Taylor and Mclennan, 1985). The Sibio
content of the Shuijingtuo black shale samples is 9.2% on average,

accounting for 35.5% of the total Si. Moreover, the Sibio of the

Shuijingtuo black shale is obviously correlated with the TOC

(Figure 10I), which is in consistence with previous study that

biogenic silicon in marine shale is usually highly correlated with

organic carbon content (Luo et al., 2013). The main source of
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biogenic silicon is various siliceous plankton, such as diatoms,

radiolarians and sponge spicule (Aplin and Macquaker, 2011),

which is also the primary source of organic matter in marine

sediments. The prosperity of plankton is usually accompanied by

high organic matter (total organic carbon) content, both of which

are responsible for the high paleo productivity. The primary

productivity of the Shuijingtuo black shales is relatively high

(TOC=1.9-6.5%, avg. 3.9%), manifesting the contribution of

biogenic production to black shales.

Furthermore, the element Ba is widely used as a credible

indicator for primary productivity of paleo ocean (Dehairs et al.,

1987; Dymond et al., 1992; Paytan et al., 1996; Eagle et al., 2003;

Tribovillard et al., 2006). The sources of barium in sediments

mainly include biogenic barium, barium from terrestrial

aluminosilicates, the precipitation of submarine hydrothermal

barium and the secretion of some benthic organic organism

(Dymond et al., 1992; Gonneea and Paytan, 2006). Only biogenic

barium can reflect palaeoproductivity. Barium from biological

sources is mainly precipitated in sediments in the form of barium
FIGURE 10

Cross plots of P2O5 versus Al2O3 (A) and TOC (B); (C-F) TOC versus elevated elements; Sr versus TOC (G) and Babio (H); (I) Sibio versus TOC of the
Shuijingtuo black shales.
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sulfate (Barite). For the genesis of barium sulfate crystals, the

current mainstream view is that there are some SO4
2- ions on the

surface of organic matter in the reduction microenvironment of

marine diatom cell membrane and some particles, and Ba2+ in water

will combine with them to form barium sulfate, which will then be

deposited on the ocean floor. There is a positive correlation between

the amount of barium sulfate crystal precipitation and the amount

of organic matter, so the higher the Ba content in the sediment, the

higher the primary productivity of the ocean surface.

Currently, it is universally acknowledged that the content of

biogenic barium in sediments is 1000 ~ 5000 mg/g, indicating that the
Palaeocean surface productivity is high (Murray and Leinen, 1993;

Schoepfer et al., 2015). The specific calculation formula is

Babio=Basample – Alsample × (Ba/Al)clasts, where Basample and Alsample

are the total Ba and Al content in the studied sample, respectively,

and (Ba/Al)clasts are the average Ba/Al ratio of crustal rocks (0.0032-

0.0046, Taylor and Mclennan, 1985). In this study, the (Ba/Al)clastics
value is taken as 0.0032 to calculate the Babio content of the

Shuijingtuo black shale samples. The Babio content of Shuijingtuo

black shale samples in Luojiacun profile range from 568 to up to

35011 mg/g (avg. 2672 mg/g), also indicating that the primary

productivity of Shuijingtuo black shale in Luojiacun profile is high.

The high primary productivity of Shuijingtuo black shale in

Luojiacun profile is also consistent with the previous studies (Wu

et al., 2016; Zhu et al., 2021; Xia et al., 2022; Wang et al., 2023; Fu

et al., 2023b).
5.5 Enrichment mechanism of elevated
critical elements

Several productivity- and redox-sensitive elements, such as V,

Ni, U, Cr, and Ba have been found enriched in the Shuijingtuo black

shale (Yang and Yi, 2012). In the current study, the Shuijingtuo

black shale from the Luojiacun section is significantly enriched in U,

and enriched in Ba, V, Cr, Ni and Sr.

As stated above, the terrigenous provenance of the Shuijingtuo

black shale is primarily of intermediate to felsic composition.

However, the contents of U, V, Cr, and Ni in intermediate and
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felsic rocks are much lower than those in basic and ultrabasic rocks

(Vinogradov, 1986), with U, V and Cr content in felsic rocks of

3.5mg/g, 18mg/g, and 8mg/g respectively (Vinogradov, 1986; Condie,
1993). Therefore, the enrichment of these elements in the

Shuijingtuo black shale is not ascribed to the intermediate to

felsic terrigenous provenance.

Murphy et al. (2000) have found that the strong anoxic

condition and slow deposition is responsible for the enrichment

of some trace elements, especially those redox sensitive ones in the

nutrient-rich upwelling area. Redox sensitive elements such as V, Ni

and Cr are prone to enrichment under anoxic conditions in the

early diagenetic stage, due to that these redox sensitive elements are

generally insoluble and precipitated into insoluble phases under

anoxic/euxinic conditions (Sadiq, 1988; Tribovillard et al., 2006).

Because the uranium content in open oceans, rivers and upper

continental crust is very low, authigenic uranium under anoxic

conditions is the main source of uranium in marine sediments.

Under anoxic environment, uranium will diffuse in water and

deposit in oxygen poor layer to form organometallic ligands and

metal complexes (Algeo and Maynard, 2004; Tribovillard et al.,

2012). As discussed above, the elevated V, Cr, U, and Ni in the

Shuijingtuo black shale show the vertical distribution characteristics

(Figure 6). Moreover, V, Ni, Cr, and U have a close correlation with

TOC (r=0.17-0.84; Figures 10C–F), indicating that the enrichment

of these elements in the black shale is closely related to organic

matter by means of complex interaction process under the

reduction environment, which needs further investigation.

In addition, the abnormal enrichment of V-Cr-Ni-U element

assemblages in organic-rich rocks, e.g., coal and black shale, is often

related to hydrothermal activities (Dai et al., 2013a; Jia, 2018). The

submarine hydrothermal activity is due to the uplift of the

continental crust, which contributes to the intrusion of

underground magma along the weak zone, carrying a high

content of metal elements into the sedimentary water body. On

one hand, the influx of Mo, Ni, U and other elements will form a

heavy metal mineral layer in the seawater. On the other hand, the

increase of Fe, P and other life elements will provide sufficient

nutrients for aquatic organisms, promote the growth of organisms,

and produce higher primary productivity. Furthermore, the
FIGURE 11

(A) Cross plot of V/Cr versus V/Sc; (B) Ni-Co-Zn three-phase diagram of the Shuijingtuo black shale.
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occurrence of hydrothermal activities will also locally change the

redox conditions of water bodies. A large number of Fe and Mn

elements enter the water bodies, forming an H2S rich anoxic

reduction environment at the bottom, resulting in the enrichment

of some trace elements (Morforda et al., 2001). Hydrothermal

sedimentation will also promote the migration and accumulation

of trace elements in sedimentary rocks.

In the current research, the hydrothermal activities is evidenced

by geochemical indexes, such as V/Sc and V/Cr ratios, which can be

used to distinguish hydrothermal source from normal authigenic

element deposition (Yang, 2020). Sc/Cr ratio of <0.120 and >0.144

indicates a hydrothermal sedimentation and normal seawater

sedimentation, respectively, while Sc/Cr ratio between 0.120 and

0.144 represents the joint influence of normal seawater

sedimentation and hydrothermal sedimentation (Yang, 2020).

The Shuijingtuo black shale samples in Luojiacun profile

predominantly fal l between the trend line of normal

sedimentation and the hot water sedimentation line, indicating

that the Shuijingtuo black shale was affected by hydrothermal

sedimentation (Figure 11A). Additionally, Zn, Ni, Cu and other

elements are often enriched due to submarine hydrothermal

activities in seawater, while Co is mainly derived from hydrogenic

sedimentary environment (Choi and Hariya, 1992). Therefore, the

Ni-Co-Zn three-phase diagram is usually used to trace the

hydrothermal (Choi and Hariya, 1992). In the Ni-Co-Zn three-

phase diagram, the overwhelming majority of the Shuijingtuo black

shale samples fall within Hydrothermal deposit area (Figure 11B),

further indicating that the Shuijingtuo black shale was affected by

hydrothermal sedimentation. Furthermore, calcite is filled in the

fracture in the form of veins (Figure 2F), also is an indication of the

hydrothermal sedimentation of the Shuijingtuo Formation black

shale. Because Luojiacun section was deposited in deep-water

continental shelf area, the hydrothermal activity during the

deposition process was submarine hydrothermal deposition.
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Consequently, the submarine hydrothermal fluid accompanying

the anoxic condition, high palaeomarine productivity are

responsible for the enrichment of U, V, Ni, and Cr in the

Shuijingtuo black shale (Figure 12).

With respect to the enrichment of Ba, it is accepted that biogenic

process can to some extent give rise to the enrichment of some

elements (e.g., Cu, Zn and Ba) by marine organism activity (Breit and

Wanty, 1991; Luning et al., 2000; Brumsack, 2006; Tribovillard et al.,

2006; Yan et al., 2015; Zhao et al., 2016; Smolarek et al., 2017). The

Shuijingtuo black shale of Luojiacun section is characterized by high

primary productivity, and occurrence of elevated biological Ba, which

indicates that Ba enrichment in Shuijingtuo black shale is mainly the

result of higher primary productivity. However, there is no

correlation between Sr and TOC (Figure 10G) and Babio
(Figure 10H) in the Shuijingtuo Formation black shale, indicating

that the enrichment of Sr is not related to the biological combination

and primary productivity, but mainly related to the anoxic-euxinic

sedimentary environment.
6 Conclusion

The Shuijingtuo black shale from the Luojiacun section,

Western Hubei Region is characterized by high TOC content and

enriched in V-Cr-Ni-U and Sr-Ba elevated critical element

assemblages. The elevated V, Cr, Ni, and U present organic

affinities, which primarily occur in organic matter in the

Shuijingtuo black shale. Strontium is closely correlated to calcite

and Ba is closely correlated to pyrite.

The Shuijingtuo black shale was deposited in anoxic conditions

in nearshore shallow sea or continental slope environment close to

the continental margin, and has a high palaeomarine productivity.

Terrigenous provenance of the Shuijingtuo Formation in Luojiacun

section is mainly medium-feldspathic granodiorite, which is not
FIGURE 12

Enrichment pattern of elevated elements.
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responsible for the enrichment of V-Cr-Ni-U and Sr-Ba critical

element assemblages in Shuijingtuo black shale.

The enrichmentofU,V,Cr, andNi in the Shuijingtuoblack shale is

ascribed to the anoxic condition, high palaeomarine productivity and

the submarine hydrothermal solutions. Barium enrichment is

predominantly caused by higher primary productivity, while Sr

enrichment is primarily ascribed to anoxic depositional conditions.
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Early diagenesis, sedimentary
dynamics and metal enrichment
reveal deep-sea ventilation in
Magellan Seamounts during the
middle Pleistocene
Zhongshan Shen1*, Yanping Chen2, Pavel Mikhailik3, Yun Cai4,
Haifeng Wang5,6* and Liang Yi4

1State Key Laboratory of Lithospheric and Environmental Coevolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China, 2Zhejiang Academy of Marine Sciences,
Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China, 3Laboratory of
Regional Geology and Tectonic, Far East Geological Institute, Far East Branch of Russian Academy of
Sciences, Vladivostok, Russia, 4State Key Laboratory of Marine Geology, Tongji University,
Shanghai, China, 5Key Laboratory of Marine Mineral Resources, Ministry of Natural Resources,
Guangzhou Marine Geological Survey, China Geological Survey, Guangzhou, China, 6Southern Marine
Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China
Seamounts are ubiquitous topographic units in the global oceans, and the Caiwei

Guyot in the Magellan Seamounts of the western Pacific is a prime example. In

this study, we analyzed a well-dated sediment core using magnetic properties,

sediment grain size, andmetal enrichment to uncover regional ventilation history

during the middle Pleistocene and explore potential linkages to global climate

changes. Our principal findings are as follows: (1) The median grain size is 3.3 ±

0.2 mm, and clay and silt particles exhibit minimal variation, with average values of

52.8 ± 1.8% and 38.2 ± 1.6%, respectively, indicating a low-dynamic process; (2)

Three grain-size components are identified, characterized by modal patterns of

~3 mm (major one), ~40 mm, and 400–500 mm, respectively; (3) Magnetic

coercivity of the deep-sea sediments can be classified into three subgroups,

and their coercivity values are 6.1 ± 0.5 mT, 25.7 ± 1.0 mT, and 65.2 ± 2.1 mT.

Based on these results, we propose a close linkage between magnetic coercivity

andmetal enrichment, correlating with changes in deep-sea circulation intensity.

Conversely, sediment grain-size changes seem to be more strongly influenced

by eolian inputs. Consequently, we suggest that regional ventilation has

weakened since ~430 ka, likely linked to a reduction in Antarctic bottom

water formation.
KEYWORDS

abyssal ventilation, early diagenesis, magnetic properties, Caiwei (Pako) Guyot, middle
Pleistocene, western Pacific
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1 Introduction

More than 50,000 seamounts have been identified in the Pacific

Ocean, and the Magellan Seamounts, formed by hotspot activity

during 120–90 Ma (Wessel, 1997; Wessel and Lyons, 1997;

Stepashko, 2008), include the Caiwei, the Vlinder, and the Loah,

and are distributed in a northwestward chain (Figure 1). Among

them, the Caiwei Guyot, a well-studied deep-sea flat-topped

seamount, has water depths of ~1 500–1 600 m at its summit and

~5 500 m at its base. The Caiwei Guyot is situated within the main

flow path of the Antarctic bottom water (AABW) and Lower

Circumpolar Deep Water (LCDW) as they move toward the North

Pacific, and the former, AABW, is considered a potential

intermediary in the influence of the Antarctic on global climate

change (Talley, 2008; Kawabe and Fujio, 2010). It covers >70% of the

ocean-bottom region and represents 30%–40% of the total global

water mass (Johnson, 2008). With its high level of dissolved oxygen,

the AABW significantly contributes to abyssal ventilation and redox

conditions (Gordon, 2001). Furthermore, an anti-cyclonic eddy has

been identified over the guyot (Guo et al., 2020), contributing to

similar hydrochemical properties around the seamount, such as

salinity, pH value, and nitrate, likely influenced by this anti-

cyclonic phenomenon (Liu et al., 2019). Previous studies focusing
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on mineral resources and megafaunal communities (Wang et al.,

2016b; Xu et al., 2016) and microorganisms (Liu et al., 2019; Sun

et al., 2020; Yang et al., 2020) have proposed that cobalt-rich crusts,

carbonate rocks, and calcareous pelagic deposits are the main

dominant sediments on the guyot (He et al., 2001; Wei et al., 2017;

Zhao et al., 2020). This unique seafloor topography, which rises from

the open ocean, also enhances nutrient transport, supporting the local

ecosystem (Wang et al., 2024).

Despite these insights, our understanding of the complex deep-

sea environment remains incomplete. Cross-validation of different

proxies for paleoenvironmental reconstruction has been limited.

For example, dissolute-oxygen reconstruction, a key issue in deep-

sea environmental inferences, has not been thoroughly examined.

In this study, we utilize three widely used proxies, namely early

diagenesis, metal enrichment, and sediment grain size, to infer the

paleoenvironmental conditions of the Caiwei Guyot, situated in an

area strongly influenced by AABW/LCDW circulation (Figure 1).

By integrating magnetostratigraphy and authigenic beryllium

isotopes (10Be/9Be), we have constructed a reliable age-depth

model for the studied core. Using this geochronological

framework, we discuss the magnetic and grain-size properties in

conjunction with metal enrichment in abyssal sediments in this

unique region since ~440 ka.
FIGURE 1

Schematic map showing the study site (MABC–11) and oceanographic setting. The flows were modified from previous works (Guo et al., 2020;
Kawabe and Fujio, 2010; Zhai and Gu, 2020). AABW, Antarctic bottom water; LCDW, Lower Circumpolar Deep Water. U1422 and ODP 806 are the
referenced sites mentioned in the main text.
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2 Methods

2.1 The studied core

Core MABC–11 (155.53° E, 15.22° N, 5,840 m water depth) was

retrieved from the eastern base of the Caiwei Guyot (Figure 1) using

a box corer aboard R/V Haiyang Liu Hao in July 2012, with a core

length of 59 cm.

The age model of core MABC–11 was developed using

magnetostratigraphy and by tuning changes in element Ca

intensity (from XRF scanning) with the deep-sea benthic d18O
stack LR04 (Lisiecki and Raymo, 2005), which reflects global ice

volume changes. The resulting average sedimentation rate is 0.73

mm/kyr (Yi et al., 2021a). To further refine the chronology, this age-

depth model was adjusted based on 10Be/9Be data to integrate deep-

sea paleoenvironmental records from the Mariana Trench and

Magellan Seamounts (Yi, 2023). For this study, the core was

sampled for the depth interval of 7.0–49.5 cm at 5 mm

resolution, and 86 subsamples in total were obtained for magnetic

and grain-size analyses between 221 and 904 ka (Figure 2).
2.2 Magnetic measurement

Hysteresis loops were conducted on all 86 samples using a

Princeton Measurements Inc. MicroMag 3900 Vibrating Sample

Magnetometer (VSM). A peak field of 0.3 T was set for hysteresis

loops, and saturation magnetization (Ms), saturation remanence
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(Mrs), coercive force (Bc), and the coercivity of the remanence (Bcr)

were determined from the hysteresis loops, after calibration using

the data from between 0.25 and 0.30 T. All magnetic measurements

were conducted at the Paleomagnetism and Geochronology Lab

(PGL), Institute of Geology and Geophysics, Chinese Academy

of Sciences.

The mathematical unmixing of hysteresis loops can provide

detailed information about different coercivity spectra (Jackson

et al., 1990). The polymodal distribution for unmixing in this

study is expressed as follows:

F = p1f 1 +… + pif i;  on
1pi = 1 (1)

where fi represents the function for component iwhere i = 1 to n

components, and pi is the percentage contribution of the

components. A series of target functions has been proposed for

unmixing (Heslop, 2015); here, we used the normal function to

identify the potential end members of magnetic minerals in the

sediments (Heslop, 2015; Heslop and Roberts., 2012). The normal

function has the following form:

F = p1
1ffiffiffiffiffiffiffiffiffiffiffi
2pa1

p e
−

x−b1ð Þ2
2a2

1

h i
+ p2

1ffiffiffiffiffiffiffiffiffiffiffi
2pa2

p e
−

x−b2ð Þ2
2a2

2

h i

+ p3
1ffiffiffiffiffiffiffiffiffiffiffi
2pa3

p e
−

x−b3ð Þ2
2a2

3

h i
(2)

Here, x is the independent variable and represents the magnetic

field, and the dependent variables are the second derivatives of the

hysteresis loop data, which were first standardized to the interval of
FIGURE 2

Core MABC–11 with the age-depth model during the middle Pleistocene. (A) The excess 230Th data and the estimated SAR for the upper part (Yang
et al., 2020); (B) photo of the core; (C–E) ChRM declination and inclination, with the polarity of core MABC–11 (Yi et al., 2021a); (F) The geological
polarity timescale (GPTS) (Hilgen et al., 2012). B, Brunhes chron; M, Matuyama chron; J, Jaramillo subchron; M/B, the Matuyama/Brunhes boundary.
(G) The modified age-depth model of core MABC–11 (Yi, 2023).
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[0, 4]. The coefficient p represents the relative ratio between three

components (namely Cnt1–3), a determines the distribution shape

(namely Shp1–3), and b controls the position of the central tendency

of the curve, herein, the magnetic coercivity (namely Coe1–3).
2.3 Grain-size measurement

Grain-size samples were placed in an ultrasonic vibrator with

sodium hexametaphosphate [(NaPO3)6] for several minutes to

facilitate dispersion and were measured using a Malvern

Mastersizer 2000 grain size analyzer in the Key Laboratory of

Engineering Oceanography, Second Institute of Oceanography,

Ministry of Natural Resources of China.

Fifty grain-size classes between 0.1 and 2000 mm were exported

for further analysis. The grain-size distributions were then analyzed

by using mathematical methods, including the varimax-rotated

principal component analysis (VPCA), environmentally sensitive

components, and lognormal-based unmixing (modified from

Equation 2), and the common signal of deep-sea dynamics was

extracted by a PCA on the studies cores for paleoenvironmental
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inferences, following the procedures reported in previous studies

(e.g., Chen et al., 2021; Paterson and Heslop, 2015; Yi et al., 2022).
3 Results

3.1 Grain-size properties

The median grain-size value (M) of the sediment is 3.3 ± 0.2

mm, indicating a low-dynamic sedimentary environment that

remained relatively stable throughout the middle Pleistocene

(Figure 3B). The proportions of clay (< 4 mm) and silt (4~63 mm)

particles display minimal variation, with average values of 52.8 ±

1.8%, and 38.2 ± 1.6%, respectively, while sand particles (> 63 mm)

exhibit greater variability, averaging 9.0 ± 2.6%. Notably, coarse

components, likely authigenic micro-nodules (>200 mm), are

present in several samples, consistent with slow sediment

accumulation in marine environments (Wang et al., 2016a), and

are observed in surrounding regions (Yi et al., 2022, 2020).

The grain-size distributions are multi-modal, with modal sizes of

approximately 3 mm (dominant), ~40 mm, and 400-500 mm
FIGURE 3

Sediment grain-size characteristics of core MABC–11. (A, B) Grain-size distribution; PDF, probability density function, CDF, cumulative density
function. (C) Mathematical unmixing; EMs are the main grain-size components; CCs are the components of the grain-size sensitive fraction; Mean
PDF, the average grain-size curve of all samples; S.D., the standard deviation for all samples. (D) Principal component analysis (PCA) results; VFs are
the leading principal components.
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(Figure 3). Only minor differences were found in the grain-size

distributions across different samples, suggesting a stable

sedimentary environment during the examined interval. Following

the method of Boulay et al. (2003), which has proven effective for

identifying sedimentary processes and dynamics (e.g., Hu et al., 2021;

Sun et al., 2003), we identified three environmentally sensitive grain-

size components (CC1-CC3), with modal sizes of 2.6-4.8 mm, 42.2-

51.5 mm, and 676-1000 mm, respectively (Figure 3C).

Polymodal grain-size spectra can be mathematically partitioned

(Ashley, 1978), enabling the separation of orthogonal modes

(independent grain-size components/factors) to identify potential

changes in input functions and/or sedimentary dynamics (e.g.,

Chen et al., 2020, 2021; Yi et al., 2012b). Using a three-

component lognormal function following the method of Paterson

and Heslop (2015), which is similar to Equation 2, we obtained

three components, EM1, EM2, and EM3 (Figure 3C), with modal

sizes of 3.2 mm, 34.6 mm, and 455 mm, respectively. VPCA can also

be used to identify the processes controlling sediment grain-size

changes and to extract paleoenvironmental signals (e.g., Hu et al.,

2021; Yi et al., 2012a). Similarly, the results of VPCA also identify

three characteristic components, VF1-VF3 (Figure 3D), accounting

for 78.9% in total (Table 1).

Combining all the grain size results, including the environmentally

sensitive components (CC1-CC3), lognormal-based unmixing (EM1-

EM3), and VPCA results (VF1-VF3), there are three grain-size

components similarly identified with a major group (modal sizes at
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~3-4 mm), suggesting a single dominant factor controlling sedimentary

dynamics in the study area during the depositional interval.
3.2 Magnetic coercivity from unmixing
loop curves

Previous studies on magnetic minerals in the Caiwei Guyot

sediments, including hysteresis loop, IRM acquisition, and first-

order reversal curve analyses, demonstrate that low-coercivity

magnetite is the dominant magnetic mineral, with fine grains (Lin

et al., 2019; Yi et al., 2021b). Similar mineral properties have been

documented at IODP Site U1337 in the eastern Pacific (Yamazaki,

2012), and core XTGC1311 from the middle Pacific (Li et al., 2020).

Hysteresis loop analysis of all 86 samples reveals that the

magnetic loops are closed below 200 mT (Figure 4A), indicating a

dominance of low-coercivitymagnetic minerals. The coercivity values

(Bc and Bcr) average 11.4 ± 0.3 mT and 31.5 ± (< 0.05) mT,

respectively. On the Day plot (Day et al., 1977), the samples plot

within the PSD range, close to the SD field (Figure 4B). Despite

minimal variation on the Day plot, a higher Bcr/Bc and Mrs/Ms ratio

prior to ~500 ka suggests slightly coarser magnetic grains (Roberts

et al., 2018). A three-component lognormal function was applied to

mathematically unmix the hysteresis loops (Heslop, 2015; Heslop and

Roberts., 2012), yielding coercivity components (Coe1-Coe3) of 6.1 ±

0.5 mT, 25.7 ± 1.0 mT, and 65.2 ± 2.1 mT, respectively (Figure 5). A

similar analysis was also applied to unmix the IRM acquisition curves

(Maxbauer et al., 2016), and a comparison between hysteresis loop-

based and IRM acquisition-based results shows no significant

differences (Yi et al., 2021b), and thus is not plotted here.

In a log-normal based unmixing (Equation 2), we employed

three parameters to describe a subpopulation of magnetic coercivity,

a, b, and p, in which a determines the shape of the distribution

(Shp1–Shp3), representing each magnetic type/source/mineral, b
controls the position of the central tendency of the curve (Coe1–

Coe3), herein representing magnetic coercivity or degree of early

diagenesis for each magnetic group, and p indicates the relative
TABLE 1 Results of the principal component analysis of the sediment
grain size of core MABC-11.

Component

Initial Eigenvalues/Extraction Sums of
Squared Loadings

Total % of variance Cumulative %

VF1 13.58 29.5 29.5

VF2 13.56 29.5 59.0

VF3 9.15 19.9 78.9
FIGURE 4

Hysteresis loops of all samples in original (blue lines) and calibrated (black lines) forms (A), and Day plot (B) of all samples. SD, single domain; PSD,
pseudo–single domain; MD, multiple domain.
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percentage of each component in a population (Cnt1–Cnt3),

representing the ratio of each magnetic group against the total.

Since the source of magnetic minerals in the western Pacific was

relatively stable (Chen et al., 2023), the coercivity spectrum can be

expressed by these three parameters, and plotting these three

parameters together can provide useful information to assess how

magnetic minerals changed after deposited (Figure 5). As shown,

the major component is Coe2, accounting for about 47%–50% of

total magnetic grains in the sediment. Moreover, there is no distinct

difference between the pattern of a-b for components Coe2 and

Coe3, indicating that these two magnetic groups were linked to a

similar source and/or experience similar post-deposition changes

(early diagenesis). However, for component Coe1, a more complex

relationship between the three magnetic parameters is observed

(Figure 5A). Considering all of these observations, together with the

close relationship between the derived magnetic components

(Figure 5D), component Coe2 was employed for later analysis.
4 Discussion

4.1 Comparison between three
ventilation proxies

There are several proxies for studying deep-sea ventilation,

including the enrichment of oxygen-sensitive metals (such as Mn,

Zn, Ni, and V), sediment grain size, and magnetic coercivity. For
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instance, element Mn migrates from reducing to oxidizing

environments, making it highly sensitive to sedimentary redox

changes (Costa et al., 2018; Löwemark et al., 2014; Slemons et al.,

2012; Yi et al., 2023). Conversely, sediment grain size reflects the

intensity of bottom-water flows, where coarser particles suggest

higher sedimentary dynamics and intensified bottom waters, as

reported in previous studies (e.g., Hall et al., 2001; Yi et al., 2022).

Magnetic properties of deep-sea sediments also offer potential

insights into deep-water redox conditions (e.g., Chang et al., 2016;

Kissel et al., 2020; Kruiver and Passier, 2001) due to conversions

between Fe2+ and Fe3+ in crystal lattices in the context of oxygen-

rich bottom water. However, the exact influence of early diagenesis

expressed by changes in magnetic mineral properties may vary

between sites because investigations with different oxidation states

show that PSD magnetite could be significantly negatively

correlated to partial oxidation in a shell-only model, or positively

correlated in cases of changing magnetite sizes (Ge et al., 2014;

Chen et al., 2023). Hence, considering that the Mn record of core

MABC–11 has been cross-validated in previous studies (Yi et al.,

2021a; Yi, 2023), we take the Mn record as a reference and compare

all of the three proxies to reveal the potential linkages between them

(Figures 6–8).

The Mn-enriched sedimentary record from core MABC–11

shows a significant increase in Mn concentration, concurrent with a

decrease in sediment median grain size (Figure 6). This observation

is contrary to the typical linkage between sediment grain size and

bottom-water intensity reported in previous studies (e.g., Hall et al.,
FIGURE 5

Unmixed parameters from hysteresis loops of all samples. (A–C) Three magnetic components, (D) Coercivity comparison. The relative ratios
between the three components were labeled as Cnt1–3, the distribution shapes were labeled as Shp1–3, and the positions of the central tendency
of the curve indicating the magnetic coercivity were labeled as Coe1–3.
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2001; Lamy et al., 2024), suggesting that other processes beyond

bottom-water intensity are involved.

Aeolian inputs, which are increasingly recognized as important

contributors to deep-sea sedimentation in the western Pacific, may

have played a major role, particularly since the middle Pleistocene

(Yi et al., 2020, 2022; Yao et al., 2021). The grain-size variation

observed in core MABC–11 is generally consistent with records of

drying processes in the Asian interior (Figure 7A), inferred from the

d13C record of the Taklimakan Desert (Liu et al., 2020), and eolian

transport to the Japan Sea (Figure 7B), implied from the K content

of IODP Site U1422 (Zhang et al., 2018). Fine grains in deep-sea

sediments in the North Pacific were mainly carried by the westerlies

and/or winter monsoons from the Asian interior (e.g., Rea, 1994;

Jiang et al., 2019; Xu et al., 2015), inferring that aridification in inner
Frontiers in Marine Science 0732
Asia would result in more eolian particles in deep-sea sediment and

a decrease in sediment grain size.

Moreover, seamounts, such as Caiwei Guyot, exert unique influences

on regional circulation, vertical mixing, and sediment transport (Bograd

et al., 1997; Chen et al., 2015; Yang et al., 2017; Zhang and Boyer, 1993,

1991). For example, a series of complex responses, such as the

anticyclonic cap (Lavelle and Mohn, 2010), are generated to modulate

regional circulation when currents flow across a seamount (Perfect et al.,

2018; Robertson et al., 2017). By studying sediment grain-size properties

in the central Philippine Sea, the agreement between deep-sea

sedimentary dynamics and ENSO-like changes was highlighted in the

Quaternary, suggesting the long-term influence of upwelling and unique

submarine topography (Yi et al., 2022). Similarly, in a 3-year monitoring

study, a deep anticyclonic cap over the studied guyot was proposed (Guo
FIGURE 6

Comparison between the sedimentary Mn (Mn_f1) and grain-size variation of core MABC–11 in the middle Pleistocene. (A) Median size, (B) EM1,
(C) PCA scores. GS is the integrated record of the three PCA components, namely GS=29.5×VF1 + 29.5×VF2 + 19.9×VF3 (Table 1). Mn–f1 was
derived from element ratios of Mn/Cl, Mn/K, Mn/Ca, Mn/Ti, and Mn/Fe, representing the common signal of three cores (MABC-11, J11b, and A25)
linked to the regional bottom-water changes (Yi, 2023).
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et al., 2020), and this topography-induced downwelling could have

imparted evident precessional signals into the sedimentary Mn of core

MABC–11 (Yi et al., 2021a). Based on this vertical connection in the

study area, the downwelling processes could result in more eolian

particles being deposited into deep-sea sediments, agreeing with the

relationships between the Mn and grain-size records observed in core

MABC–11 (Figure 6) and between the zonal SST difference (ENSO-like

changes) and MABC–11 grain-size record (Figure 7C). Therefore, it is

inferred that eolian inputs may be the dominant factor controlling the

sedimentary dynamics in the Caiwei Guyot during the

middle Pleistocene.

For magnetic proxies, it is observed that as the Mn contents

increase in core MABC–11, the coercivity values of the magnetic

components decrease (Figure 8). This inverse relationship between

magnetic coercivity and Mn record suggests that redox conditions
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influenced the preservation and alternations of magnetic minerals

in deep-sea sediments.

The relationship between magnetic coercivity and deep-sea redox

conditions has been demonstrated using surficial sediments in the

Philippine Sea and its surrounding area, and the results show that for

PSD magnetite, in higher deep-water oxidation conditions, early

diagenesis could result in a lower coercivity of the sediments, and

vice versa (Chen et al., 2023). In such a case, prolonged exposure of

magnetic minerals to oxygen-rich bottom waters leads to the

maghemitization of magnetite grains, which reduces their coercivity.

This observation is consistent with experimental studies, in which the

partial oxidation of PSD magnetite grains in a core-shell model can

decrease the effective diameter of magnetite grains, resulting in a lower

coercivity value (Ge et al., 2014; Özdemir and Dunlop, 2010). However,

offsets between the Coe2 andMn_f1 records are also evident (Figure 8),
FIGURE 7

Comparison between the grain-size variation of core MABC–11 (GS, 3-point moving average) and various paleoenvironmental proxies in the middle
Pleistocene. (A) the K content of IODP Site U1422 in the Japan Sea (Zhang et al., 2018), (B) the d13C record of a sediment core from Lop Nur in the
Taklimakan Desert (Liu et al., 2020), and (C) the zonal SST difference between ODP Sites 806 and 846/847 (Fedorov et al., 2015). The correlation
coefficients in (A–C) are r = 0.38 (p<0.01), 0.15 (p<0.10), and 0.34 (p<0.01), respectively. See the aforementioned notes.
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which can be attributed to that the relationship between magnetic

coercivity and redox conditions may be influenced by other factors,

such as the magnetic grain size, mineralogy, and concentration (Chen

et al., 2023). Hence, the observed relationship between magnetic

coercivity and sedimentary Mn likely reflects changes in bottom-

water oxygenation in the study area and can serve as a proxy for

deep-sea ventilation (Figure 9).
4.2 Ventilation history of the
Magellan Seamounts

Integrated evidence suggests that significant changes in regional

ventilation occurred in the Magellan Seamounts during the middle

Pleistocene (Figure 9). To exclude potential dominant influences
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from marine productivity on abyssal redox conditions, a comparison

was conducted between the sedimentary Mn of core MABC–11 and

the planktonic d13C record from ODP Site 806 (Schmidt et al., 1993).

No significant correlation was observed between these records (Yi,

2023), suggesting that ventilation changes were the primary driver of

redox conditions rather than changes in productivity in the study

area. These proxies reveal a weak but observable in-phase relationship

between abyssal ventilation and the LR04 record (Lisiecki and

Raymo, 2005), likely indicating intensified deep-sea ventilation

during interglacial intervals. This finding aligns with other records

from the North Pacific (Jacobel et al., 2017), and further highlights

the complex relationship between global glacial-interglacial cycles

and deep-sea circulation.

Moreover, glacial intensification of abyssal ventilation is clearly

evident during MIS 12, consistent with similar findings in the eastern
FIGURE 8

Comparison between the sedimentary Mn and magnetic coercivities of core MABC–11 in the middle Pleistocene. (A–C) Three coercivity
components compared with Mn changes. The arrows in (A, B) indicate a significant change across the MBE. The average values of the Coe2 record
prior to and post-MBE are 25.0 ± 0.6 mT and 26.5 ± 0.7 mT, respectively. The average values of the Mn_f1 record prior to and post-MBE are 0.50 ±
0.16 and 0.59 ± 0.18, respectively. See the aforementioned notes.
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Pacific (Yi et al., 2023) and the southwestern Pacific (Hall et al., 2001).

The diversity of abyssal ventilation in the study area between glacial

and interglacial alternations may be attributed to the redistribution of

bottom/deep water masses within the deep Pacific (Yi, 2023), which is

worthy of further investigation in the future.

Furthermore, a long-term trend of decreasing abyssal ventilation

since ~430 ka (Figure 8) coincides with the Mid-Brunhes Event

(MBE), a period characterized by enlarged amplitudes in the glacial-

interglacial cycles (Figure 9B). Whether the MBE represents multiple

equilibria in the climate system (Jansen et al., 1986; Paillard, 1998), or

a transition between two distinct climate states singly responding to

astronomical forcing (Tzedakis et al., 2017; Yin, 2013) remains

debated. A latitudinal shift of the Southern Hemisphere westerlies

inducing CO2 to respire from the Southern Ocean (Kemp et al., 2010)

and/or a slowdown of AABW formation (Yin, 2013) have been

proposed to be the potential mechanisms for the MBE. In our study,

the reduced ventilation observed in this study is consistent with the

predicted slowdown in AABW formation after the MBE,

corroborating a recent reconstruction of AABW variability in the

eastern Pacific (Yi et al., 2023).
5 Conclusions

By studying core MABC–11, this study reveals significant

insights into deep-sea ventilation in the Magellan Seamounts

during the middle Pleistocene, specifically through the integration
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of magnetic coercivity, metal enrichment, and sediment grain size.

We have determined that the median value of sediment grain size is

3.3 ± 0.2 mm, with minimal changes in clay and silt contents

(average values of 52.8 ± 1.8% and 38.2 ± 1.6%, respectively), and

greater variability in sand content (average 9.0 ± 2.6%). The

dominant magnetic mineral identified is low-coercivity PSD

magnetite, with three distinct coercivity subgroups: 6.1 ± 0.5 mT,

25.7 ± 1.0 mT, and 65.2 ± 2.1 mT. By comparing these proxies with

various environmental indicators, we proposed that magnetic

coercivity and metal enrichment effectively track the signals of

deep-sea circulation intensity, whereas sedimentary grain-size

changes are more closely linked to eolian inputs with topography-

induced influences on the upper ocean. Furthermore, we confirmed

that reginal ventilation weakened since the MBE (~430 ka), which

likely reflects the reduced AABW formation. This ventilation

decrease aligns with previous reconstructions of AABW in the

eastern Pacific, and the observed changes in sedimentary dynamics,

magnetic minerals, and geochemical proxies provide valuable

insights into the broader implications of the MBE on global deep-

sea circulation patterns.
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FIGURE 9

Ventilation history of the study region (Caiwei Guyot) in the middle Pleistocene. (A) Two proxies of regional ventilation derived from the sediments
of core MABC–11 vs. the d13C gradient between ODP sites 607 and 849 (Hodell and Venz-Curtis, 2006). (B) The benthic d18O stack LR04 (Lisiecki
and Raymo, 2005). MIS, marine isotope stages, which are labeled as numbers 1–25 at the top. See the aforementioned notes.
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Chunsheng Wang3, Luwei Han1, Jianxin Xia1,2, Wenquan Zhang4

and Chengbing Song4

1School of Ocean Sciences, China University of Geosciences, Beijing, China, 2Key Laboratory of Polar
Geology and Marine Mineral Resource (China University of Geosciences, Beijing), Ministry of
Education, Beijing, China, 3Key Laboratory of Marine Ecosystem and Biogeochemistry, Second
Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China, 4National Deep Sea
Center, Qingdao, China
The ecological implications of deep-sea mining, particularly the considerable

discharge of suspended sediments during operational processes, have

attracted substantial concerns. In order to reveal the metal regeneration

dynamics in the polymetallic nodule area of the western Pacific Ocean, ex-

situ sediment disturbance experiments were conducted on a research vessel.

After two levels of regulated stirring disturbance were exerted for half an hour,

the concentrations of 12 dissolved metals and physicochemical parameters,

including Eh and pH, were monitored continuously in the overlying water for

three days. Porewater samples were also collected at the starting and ending

time of each experiment to detect the change of dissolved metal profiles

within the sediments. The findings revealed that the sediment disturbance led

to fluctuations in the concentrations of metals in the overlying water, with

manganese exhibiting the most pronounced change at a coefficient of 208%.

The temporal patterns of dissolved metal concentrations demonstrated a

coherent behavior among certain metals, such as Li, V, Co, Ni, Rb, Mo, and Cs,

which displayed an overall increase, ultimately surpassing the initial

concentrations in the overlying water. In line with this, the metal

concentration profiles in the porewater were also elevated. Spearman

correlation analysis confirmed the synchronized behavior of these metals.

The results suggested that the metals mobility might be governed by

physicochemical factors in the overlying water. Moreover, the sedimentary

features, such as grain size composition, and the morphological state of

metals in sediments played pivotal roles in the differential responses of metal

groups to sediment disturbance across stations. Conversely, the disturbance

intensity was found to have a relatively minor impact on the dissolved metal
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behavior. The findings from the ex-situ experiments provided critical insights

for predicting metal regeneration related to deep-sea mining, which are

expected to be validated through rigorous monitoring protocols during

future in-situ mining trials.
KEYWORDS

deep-sea mining, metal regeneration, sediment disturbance, polymetallic nodules,
Western Pacific
1 Introduction

Oceanic ferromanganese nodules are typical components of

authigenic polymetallic deposits formed by the accretion of

hydrated Mn and Fe hydroxide in deep ocean (Ren et al., 2024).

They are scattered across the seafloor under diverse and often

indistinct geological conditions, which have been identified as a

promising alternative for strategic resources, particularly enriched

in copper, nickel, and cobalt (Mero, 1965; Glasby, 1977; Amann,

1982; Petersen et al., 2016). Regional mapping showed that

hydrogenetic nodules are distributed in the western and southern

Pacific at low biological productivity sites, while diagenetic nodules

are distributed in the eastern Pacific (Ren et al., 2024). Nonetheless,

deep-sea mining operation on these ore deposits has profound

impacts on the marine ecosystem (Amos and Roels, 1977; Ozturgut

et al., 1978; Nath et al., 2001). The primary disruptions associated

with deep-sea mining include (1) the wholesale excavation of

surface sediments and the destruction of benthic communities,

(2) localized elevations in suspended particulate matter, (3)

crushing damage from tailings and overburden, and (4) enhanced

toxicity resulting frommetal release under high-pressure conditions

(Li et al., 2006). When mining activities induce disturbances,

elements in both solute and particulate forms may be introduced

into the water column through the emergent plume, subsequent

dispersal by ocean currents, and ultimate resettlement (Saulnier and

Mucci, 2000). Under certain physicochemical conditions, dissolved

metal elements may also be scavenged in the particulate or colloidal

adsorption processes. These disturbances on bottom sediments can

also trigger changes in geochemical attributes and biochemical

conditions (Raghukumar et al., 2001), associated with the

relocation of metals, which poses latent risks to benthic

communit ies due to their toxici ty and resistance to

biodegradation (Caroppo et al., 2006; Duman et al., 2007; Varol

and Sen, 2012; Drazen et al., 2020). Given the high mobility and

bioavailability of these metals, their residence in the water column is

critically concerning (Ankley et al., 1996).

Identifying the metal release linked to deep-sea sediment

plumes is essential for fostering ecofriendly mining practices.

Although the vertical distribution of porewater metals and their

diffusion fluxes at the water–sediment interface in the polymetallic

nodule area of western Pacific were investigated in our previous
0240
study (Yang et al., 2023), their response to sediment disturbance

remained elusive. Since the 1970s, numerous experiments

simulating deep-sea floor mining or sediment disturbance have

been conducted (Burns et al., 1980; Thiel and Tiefsee-

Umweltschutz, 2001; Volz et al., 2020), with the majority of

research focusing on the impacts of substrate removal or

deposition processes. According to the longest recolonization

experiment to date, DISCOL, the potential short-term impacts of

deep-sea mining activities on the geochemical system included the

introduction of oxygen diffusion into previously hypoxic deposits,

changes in redox conditions, and the acceleration of metal release

and regeneration. The long-term impacts based on the observation

over 26 years indicated that the recovery of highly active surface

deposits could be protracted for millennia (Volz et al., 2020).

However, the current findings are insufficient to provide validated

data to evaluate the potential dispersion of toxic chemicals or

nutrients associated with sediment disturbance during the mining

operation. Recent numerical dispersion models to simulate the

dispersion process of plumes during in-situ experiments as well as

the concentration distribution of sediments over short durations

(from several hours to months) suggested that plume dispersion

may be limited by factors such as flocculation, background

turbidity, and internal tides (Morato et al., 2022; Spearman et al.,

2020). Nevertheless, the release and restoration of toxic chemicals in

solution due to plume dispersion remain poorly understood.

In general, the increase in metal concentrations in the overlying

water following sediment disturbance can be attributed to three

primary factors: the release of pre-existing dissolved substances

from the sediments, desorption from the sediment matrix, and the

dissolution of suspended particles within the water column

(Kalnejais et al., 2010). Previous ex-situ resuspension experiments

conducted on contaminated coastal sediments have suggested that

the released metals can be classified into distinct groups according

to their properties, such as the dissolved or weakly adsorbed species,

those bound within the crystalline lattice of minerals, or those

incorporated in various amorphous solid compounds (Calmano

et al., 1993). For example, metals with a high affinity for iron oxide

[FeOOH(s)] are prone to be desorbed during the reduction of iron

oxide. The environmental conditions encountered by suspended

particles can also influence the processes of desorption or

dissolution, such as scavenging processes during resuspension
frontiersin.org
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(Morin and Morse, 1999; Saulnier and Mucci, 2000; Kalnejais et al.,

2010). The properties of overlying water, including salinity, pH, and

redox conditions, in conjunction with sedimentation rates,

ultimately govern the residence time of these metals in the water

column (Martino et al., 2002; Kiratli and Ergin, 1996;

Roberts, 2012).

In order to quantify the behavior of dissolved metals

throughout the processes of suspension and resettlement,

sediment disturbance experiments were conducted on board by

using deep-sea sediments and bottom water derived from the

polymetallic nodule area in the western Pacific. The study aims to

elucidate (1) the short-term response of various metals in the

overlying water and sediment porewater after the sediment

disturbance and (2) the impacts of physicochemical condition

change after the sediment disturbance on the behavior of these

metals. The findings are anticipated to provide more definitive

evidence to assess the potential ecological risk associated with deep-

sea mining.
2 Materials and methods

2.1 Source of sediment samples

Sediments were derived from the undisturbed surface sediments

from two box corer sampling stations (BC04 and BC06) during the

investigation on the 56th COMRA cruise in September 2019. The

stations were located in the intermountain basin of the Marcus-

Wake Seamounts Cluster, Northwest Pacific, with information

presented in Table 1. Ferromanganese nodules are well developed

in the study area (Machida et al., 2016; Ren et al., 2022).
2.2 Procedure of the ex-situ sediment
disturbance experiments

After over 2 L of overlying water was sampled from the box

corer, the rest of the overlying water was removed. Polymetallic

nodules were collected before four plastic tubes with sealed holes on

the walls were used to collect sediment cores.

The four parallel sediment cores were separated into two

groups. One group was used for the sediment disturbance

experiments and measurement on the change of overlying water

and porewater properties after the disturbance, while the other
Frontiers in Marine Science 0341
group was used for the measurement on the porewater and

sedimentary properties before the experiment.

As shown in Figure 1, the two parallel sediment cores were fixed

and associated with the stirring devices, which were set at different

levels of sediment disturbance. In order to minimize the

interference of the experimental device, part of the equipment

below the surface water level was made of nonmetallic material.

The propellers were located 3 cm above the sediment surface to

generate turbulence within the sediment tubes. A total of 1 L of the

collected overlying water was filtered through 0.45-mm mesh filters

and slowly injected into each sediment tube, respectively. Before the

stirring began, the two sediment tubes with overlying water were
TABLE 1 Description of the sampling stations.

Station Location Depth (m)
Sedimentary
description

BC04
161.5724° E,
15.6687° N

5,526
No biological disturbance; brown
clay sediment with surficial
nodules covered by 40%

BC06
149.7603° E,
13.4624° N

5,914

No biological disturbance; light
brown clay sediment with
surficial nodules and fragments
covered by 15%
FIGURE 1

Onboard disturbance device.
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allowed to stand for 30 min for equilibration. Each set of

experiment lasted for 3 days with no more interruption from

stormy weather or other induced rocking disturbance in

the interim.

Two levels of stirring speed of the propeller working for half an

hour at each station were set to simulate the process of sediment

disturbance. The experiment was based on the assumption that the

shear stress at the sediment–water interface was proportional to the

stirring speed, which was 100 ± 5 and 600 ± 5 rpm, respectively,

both beyond the erosion threshold of shear stress.

After the regulated disturbance ended and standing for a while,

the overlying water was sampled temporally by using a syringe

connected with an acid-cleaned hose dipping in the overlying water

but 5 cm above the turbid water layer. In the meantime, Eh and pH

were doubly measured by using Eh and pH meters (InnoORP 100,

InnopH, TWINNO), and the thickness of the turbid water layer was

recorded after the propeller stopped. The sampling intervals were

before the disturbance and after the disturbance for 15, 30, 60, 2, 6,

12, 24, and 72 h. The volume of each overlying water sample was 10

mL, with a total water volume accounting for approximately 10% of

the overlying water volume. The overlying water samples were

filtered through a 0.45-mm syringe filter membrane before storing

them in acid-cleaned polyethylene centrifuge tubes below -20°C.

After the completion of sampling and monitoring in the

overlying water, porewater samples were collected immediately by

using Rhizon soil solution collectors (model CSS 5 cm,

Rhizosphere), which were inserted into the sampling tube

through the sidewall drainage holes for syringe vacuum

collection. The sampling depth was approximately 20 cm below

the sediment surface, with intervals of 1 cm in the upper layers and

2 to 3 cm in the lower layers. The porewater was pumped in vacuum

syringes within 2 to 3 hours. Afterward, they were capped with no

air residue and stored at -20°C in a refrigerator. For comparison in

the physicochemical properties between stations before the

experiments, the porewater was also sampled with one replicated

sediment core with no experimental disturbance.
2.3 Sediment and porewater measurement

In the other parallel sediment core with no experimental

disturbance, the sediment core was segmented and divided into

three parts to measure the morphological partitioning of metals,

total organic carbon content (TOC), and grain size composition.

Beforehand, the profile of Eh and pH were doubly measured by

inserting the probes into the sediments through the sealed holes on

the side wall of the plastic tube.

The different extractable fractionations of metals were obtained

by using the European Commission-proposed BCR sequential

extraction procedure (Rauret et al., 2000). 1 g of sediment sample

was placed into 50-mL PE tubes, following the four sequential steps

of BCR protocol (Ates et al., 2020). A blank sample with no

sediment was carried through the complete procedure with each

batch of extraction. Finally, the four extracted states underwent

individual measurements by the ICP-MS method. The standard

lake sediment, BCR 701 (European Commission, Joint Research
Frontiers in Marine Science 0442
Centre), was used to check the accuracy of the fraction analysis. The

concentration values of the first three fractions of BCR 701

demonstrated a good consistency with the reference values. In

addition, the total recovery with the sequential extraction

procedure was calculated, ranging from 93% to 108%. Notably,

the weak-acid-soluble state was electrostatically adsorbed onto the

surfaces of soil and sediment particles or sequestered within

carbonate matrices, facilitating its straightforward release through

ion exchange processes. The reducible state, on the other hand,

primarily consisted of elements adsorbed by iron oxide, manganese

oxide, and similar compounds, with their release contingent upon

alterations in redox conditions. Elements in the oxidizable state

were predominantly integrated with the active moieties of organic

matter or sulfides, capable of being regenerated during oxidative

transformations. Lastly, the residual state, unyielded by extraction,

housed elements that remained steadfast, predominantly embodied

within the silicate lattice (Tessier et al., 1979; Singh et al., 2005; Fan

et al., 2002).

The dissolved elements (Li, V, Co, Ni, Rb, Mo, Cs, Cd, Mn, Cu,

Zn, and Pb) in porewater samples and those extractable

fractionations of metals in sediment samples were determined by

using inductively coupled plasma-mass spectrometry (ICP-MS,

NexlON300D), following the standard procedure of MNR

(Ministry of Natural Resources, 2021). The standard reference

solutions were IV-ICPMS-71 A, IV-ICPMS-71 B, and MSLI-

10PPM (Inorganic Ventures, Inc.). Four concentration levels (5,

10, 50, and 100 mg/L) of the standard solutions with 2% HNO3 were

used to fit the calibration curves. Repeated measurements on the

standard of 10 mg/L were performed to control the relative error

within ±5%. The reference materials, including freshwater SLRS-6

and seawater NASS-7, were used for quality control, with recoveries

from 85% to 108%.

The total organic carbon content in sediment cores was

determined by using the TOC Analyzer (vario TOC cube,

Elememtar) according to the standard procedure. After the

samples were weighed in silver cups, they were acidified with 1

mol/L HCl to remove carbonate and dried at 45°C before the

measurement. The standard material GBW07430 (GSS-16) was

used for accuracy control within ±<0.01%.

Grain size analysis for sediment cores was measured by using the

Mastersizer 2000 instrument. Before the measurement, 30% (V/V)

H2O2 was added to remove the organic matter from the sediment

sample, and 1 mol/L HCl was added to remove the carbonate (shell

fragments). The distribution in a graphic parameter of mean size (Mz)

is described based on j values in Equation (1) (McManus, 1988).

f = � logD2 (1)

where D is the particle diameter (unit: mm). The higher the

value of j, the finer the grains in size.

The concentrations of SO4
2- and Cl- in porewater and overlying

water were determined by ion chromatography (En-047). The

measurement procedure followed the standard protocol (Ministry

of Environmental Protection, 2016). Before the measurement, 1-mL

water samples were diluted 10–100-fold with ultrapure water

according to the concentration. The ultrapure water for blank

samples and the standards were also measured repeatedly to
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ensure the accuracy of measurement. NH4
+ concentration in

porewater samples was determined by using a spectrophotometer

(HACH DR2800). Based on duplicate measurement, the relative

error of analysis was within ±5%.
3 Results

3.1 Comparison of the physicochemical
environment properties of the stations

As shown in Table 2, the features of overlying water from the

two different stations were similar before sediment disturbance. The

Eh of BC04 was slightly lower than that of BC06; however, the pH

was slightly higher. The experiments were carried out under room

temperature and aerobic conditions.

As shown in Figure 2, the vertical tendencies of Eh and pH at the

two stations were similar as well. The pH ranged between 7.26 and

8.24, with the maximum in the overlying water, and remained low in

the deep. In contrast, the Eh ranged between 240 and 340 mV, with

the minimum in the overlying water and surface sediment.

The vertical trends of Cl- and SO4
2- and NH4

+ concentrations in

overlying water and porewater fluctuated similarly between stations

(see Figure 2). The range was between 0.44 and 0.75 mol/L for Cl-,

between 0.022 and 0.042 mol/L for SO4
2-, and between 6.7 and 10.0

mmol/L for NH4
+. The maximum concentration of both Cl- and

SO4
2- occurred at 5 cm below the sediment surface.

Figure 2 also shows similar profiles of the TOC in sediments,

ranging between 0.28% and 0.47% and decreasing with depth at

both stations. The mean grain size (Mz) at station BC04 was coarse

in the surface sediment and remained fine below the depth of 2 cm,

while the variation in mean grain size (Mz) at station BC06 was

more vivid, coarser above the depth of 5 cm as well as below the

depth of 17 cm. A more fluctuant hydrodynamic condition was

suggested in station BC06 in comparison with station BC04.

The morphological partitioning of metals often reflected the

mobility and bioavailability of metals in sediments. Figure 3 shows

that the compositions in different states were relatively stable with

depths and similar for specific metals at both stations. The

predominant state was the residual for Li, V, Rb, Mo, and Cs,

with an extremely high proportion (>85%), suggesting very limited

mobility and bioavailability of these metals during the resuspension

process. Moreover, Li had a relatively higher proportion in the

oxidable state, which was potentially bound to organic matter.

Meanwhile, the proportion in the reducible state in sediments was

relatively high for Co, Ni, Mn, Cd, Cu, and Pb, with a reducible/
Frontiers in Marine Science 0543
oxidable ratio of more than 9:1. The high content of the reducible state,

especially for Co, Ni, and Mn, also indicated the potential increase of

their mobility and bioavailability with the decrease of redox.

The proportion of the weakly acid soluble in all metals was

extremely low. Meanwhile, the slight increase with depth in the

residual state proportion for many metals also indicated the

decrease of metal immobilization at both stations.
3.2 Temporal variation of physicochemical
properties in the overlying water after the
sediment disturbance

Similar fluctuating trends of Eh and pH were found under

different levels of disturbance at both stations (see Figure 4). After

the sediment disturbance terminated, Eh increased in the first 30

min and remained stable before decreasing 12 h later at station

BC04. In contrast, the Eh value increased rapidly in the first 15 min

and remained stable before decreasing 6 h later at station BC06. At

both stations, the Eh values were high, ranging between 230 and 330

mV. Moreover, the Eh after the stirring disturbance under 600 rpm

was generally higher than that under 100 rpm.

The trend of the pH values after sediment disturbance was also

distinct under different stirring levels but similar at both stations.

The variation of pH ranged between 7.8 and 8.2, showing a stronger

decrease under the higher level of disturbance but gradually

returning to the original level in the end of the experiments. In

contrast, the pH at a low level of disturbance remained stable but

decreased slightly with time after the disturbance terminated. The

final pH values under both levels of disturbance were similar but

lower than the initial pH at both stations.
3.3 Concentration variation of dissolved
metals in the overlying water after the
sediment disturbance

As shown in Figure 5, the concentrations of dissolved metals in the

overlying water generally changed with time. According to their

response to the disturbance, most metal concentrations increased

gradually or fluctuated vividly, with final concentrations in the

overlying water higher than the original concentrations. The elevated

concentrations were higher under 600 rpm than under 100 rpm, such

as Li, V, Co, Ni, Rb, Mo, Cs, and Cd. Other metals, such asMn and Zn,

were characterized as the metal concentrations below the initial

concentration after the disturbance, fluctuating and finally returning
TABLE 2 Eh, pH, and temperature of the overlying water before sediment disturbance.

Experiment time Station Disturbance level Eh (mV) pH Temperature (°C)

2019-09-22~2019-09-25 BC04
Low (100 rpm, 30min) 264 8.16 23.2

High (600 rpm, 30min) 260 8.19 23.2

2019-10-05 2019-10-08 BC06
Low (100 rpm, 30min) 280 8.03 22.4

High (600 rpm, 30min) 277 8.03 22.3
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to the initial concentrations. Although Cu and Pb demonstrated to be

relatively stable after the disturbance, their concentrations could be

also agitated at an early stage with a higher concentration under 600

rpm at station BC04. Moreover, the high scavenging capacity of

suspended particles was also confirmed for metals such as Mn, Zn,

Cu, and Pb, whose concentrations could decline below pre-disturbance

levels or return to the equilibrium rapidly. When considering the

resilience to the sediment disturbance, these metals performed better

in comparison with the first group of metals.

Spearman correlation analysis on the temporal concentrations of

dissolved metals in the overlying water demonstrated that highly

positive correlations occurred between metals such as Li, V, Co, Ni,

Rb, Mo, Cs, and Cu, especially under 100-rpm disturbance at BC04

and 600-rpm disturbance at BC06 (See Figures 6 and 7). In contrast,

metals such as Mn, Zn, and Pb showed an insignificant correlation

with the metals above. The exception was Cd, which was positively

correlated with the first group of metals under 100-rpm disturbance

at BC04 but negatively correlated with them under 100-rpm

disturbance at BC06. Moreover, the temporal pH values were

significantly negatively correlated with the concentrations of metals

such as Li, Rb, Mo, Cs, and Cu under 100-rpm disturbance at BC06

but positively correlated with Cd under 600 rpm at BC04. It is worth

noting that the temporal Eh showed an obviously negative correlation

with Mn under 100/600-rpm disturbance at BC06, reflecting a high

redox sensitivity of Mn.

As shown in Table 3, most variation coefficients were less than

50%, while very few of them could be over 100%, such as Mn and

Zn. Those metals, including Li, V, Ni, Rb, Mo, Mn, Cu, Zn, and Pb,

demonstrated a higher variation at the BC04 station in comparison

with that under the same stirring disturbance level at BC06. The

result coincided with the grain size composition of the two stations

(see Figure 2). The coarser the mean grain size of the sediments, the

less desorption of metals after the disturbance. Moreover, many

metals, such as Li, V, Co, Ni, and Mn, demonstrated a higher

variation under 100-rpm than that under 600-rpm stirring

disturbance at station BC04 but demonstrated a reverse trend at

station BC06. Very few metals, such as Rb and Zn, demonstrated a

higher variation under lower disturbance levels at both stations,

while Mo and Pb demonstrated a reverse trend at both stations. In

brief, the impact of the disturbance level on the desorption and

dissolution process for different metals is not consistent at

different stations.
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3.4 Vertical redistribution of dissolved
metals in porewater along the depth

As shown in Figure 8, the vertical distributions of most metal

concentrations in porewater before the disturbance were similar, with

the maximum concentration in the subsurface layer. After the

disturbance, almost all metal concentrations in porewater under both

disturbance levels increased, and the subsurface peaks disappeared.

Due to the continuum between the porewater and overlying water, the

redistribution of dissolved metals in porewater, such as Li, V, Co, Ni,

Rb, Mo, Cs, and Cd, indicated that metal regeneration could be

triggered in sediments. The peak concentrations of many dissolved

metals at the depth of 15–20 cm below the sediment surface, especially

after the higher level of disturbance, might reflect the activation of

metal regeneration in the deep layer.
4 Discussion

4.1 The influence of physicochemical
background and disturbance intensity on
the geochemical response of metals to the
sediment disturbance

Marine sediments serve as both sinks and sources for the exchange

of elements with the overlying water column, which can pose significant

environmental hazards and elevated ecological risks (Zhong et al.,

2006). Despite the release of dissolved metals into the porewater and

overlying water being obvious during the experiments, the temporal

change of most metal concentrations in the overlying water was

concerted and fluctuating for balance in the end of the experiments.

Previous research indicated that many external and internal factors

have impacts on the element exchange between different phases. For

example, sediments are generally categorized into oxic, suboxic, and

anoxic based on the diagenetic sequence of terminal electron acceptors.

The vertical profiles of Eh exceeding 300 mV, coupled with the

predominance of the residual state for many metals in sediments,

suggested the oxic sedimentary condition at both stations (see Figure 2).

Moreover, the alteration in physicochemical properties, such as pH and

Eh after the disturbance, also confirmed the oxic condition in overlying

water during the resuspension and resettling processes, which partially

accounted for the synchronized metal behaviors.
FIGURE 2

Vertical profiles of physicochemical parameters in porewater or sediments at stations BC04 and BC06.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1480906
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Yang et al. 10.3389/fmars.2024.1480906
Recent focus on the impacts of deep-sea mining was posed on

the release of precipitates like Mn–Fe oxyhydroxides and mobile

sediment constituents (Koschinsky et al., 2001; Volz et al., 2018;

Stratmann et al., 2018). The mimetic experiments have confirmed

that Mn and Fe oxides and oxyhydroxides are pivotal phases in

scavenging many dissolved heavy metals (Koschinsky et al., 2003;

Grybos et al., 2007). The preferential scavenging order for metals
Frontiers in Marine Science 0745
from seawater is typically Mn oxides > Fe oxides > silicate minerals

(Takematsu, 1979). Additionally, many laboratory experiments

have suggested that the resuspension of oxic to suboxic surface

sediments into the bottom water is rapidly followed by the

scavenging of dissolved heavy metals through various

mechanisms—for example, hydrated cations such as Mn2+, Co2+,

and Ni2+ are preferentially adsorbed or ion-exchanged onto the
FIGURE 3

Partitioning of metals (Li, V, Co, Ni, Rb, Mo, Cd, Cs, Mn, Cu, Zn, and Pb) in sediments, including weakly acid-soluble, reducible, oxidable, and
residual states.
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negatively charged surfaces of Mn oxides, whereas oxyanions and

neutrally or negatively charged complexes, such as HVO4
— and

MoO4
—, tend to associate with neutral to slightly positively charged

amphoteric Fe oxyhydroxide particles. Other hydrated cations or

labile cationic chloro-complexes, such as Cu2+, Zn2+, and PbCl+,

can be scavenged in both phases (Koschinsky et al., 2003).

The collective response of metals to the anthropogenic

disturbances during the experiments also offered potential

insights on their shared characteristics. In terms of their chemical

properties, redox-sensitive elements such as V, Mo, and Cd exhibit

pronounced responses to variations in oxygen concentrations

(Morford and Emerson, 1999). The behavior of Mo, V, Ni, Co,

and Cu was also found to be linked to Mn cycling (Paul et al., 2018;

Morford et al., 2005), whereas the behavior of Cd was closely

associated with Zn (Reddy and DeLaune, 2008; Calmano et al.,

1993). Similarly, the concerted behavior among the dissolved metals

such as Li, V, Co, Ni, Rb, Mo, and Cs (see Figures 6, 7) also

indicated their involvement in similar scavenging processes with

Mn and Fe oxides (Koschinsky et al., 2001). In contrast, metals like

Cu, Pb, and Zn, with a high proportion of extractable states in

sediments, were prone to be released into the overlying water during

the resuspension process and rapidly scavenged following the

disturbance. It coincided with the breakdown of SEM, which was

rapid under oxidizing conditions, coupled with a decrease in pH.

However, the rapid recovery of pH also effectively regulated the

regeneration of heavy metals (Hong, 2009; Novikau and Lujaniene,

2022; Calmano et al., 1993). Although air exposure likely influenced

the behavior of metals in our experimental setup, elements with a

high proportion in residual state in sediments, such as V, Mo, Rb,

and Cs, demonstrated similar behaviors when subjected to

disturbance experiments conducted within a nitrogen-filled glove
Frontiers in Marine Science 0846
box (Shi et al., 2023), owing to the prevailing high redox

sedimentary condition in both experimental configurations.

In addition, microorganisms can also accelerate the degradation

of organic matter and enhance specific metal release during the

resuspension process (Lors et al., 2004). The influence of

microorganisms was not considered in the experiments owing to

the low concentration of TOC in sediments and the short experiment

period. However, as regards to a large scale for deep-sea mining, the

structure and functional compositions of microbial communities

associated with their change in sediments and overlying water must

be evaluated in the future for their influence on metal behaviors

during the resuspension and resettling processes.

In the context of environmental impacts of commercial deep-

sea mining, the particle concentration effect was suggested to be an

external factor influencing metal behavior predictions (Jones et al.,

2017). The resuspended particles in the overlying water, including

their concentration and size distribution, are critical in regulating

metal regeneration processes (Trefry et al., 2014; Cantwell et al.,

2008; Ma et al., 2019). Most metals have a propensity to resettle

within fine particles, which was supported by various experiments

and investigations (Ma et al., 2019; Cantwell et al., 2008; Trefry

et al., 2014). However, the influence of disturbance intensity on

particle concentration effects was not a decisive factor in the metal

release process in our study—for instance, larger fluctuations in

dissolved metals, such as Mn and Zn, were observed in the overlying

water under low disturbance intensity (Table 3). However, a more

pronounced fluctuation in metal concentrations within the

overlying water was observed at both disturbance levels at station

BC04, signifying the influence of sediment composition on metal

release across various stations. Furthermore, the distinct temporal

patterns in physicochemical characteristics observed under different
FIGURE 4

Temporal changes in pH and Eh in the overlying water at different disturbance levels and stations. Time intervals include 0 min (before the
disturbance started) and 15, 30, 60, 120, 360, 720, 1,440, 2,880, and 4,320 min after the disturbance.
TABLE 3 Variation coefficient (%) of metal concentrations in the overlying water under different stirring disturbances at stations BC04 and BC06.

Station Speed (rpm) Li V Co Ni Rb Mo Cd Cs Mn Cu Zn Pb

BC04
100 19.6 21.0 27.1 28.8 20.2 29.5 48.2 25.9 208.2 33.9 155.9 35.3

600 15.0 11.4 15.5 10.9 14.2 29.9 50.8 27.1 165.9 45.9 83.5 98.7

BC06
100 7.3 4.7 10.5 4.0 10.8 16.8 64.2 30.1 18.0 8.3 105.1 20.7

600 9.4 8.1 16.4 9.6 6.4 22.4 24.3 8.6 104.1 5.8 55.6 38.6
front
The variation coefficient (V) was calculated by using the equation V (%) = (CMax - CMin)/Cmean * 100, where C denotes the temporal metal concentration in the overlying water.
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disturbance levels (see Figure 4) provided an explanation for the

significantly negative correlation between pH and the

concentrations of metals such as Li, Rb, Mo, and Cs at the 100-

rpm disturbance level and the significantly positive correlation

between pH and metal concentrations including those of Cd, Zn,

and Mn at 600 rpm at station BC06. Accordingly, the indirect effects

of disturbance intensity on the scavenging capacity of suspended

particles were enforced via the media of pH.
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4.2 Potential toxic impacts of the dissolved
metals after sediment disturbance

Identifying the potential impact of toxic metals released during

deep-sea disturbance is a formidable challenge in assessing the

ecological risks posed by deep-sea mining activities (Hauton et al.,

2017). Benthic organisms take up metals through multiple

pathways, including absorption through skin and gills and
FIGURE 5

Temporal change in concentrations of 12 different metals in the overlying water.
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ingestion of metal-contaminated sediments or food, yielding both

acute and chronic toxic effects (Warren, 1981). The bioavailable

metal fraction and the mobility of metals in the environment could

be determined by the BCR sequential extraction procedure (Rauret

et al., 2000). Thereby, SEM appears to be a good estimate of heavy

metal bioavailability, which was applied for a large number of

potentially toxic elements over a wide range (Bacon and Davidson,

2008), not only for the prediction of metal behavior under sediment

disturbance but also for the potential contamination risk from the

human and natural standpoint (Stohs and Bagchi, 1995; Ayala et al.,

2014). In our study, Li, V, Rb, Mo, and Cs mainly existed in the

residual state, indicating a lower probability of mobility and lower

bioavailability and ecological risk. In contrast, those elements, such

as Co, Ni, Mn, Cu, and Cd, with a higher fraction in the extractable

state in sediments indicated a higher risk of biotoxicity. Moreover,

Hauton et al. (2017) reported that redox-active metals, such as Co

and Ni, can catalyze the formation of reactive oxygen and nitrogen
Frontiers in Marine Science 1048
species that can bind with lipids and cause lipid peroxidation and

damage to cell membranes (Stohs and Bagchi, 1995; Ayala et al.,

2014). As a large amount of Ni and Co exists in deep seafloor

polymetallic nodules on the Northwest Pacific seafloor, the

potential environmental risks of metal release during deep-sea

mining activities (Hein et al., 1987) should be assessed based on

the dissolution of Ni and Co into the water column.

In addition, attention has been given to the potential impacts of

metal toxicity changes under deep-sea conditions with high pressure

and low temperature during deep-sea mining activities. Scientists

used toxicogenomics and the biodynamic model to evaluate metal

mixture toxicity and identify associated mechanisms (Rainbow, 2007;

Wu et al., 2016). To date, the combined effects of temperature and

pressure have rarely been taken into account in modifying the metal

tolerance of organisms (Carvalho et al., 1998; Fetters et al., 2016;

Hauton et al., 2017), which should be explored based on the potential

release of heavy metals, such as Cd, Cu, etc.
(a) (b) 

FIGURE 6

Spearman correlations between metal elements of different disturbance intensities at station BC04. (A) 100-rpm disturbance, (B) 600-rpm
disturbance. The number of “*” denotes different significance levels.
(a) (b) 

FIGURE 7

Spearman correlations between metal elements of different disturbance intensities at station BC06. (A) 100-rpm disturbance, (B) 600-rpm
disturbance. The number of “*” denotes different significance levels.
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5 Conclusion

Sediment disturbance experiments were carried out to simulate

the dissolved metal behavior with plumes aroused by deep-sea

mining operations. The concentration of 12 dissolved metals in the

overlying water was monitored during the resuspension and

resettlement processes. According to their behavior, the 12 metals

could be divided into different groups. Most metals, such as Li, V, Co,

Ni, Rb, Mo, Cs, and Cd, showed a gradual increase, with the final
Frontiers in Marine Science 1149
concentrations being higher than the original concentrations. Others,

such as Mn, Cu, Zn, and Pb, fluctuated vividly in the beginning but

tended to return to equilibrium in the end of the experiment. Many

internal and external factors have impacts on the concerted behavior

of metals. The variation coefficients of metal concentration in the

overlying water were more influenced by the sediment texture of the

stations than by the level of disturbance intensities. Moreover, the

concentrations of most metals in the porewater increased following

both levels of disturbance, suggesting that the enrichment of those
FIGURE 8

Vertical redistribution of dissolved metals in porewater before and after the experiments.
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dissolved metals in the overlying water was partially due to the

regeneration of metals within the sediment matrix. The results

provide valuable evidence for predicting the concerted behavior of

metals under the disturbance of deep-sea mining activities in the

polymetallic nodule area of western Pacific. Nevertheless, our current

understanding of the environmental impacts of the deep seafloor is

far from sufficient. In-situ experiments are urgently needed to

simulate the resuspension and resettling processes under a larger

disturbance scale on the deep seafloor with high pressure, low

temperature, and bottom current environments.
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Heterogeneous marine
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nodule formation in the
South China Sea
Mingyan Lai1†, Qian Liu1,2,3*†, Xiaogu Wang1, Dong Sun1,
Lihua Ran1, Xiaohu Li3,4,5, Chenghao Yang2, Bo Lu1,
Xue-Wei Xu6 and Chun-Sheng Wang1,2,5

1Key Laboratory of Marine Ecosystem Dynamics, Second Institute of Oceanography, Ministry of
Natural Resources, Hangzhou, China, 2State Key Laboratory of Satellite Ocean Environment
Dynamics, Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China,
3Ocean College, Zhejiang University, Hangzhou, China, 4Key Laboratory of Submarine Geoscience,
Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China, 5School of
Oceanography, Shanghai Jiao Tong University, Shanghai, China, 6National Deep Sea Center, Ministry
of Natural Resources, Qingdao, China
Most studies on the genesis of polymetallic nodules suggested that nodules in

the South China Sea (SCS) are hydrogenetic; however, the complexity and the

heterogeneity in hydrology and geochemistry of the SCS might cause different

processes of nodule formation, impacting their application and economic value.

Microbial-mediated ferromanganese deposition is an important process in

nodule formation, but the related microbial potentials are still unclear in the

SCS. In this study, we sampled in three typical regions (A, B, and C) of the SCS

enriched with polymetallic nodules. Firstly, we investigated environmental and

microbial characteristics of the water columns to determine the heterogeneity of

upper seawater that directly influenced deep-sea environments. Then, microbial

compositions and structures in sediment cores, overlying waters, and nodules

(inside and outside) collected within the same region were analyzed for inferring

features of nodule environments. Microbial interactions between nodules and

surrounding environments were estimated with collinear network analysis. The

microbial evidence indicated that geochemical characteristics in deep sea of the

SCS that were key to the polymetallic nodule formation were severely affected by

organic matter flux from upper water column. The sediment in region A was sub-

oxic due to the large input of terrigenous and phytoplankton-derived organic

matter, potentially enhancing the overflow of reduced metals from the

porewater. The intense microbial interaction between nodules and surface

sediment reinforced the origin of metals for the ferromanganese deposition

from the sediment (diagenetic type). Contrarily, the sediments in regions B and C

were relatively rich in oxygen, and metal ions could be majorly supplied from

seawater (hydrogenetic type). The large discrepancy in microbial communities

between nodule inside and remaining samples suggested that nodules

experienced a long-term formation process, consistent with the feature of
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hydrogenetic nodules. Overall, distributions and interactions of microbial

communities in nodules and surrounding environments significantly

contributed to the nodule formation in the SCS by manipulating

biogeochemical processes that eventually determined the source and the fate

of metal ions.
KEYWORDS

polymetallic nodules, The South China Sea, bacteria, archaea, nodule formation
1 Introduction

Polymetallic nodules are important metal sinks in the ocean,

tremendously impacting on global ocean metal chemistry (Hein and

Koschinsky, 2014; Shiraishi et al., 2016; Chen et al., 2018). They

contain richMn, Cu, Ni, Co, rare earth elements, and platinum group

elements, being considered as economically significant metal sources

(Hein et al., 2013, 2015; Hollingsworth et al., 2021). The nodule

formation mechanism has been studied since the 1960s (Ehrlich,

1963). Polymetallic nodules usually form at the water–sediment

interface, where the sedimentation rate is low (Jiang et al., 2020).

They grow slowly (several to hundreds of mmmyr−1) via concentric

accumulation of iron and manganese oxides around nuclei (Shiraishi

et al., 2016; Jiang et al., 2020). Although inorganic processes are often

emphasized with respect to the nodule formation, the evidence for

the significance of the microbial role in nodule formation is

accumulating (Li et al., 2021). Recent studies on micromorphology

and microbial community structure reveal microbial contribution to

the nodule formation in marine environments; for example, a high

abundance of nodule-specific Mn-cycling bacteria (e.g., Shewanella,

Colwellia, and Pseudoalteromonas) were identified in nodules from

an abyssal plain (Wu et al., 2013; Blöthe et al., 2015), and the

microbial communities of the nodules were significantly distinct

from the communities in surrounding sediments (Tully and

Heidelberg, 2013). These results provide some clues to the

biologically driven metal cycle associated with the nodule

formation in the seafloor environment.

Generally, polymetallic nodules are classified based on the

source of metal ions in the ocean (Chen et al., 2018). A Mn–(Cu

+Co+Ni)–Fe ternary diagram is used to divide ferromanganese

deposits into three types: hydrogenetic, diagenetic, and

hydrothermal types (Halbach et al., 1981). Nodules are solely

hydrogenetic when all constituents are derived from seawater

(e.g., Cook Islands; Hein et al., 2015) or solely diagenetic when

metal ions originate from sediment porewaters (e.g., Peru Basin;

von Stackelberg, 2017). Most nodules acquire metals from both

sources (Hein and Koschinsky, 2014). Hydrothermal nodules often

precipitate in the vicinity of vent sites from fluids with temperatures

higher than ambient bottom waters (González et al., 2016).
0253
Polymetallic nodules in the Pacific Ocean have been studied

extensively with hydrogenetic type in the north-equatorial region

and diagenetic type in the east Pacific. Nodules from the Clarion–

Clipperton Zone (CCZ) located in the northeast equatorial Pacific

Ocean and Central Indian Ocean Basin represent mixed

hydrogenetic–diagenetic nodules (Kuhn et al., 2018; Hein et al.,

2020), while those from the Peru Basin are mainly diagenetic origin

(von Stackelberg, 1997; Zhong et al., 2017).

Marginal seas have been regarded as unfavorable for the

formation of ferromanganese nodules, as the large influx of

terrigenous sediments can easily dilute Fe and Mn oxides and

bury any potential precipitates that may form polymetallic

nodules (Zhang et al., 2013). However, the exploration progress

in marginal sea shows enriched nodules and crust distributions,

such as Galicia Bank at the northwest Atlantic Iberia margin

(González et al., 2016), the Gulf of Cadiz (González et al., 2012),

the California continental margin (Hein et al., 2005), and Canary

Island Seamount Province (Marino et al., 2017), where Fe–Mn

deposits are mostly hydrogenetic. As the third largest marginal sea

of the world, the investigation of the metallogenic and exploration

potentials of polymetallic nodules in the South China Sea (SCS) has

been in progress (Zhang et al., 2013; Guan et al., 2017; Zhong et al.,

2020; Ren et al., 2023). Increasing detection of Fe–Mn polymetallic

deposits in the central basin of the SCS in recent years (Hang and

Wang, 2006; Guan et al., 2017, 2019) has suggested that nodules in

the SCS are mainly hydrogenetic in terms of the ore composition

and the ratio of iron to manganese (Guan et al., 2017; Ren et al.,

2023). However, the recognition of nodule types and formation still

remains limited in the SCS due to the shortage of nodule

exploration and lack of the understanding of microbial

contributions. In this study, we selected three typical regions in

the SCS where the nodules were ubiquitously distributed and

intended to investigate the impact of environmental heterogeneity

on geochemical and biological characteristics at the interface of

nodules and surrounding environments to understand the

mechanisms of polymetallic nodule formation in the SCS. The

hypothesized models of the nodule formation were proposed based

on the microbial-derived interactions between nodules and

surrounding environments.
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2 Methods and materials

2.1 Sample collection

The survey was conducted in the SCS during the cruise DY38 by

RV Xiangyanghong 9 from 7 April to 13 May in 2017. We sampled

at regions A, B, and C where the nodules were detected (Figures 1A,

B; Table 1). Region A was located on the edge of the northern slope,

and regions B and C were on seamount slopes in the Xisha Sea area

and near the Luzon Strait, respectively (Figure 1A). Within each

region, seawater samples were collected from discrete depths of the

water column at stations CTDA, CTDB, and CTDC using a

conductivity–temperature–depth (CTD, SBE 911plus, Sea-Bird

Electronics, Bellevue, Washington, US) rosette sampler equipped

with 24 10-L sampling bottles (Table 1). Temperature and salinity

were monitored with sensors on CTD. The samples for measuring

concentrations of particulate organic carbon (POC), dissolved

oxygen (DO), chlorophyll-a (Chl-a), and dissolved inorganic

nutrients (NO3
−, NO2

−, and NH4
+) in the water column were

collected on board and analyzed following the standard methods

for the specification for marine monitoring (GB 17378-2007).

Briefly, DO concentrations in seawater were measured with the

Winkler titration method onboard. Water samples (~1 L) for the
Frontiers in Marine Science 0354
analysis of Chl-a were filtered on 47 mmWhatman GF/C glass fiber

filters, and Chl-a was extracted into 90% acetone and measured

with a Trilogy Laboratory Fluorometer. Approximately 100-mL

filtrates were frozen at −20°C for each sample, and [NO3
−], [NO2

−],

and [NH4
+] were determined by SmartChem® 600 Automated

Discrete Analyzer (KPM Analytics located in Westborough, MA,

USA) in the laboratory. Approximately 5 L water was filtered on

precombusted Whatman GF/F filter for POC concentration

measurement. The filters were frozen at -20°C until analysis. In

the laboratory, the filters were dried at 50°C for 48 h and fumigated

using HCl (12 mol/L) for 24 h. They were washed by Milli-Q water,

dried at 50°C for 48 h, and measured with an elemental analyzer

(Flash EA 2000, Thermo Fisher Scientific, Lenexa, KS, USA).

Meanwhile, we selected typical depths (surface, depth of Chl-a

maximum, bottom of epipelagic zone, mesopelagic zone, oxygen

minimum zone, bathypelagic layer, and near bottom depth) for

microbial community analysis (Table 1). A total of 5 L of seawater

was filtered through 0.22-mm pore size filters, which were stored at

−80°C onboard until subsequent analysis. Polymetallic nodules

(n=11), sediment column (0–22 cm; n=33), and ~150 ml of

overlying water (n=5) of the surface sediment were aseptically

sampled from pushcores using the manned submersible

“Jiaolong” during dives A–C in regions A–C, respectively
FIGURE 1

Study regions and specific sampling sites in the South China Sea (SCS). (A) A map showing the sampling areas of the SCS, including region A (CTDA
and DiveA), region B (CTDB and DiveB), and region C (CTDC and DiveC); (B) nodules sampled from different dives in the SCS; (C) temperature (°C)–
salinity diagram (T–S) from all CTD stations in the SCS.
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(Table 1; Supplementary Figure 1). On board, a series of sample

operations were conducted after removing the samples from the

push core. The nodules were gently cleaned with aseptic waters, and

small portions (approximately 0.5 g) of surface and interior samples

were collected using a sterile chisel and hammer. Sediment samples

were sectioned at an interval of 2 cm. Nodule and sediment samples

were sealed individually in axenic bags. The overlying water was

processed by the same approach as the seawater sample. All samples

were stored at −80°C for microbial analyses.
2.2 DNA extraction, PCR amplification, and
Illumina sequencing of 16S rRNA genes

DNA was extracted from filtered water samples, 0.5 g of nodules,

and sediment samples (n=68; Table 1) with the Fast DNA™ SPIN Kit

for Soil (MP Bio, Carlsbad, CA, USA) following the steps

recommended by the manufacture, including the bead-beating for

additional cell disruption prior to the extraction in nodule and

sediment samples (Lindh et al., 2017; Shulse et al., 2017). The

DNA concentration and quality were assessed using a NanoDrop

ND-2000c Spectrophotometer (Thermo Scientific, Inc., USA).

Extracted DNA was stored at − 80°C for downstream sequencing.

The V3–V5 hypervariable regions of archaeal 16S rRNA genes

were amplified by the primer pair Arch344F (ACGGGGYGCA

GCAGGCGCGA)/Arch915R (GTGCTCCCCCGCCAATTCCT)

(Zheng et al., 2013), and the primer pair of 338F (5′-
ACTCCTACGGGAGGCAGCA-3′)/806R (5′-GGACTACHVG

GGTWTCTAAT-3′) was used to amplify the V3–V4 region of

bacterial 16S rRNA genes (Caporaso et al., 2011). The amplicon
Frontiers in Marine Science 0455
processing was performed as described in Liu et al. (2023). Negative

(no sample) extraction controls were used for PCR amplification to

check for the presence of possible environmental contamination

(Sheik et al., 2018). Pair-end sequencing was carried out by the

Illumina Miseq PE250 platform (Majorbio Bio-Pharm Technology,

Shanghai, China).
2.3 Data analysis

Trimmomatic (Bolger et al., 2014) was used for the quality

control of raw reads following the criteria reported previously (Liu

et al., 2020). Operational taxonomic units (OTUs) were clustered in

UPARSE (Edgar, 2013) at a 97% similarity cutoff and taxonomically

assigned with the Ribosomal Database Project (RDP) naive–

Bayersian classifier against the Silva database Release 138 (http://

www.arb-silva.de). A total of 2,684,460 bacterial 16S rRNA gene

sequences were obtained from 66 samples and 2,875,089 archaeal

sequences from 67 samples (Supplementary Table S1). Specifically,

1,826 bacterial OTUs and 946 archaeal OTUs were recovered from

817,233 bacterial sequences (417 bp average length) and 953,783

archaeal sequences (265 bp average length) of 18 water column

samples, respectively, and 6,371 bacterial OTUs and 4254 archaeal

OTUs were identified from 1,867,727 bacterial sequences (434 bp

average length) and 1,921,306 archaeal sequences (335 bp average

length) from samples of sediment, nodules, and overlying water.

The rarefaction curves for the observed OTUs from bacteria and

archaea showed clear asymptotes (Supplementary Figure S2),

indicating a near-complete sampling of the community. OTUs

affiliated with chloroplasts and eukaryotes were removed from
TABLE 1 The geographic information of sampling sites in the South China Sea.

Regions Stations
Longitude
(°E)

Latitude
(°N)

Total water
depth (m)

Sample
types

Sampling depths/names

A

CTDA 118.17 21.73 1,304 seawater
0, 10*, 30, 50*, 75, 100*, 125, 150, 200*, 300, 500*, 800,
1000, 1303* m

DiveA 117.95 20.98 1,397

overlying water DiveA_OW1; DiveA_OW2

sediment 0-22 cm b.s.f.

nodule DiveA_NO1, DiveA_NO2, DiveA_NO3, DiveA_NI

B

CTDB 113.09 17.96 1,957 seawater
0, 2*, 10, 30*, 50, 85*, 100, 125, 150, 200*, 300, 500,
800*, 1000*, 1500, 1977* m

DiveB 113.07 17.89 1,733

overlying water DiveB_OW

sediment 0-22 cm b.s.f.

nodule DiveB_NO1, DiveB_NO2, DiveB_NI1, DiveB_NI2

C

CTDC 119.23 21.09 1,617 seawater
0, 10, 30, 50*, 75, 100*, 125, 150, 200*, 300, 500, 800*,
1100, 1500, 1616* m

DiveC 119.24 21.14 1,773

overlying water DiveC_OW1, DiveC_OW2

sediment 0-22 cm b.s.f.

nodule DiveC_NO1, DiveC_NO2, DiveC_NI
*Water samples were selected for microbial analysis.
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subsequent analyses. Sequencing depths of water column samples

were standardized to 28,429 reads for bacteria and 24,682 reads for

archaea. The sequencing depth was normalized to 4,684 reads for

the bacterial sample collected from 1,977 m of CTDB due to the low

number of reads (Supplementary Table S1); however, since the

curve of this sample on the rarefaction curve still showed a clear

asymptote (Supplementary Figure S1), the sample was included in

the analysis. The sequencing depth of each sample was equalized to

22,351 reads in bacteria and 18,195 reads in archaea corresponding

to the lowest sequence number among sediment, nodule, and

overlying water samples. The OTU tables were normalized by

dividing the number of sequences for each OTU by the total

number of sequences in each sample, i.e., normalization to

relative abundances. The results of relative abundance were

visualized in TBtools (version 0.1098765) software (Chen et al.,

2020). Statistical data processing was performed using the Origin

2022 and R (RStudio) 3.6.0 (Kronthaler and Zöllner, 2021).

Based on taxonomic information, statistical analysis of

community structure was performed at various taxonomic levels.

Alpha-diversity metrics (i.e., Shannon and Chao1 indices) were

calculated based on OTU relative abundances for each sample.

Beta-diversity across samples was analyzed using the Bray–Curtis

distance matrix and visualized using non-metric multidimensional

scaling (NMDS, package Phyloseq) and hierarchical clustering tree.

Nonparametric analysis of similarities (ANOSIM) was performed

on Bray–Curtis community dissimilarities in the R package vegan

(Anderson, 2006). Similarity percentage (SIMPER) in PRIMER

package V6.0 (Primer-E, UK) was used to identify the taxa that

contributed to the dissimilarity between groups (Clarke and Gorley,

2006). The difference in the diversity indices of microbial groups

among different samples were analyzed by Kruskal–Wallis H test,

and the significant level of the difference (p-value) was evaluated.

We performed collinear network analysis using the NetworkX

software (version1.11; Hagberg et al., 2008) based on bacterial and

archaeal OTUs, respectively, to identify the interaction of four

sample types (nodule outside, nodule inside, surface sediment,

and overlying water) and key species at interfacial layers of

nodules and surrounding environments. The networks were

composed of interconnected nodes, representing the sample node

and the species node, and the connection between these two nodes

indicated the inclusion of the species in the sample. The number of

connections from a node is called the degree of the node. Degree

centrality, betweenness centrality, and closeness centrality were

studied to obtain the information contained in the network.

Degree centrality was measured as the number of direct links that

involved a given node (Yuan et al., 2011), and the higher value

meant that the node was more central. Closeness centrality is the

shortest path between a node and all other reachable nodes (Bröhl

and Lehnertz, 2022). Betweenness centrality is a measure of

centrality of a node that acts as a bridge along the shortest path

between two other nodes (Wasserman and Faust, 1994). Directed

networks visualizing the OTU distribution in different samples were

generated using the preferred layout algorithm in CYTOSCAPE 3.0

(Shannon et al., 2003).
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3 Results

3.1 Environmental characteristics of the
water column

The temperature–salinity (T–S) diagram revealed that the

upper water masses (<200 m) of stations CTDA, CTDB, and

CTDC exhibited different characteristics, while the deep water

was relatively homogeneous across all stations (Figure 1C). The

water columns of stations CTDA and CTDC exhibited well-

developed surface mixed layers (SML) above 16 m and 12 m,

respectively, while SML at Sta CTDB was not obvious,

approximately at 26 m (Supplementary Figures S3A, B). Nitrate

concentrations were below detection limit above 50 m, 75 m, and 25

m at stations CTDA, CTDB, and CTDC, respectively (Figure 2A).

The depth of the Chl-amaximum (DCM) at Sta CTDB (~85 m) was

deeper than that at other two stations (~50 m), and the maximum

Chl-a concentration (CTDB: 0.45 mg/L) was lower (CTDA: 1.13 mg/
L, CTDC: 1.10 mg/L; Figure 2B). The peak of POC concentrations in

the water column was in correspondence to that of Chl-a except at

Sta CTDB, where the highest POC concentration was in surface

water. The second peak of POC concentration at Sta CTDA

occurred in surface water as well (Figure 2C). The oxygen

minimum zone (OMZ) ranged from 800 to 1,000 m at three

stations, and stations CTDA and CTDC had a relatively narrow

OMZ in comparison to that at Sta CTDB (Figure 2D).
3.2 Microbial community composition and
diversity in the water columns

The profiles of Shannon and Chao1 indices showed that the

variations in bacterial and archaeal diversity and richness in the

water column were similar at stations CTDA and CTDC, while

those at Sta CTDB were relatively higher below 200 m

(Supplementary Figures S4A, B). The NMDS analyses showed

that bacterial and archaeal communities in water column samples

of three stations were clearly divided into different groups

(Figure 3). The bacterial communities above 100 m were

clustered together, while those below 200 m at Sta CTDB were

distinctively separated from other two stations (Figure 3A). The

archaeal communities from 100 m to 200 m and deep water of three

stations (500–1,977 m) were separated except that at 800 m of Sta

CTDB (Figure 3B).

A majority of the classified bacterial sequences in water columns

of three stations were assigned to Proteobacteria (598 OTUs, 60.9% of

total bacterial sequences), followed by Cyanobacteria (9 OTUs,

14.8%), Actinobacteriota (58 OTUs, 5.2%), SAR406 clade (112

OTUs, 4.1%), and Bacteroidota (155 OTUs, 3.5%) (Figures 3A;

Supplementary Figure S5). The dominant bacterial groups varied at

different depths (Figure 3A). Cyanobacteria were most abundant

above the DCM layer (53.3 ± 8.7%), and more than 97% belonged to

Prochlorococcus MIT9313 and Synechococcus CC9902 (Figure 3A).

Below the DCM layer, Proteobacteria became dominant, especially at
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stations CTDA and CTDC (>85%), but the composition was different

(Figure 3A). Alteromonas was the most abundant genus (>45% of

Proteobacteria) at 50m of Sta CTDA, and Alcanivorax (25.6 ± 16.3%)

and Marinobacter (20.3 ± 13.7%) were dominant at depths of 200–

1,303 m. At Sta CTDC, a higher proportion of Salinicola (20.2 ±

12.7%) was detected below 200 m (Figure 3A). The SIMPER analysis

confirmed that Marinobacter, Alcanivorax, and Salinicola

contributed to the difference in microbial communities below 200

m between stations CTDA and CTDC (Supplementary Table S2). At

Sta CTDB, the relative abundances of the phyla SAR406 clade and

SAR324 clade exceeded 10% of total bacterial sequences below 200 m

(Figure 3A). The major groups contributing to the difference in

bacterial communities below 200 m between CTDB and other two

stations included SAR324 clade, SAR406 clade, SAR202 clade,

Marinobacter, and Sva0996 marine group (Supplementary Table S2).

The archaeal communities were mainly assigned to the phyla

Thermoplasmatota and Thaumarchaeota (Figure 3B). Marine group

II (MGII) and marine group III (MGIII) of Thermoplasmatota were

dominant (>50%) through the water column of all stations except 800

m at Sta CTDB (Figure 3B). The relative abundance of

Thaumarchaeota increased from 50 m and occupied 29.8 ± 7.5% of

total archaeal sequences below 200 m (Figure 3B). Candidatus

Nitrosopelagicus dominated above 200 m (14.0 ± 10.6%), while the

relative abundance of unclassified genera in Nitrosopumilaceae

increased below 200 m (CTDA: 18.1 ± 7.3%, CTDB: 31.8 ± 7.9%,
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CTDC: 18.1 ± 8.1%; Figure 3B). Although there was little variation in

archaeal communities in deep water layers (≥200 m) among three

stations compared to that of bacterial community (ANOSIM, bacteria:

R=0.6212, p-value=0.008; archaea: R=−0.1566, p-value=0.836;

Figure 3), the dissimilarity of archaeal community between CTDB

and other two stations below 200 m were larger (CTDB vs. CTDA:

30.4%; CTDB vs. CTDC: 29.6%) than that between stations CTDA and

CTDC (16.4%; Supplementary Table S2). MGII and MGIII that were

relatively more abundant at stations CTDA and CTDC contributed to

over 40% of the difference, followed by family Nitrosopumilaceae

(~23%) and a group of unidentified archaea (Supplementary Table S2).
3.3 Microbial community composition and
diversity in the sediment cores

The bacterial Shannon and Chao1 indices decreased from the

surface of three sediment cores collected from DiveA, DiveB, and

DiveC (Supplementary Figure S4C), while those of archaea had an

opposite trend with a fluctuation below 6 cm (Supplementary Figure

S4D). The hierarchical clustering based on Bray–Curtis distance

estimation at OTU level showed that the bacterial communities in

sediment cores of all dives were divided into three clusters (similarity

within each cluster >70%; Supplementary Figure S6A). Cluster I

included bacterial communities at depths of 0–2 cm of DiveA, 0–12
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The concentrations of (A) nitrate, (B) chlorophyll a, (C) particulate organic carbon (POC), and (D) dissolve oxygen (DO) in the water column samples
of stations CTDA, CTDB, and CTDC in the South China Sea.
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cm of DiveB, and 0–6 cm of DiveC. Cluster II was composed of those

at 6–22 cm of DiveC, and the remaining ones of DiveA and DiveB

were grouped into Cluster III (Supplementary Figure S6A). It also

revealed that the bacterial communities in Clusters I and II were

closely related (Supplementary Figure S6A). The archaeal community

in sediment samples followed a similar pattern of clustering, but it

was noted that the archaeal community at 2–4 cm of DiveA was

grouped with that at 0–2 cm of the same dive (Supplementary

Figure S6B).

The dominant bacterial communities (>3% of total bacterial

sequences) in sediment cores were composed of the phyla

Chloroflexi (28.1%), Proteobacteria (23%), Acidobacteriota (9.5%),

Actinobacteriota (6.1%), Methylomirabilota (4.3%), NB1-j (3.9%),

Gemmatimonadota (3.6%), and Planctomycetota (3.4%; Figure 4A).

The transition from Cluster I to Cluster III occurred clearly at 2 cm

and 12 cm of DiveA and DiveB, respectively (Figure 4A). Most genera
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from Chloroflexi, such as the unclassified genera from the order S085,

family Anaerolineaceae, classes Dehalococcoidia, and JG30-KF-

CM66, were mainly distributed in sediments below the transition

layer, contributing 28.2% to the difference between Clusters I and III

(Figure 4; Supplementary Table S3). Several genera of Proteobacteria

also led to more than 15% of the difference (Figure 4B; Supplementary

Table S3); for example, a decline in relative abundances of Woeseia,

AqS1, and unclassified genera from family Kiloniellaceae, orders

MBMPE27, JTB23, and AT-s2-59, were observed with the increase

of the depth (Figure 4A). The genus Nitrospira and the phylum NB1-j

showed a similar pattern to most Proteobacteria groups and

contributed ~8% to the difference between Clusters I and III

(Figure 4; Supplementary Table S3). The unclassified genera

belonging to the order Aminicenantales of the phylum

Acidobacteriota were only present in Cluster III (Figure 4). Other

Acidobacteriota, such as the classes Subgroup 21 and Subgroup 22,
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decreased in relative abundances with the increasing depth

(Figure 4A). The three groups of Acidobacteriota contributed 10.5%

to the difference between Clusters I and III (Figure 4B). Genera from

phylum Desulfobacterota, a low-prevalence taxon, were enriched in

Cluster III (Supplementary Figure S7). The transition of bacterial

community from Cluster I to Cluster II only occurred at 6 cm in

DiveC (Supplementary Figure S6A; Figure 4A). The dissimilarity of

the bacterial community between Clusters I and II (36.0%) were low in

comparison to those between Clusters I and III (55.1%) andClusters II
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and III (44.4%; Supplementary Table S3). The genera belonging to the

orders Defluviicoccales, S08, SAR202 clade and the class bacteriap25

were enriched at 6–22 cm of DiveC (Cluster II), which contributed

more than 18% to the difference between Clusters I and II (SIMPER

analysis; Figure 4; Supplementary Table S3).

Thaumarchaeota was the most abundant archaeal group in

sediment cores from DiveA, DiveB, and DiveC, and the genera

composing Thaumarchaeota showed different distribution patterns

among dives (Figure 5). Unidentified genera in family
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FIGURE 4

Characteristics of bacterial communities in sediment cores of DiveA, DiveB, and DiveC in the South China Sea. (A) The distribution of top 30
bacterial taxa in sediment cores of DiveA, DiveB, and DiveC; (B) the comparisons of the means of relative abundances of bacterial taxa between
Cluster I and Cluster III, and between Cluster I and Cluster II based on b-diversity analysis of bacterial communities shown in Supplementary Figure
S6. The asterisks highlighted the taxon that contributed over 2% to the dissimilarity of the bacterial community between two clusters by referring to
Supplementary Table S3.
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Nitrosopumilaceae were widely distributed in Clusters I and II

(Figure 5A). Ca. Nitrosopumilus and Ca. Nitrosopelagicus were

relatively abundant in Cluster I and sharply declined or disappeared

in Clusters II and III (Figure 5). In contrary, Marine Benthic Group

A was mainly distributed in Cluster III (Figure 5). The family

Nitrosopumilaceae, Marine Benthic Group A, and Ca.

Nitrosopumilus contributed ~61.5% to the difference between

Clusters I and III, while the rest (20.1%) were mainly received

from the family Geothermarchaeaceae, classes Lokiarchaeia and

Bathyarchaeia, and the order Hydrothermarchaeales, which were

mainly present in Cluster III (Figure 5B; Supplementary Table S3).

The distinct division between Clusters I and II occurred in DiveC,

but again, the dissimilarity was relatively low (36.3%;

Supplementary Table S3). The Simper analysis showed that the
Frontiers in Marine Science 0960
major groups contributing to the difference (a total of 74.2%) were

Ca. Nitrosopumilus, the family Nitrosopumilaceae, the order

Woesearchaeales, and the class Deep Sea Euryarchaeotic Group

(DSEG; Figure 5B; Supplementary Table S3).
3.4 Comparison of microbial communities
in polymetallic nodules with
surrounding environments

The Shannon indices of bacterial communities in nodules were

not different from those in surface sediments (SS) and overlying

waters (OW; Kruskal–Wallis H test and post-hoc Dunn’s test, p-

value>0.05), but the archaeal community in nodules showed a lower
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Characteristics of archaeal communities in sediment cores of DiveA, DiveB, and DiveC in the South China Sea (A) The distribution of the dominant
archaeal taxa (relative abundance >1%) in sediment cores of DiveA, DiveB, and DiveC; (B) the comparisons of the means of relative abundances of
archaeal taxa between Cluster I and Cluster III and between Cluster I and Cluster II based on b-diversity analysis of archaeal communities shown in
Supplementary Figure S6. The asterisks highlighted the taxon that contributed over 2% to the dissimilarity of the archaeal community between two
clusters by referring to Supplementary Table S3.
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index than that in OW (p-value<0.05). The Chao1 index of the

microbial community showed a distinctive variation between

nodules and surrounding environments. Bacterial Chao1 indices

of NO and NI samples were much lower than that of SS, while the

archaeal Chao1 index of NI was lower than those of SS and OW (p-

value<0.05). There was no significant difference in bacterial or

archaeal Shannon and Chao1 indices between samples of nodule

outside (NO) and inside (NI; Supplementary Figures S8A, B). There

was a relatively large discrepancy in bacterial communities of OW

or NI samples among different dives, while the archaeal community

showed large discrepancies in all samples of NO or NI. The
Frontiers in Marine Science 1061
microbial communities in SS samples varied rarely among

samples (Supplementary Figure S8C). The distance calculated at

OTU level among different sample groups (shown by “between”)

were relatively higher than that within each sample group

(ANOSIM; bacteria: R=0.8067, p-value=0.001; archaea: R=0.6462,

p-value=0.001; Supplementary Figure S8C). The NMDS analysis

also revealed that the sample type was the primary control of

microbial community composition in the SCS (Figure 6).

Microbial communities at OTU level in nodule samples (NO and

NI) were separated from those in SS and OW (Figure 6). The

number and the proportion of bacterial or archaeal OTUs shared by
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FIGURE 6

Characteristics of microbial communities in samples of surface sediment (SS), overlying water (OW), and nodules (NO, nodule outside; NI, nodule
inside). (A) The NMDS analysis and top 30 bacterial taxa of the bacterial community; (B) the NMDS analysis and the dominant archaeal taxa (relative
abundance >1%) of the archaeal community.
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nodules and surrounding environments (OW and SS) or either one

were highest in samples of DiveA (Supplementary Figure S9).

SAR324 clade was the dominant group in all nodule samples,

especially at DiveB and DiveC (Figure 6A). The Proteobacteria

linages showed an enrichment in NO samples. The genus Woeseia

and the family Kiloniellaceae, which were abundant in SS, were also

dominant in NO of all dives and NI of DiveA (Figure 6A). The

family Hyphomicrobiaceae was shared by samples of NO and SS of

DiveA (Figure 6A). Bacterial communities in OW were dominated

by the phyla Proteobacteria and Cyanobacteria, representing over

60% of bacterial sequences. Prochlorococcus MIT9313 was the most

dominant cyanobacterial group, mainly distributed in OW of DiveC

and DiveB (Figure 6A). Alteromonas of Proteobacteria was enriched

at DiveA and DiveB, while Pseudoalteromonas occupied abundantly

only in OW of DiveA. The dominant genera Halomonas,

Pseudoalteromonas, Acinetobacter, Oleibacter, and Marinobacter

in OW of DiveA were relatively low in nodule and SS samples

(Figure 6A; Supplementary Figure S10). Taxa from family

Magnetospiraceae were mainly distributed in OW and nodules of

DiveC, and OW and NI of DiveB (Figure 6A).

Thaumarchaeota was also a major group in nodule samples that

both Ca.Nitrosopelagicus and Ca.Nitrosopumilus were enriched in

nodules of DiveA and DiveC. At DiveB, the order Woesearchaeale

in the phylum Nanoarchaeotas were relatively abundant in NI

(Figure 6B). In addition, it was noteworthy that a large number of

unidentified archaea were found in nodule samples of DiveB

(Figure 6B). The archaeal communities in OW were similar

among different dives and dominated by Thaumarchaeota,

Thermoplasmatota, and Nanoarchaeota (Figure 6B). Marine

Benthic Group A of Thaumarchaeota and MGII and MGIII of

Thermoplasmatota were almost exclusively distributed in

OW (Figure 6B).
3.5 Collinear network analysis of microbial
communities from polymetallic nodules
and surrounding environments

The collinear network was performed at bacterial OTU level with

all samples (SS, OW, NO, and NI) for each dive (Figure 7). The

network contained 3,361 effective nodes in DiveA, more than those in

DiveB (3,021) and DiveC (3,164). The network centralization was

0.647, 0.624, and 0.653 in networks of DiveA, DiveB, and DiveC,

respectively. In DiveA, the SS sample had 2,175 degrees, followed by

samples of NO (1,589), NI (1,382), and OW (1,252; Supplementary

Table S4). Similarly, the values of degree centrality, betweenness

centrality, and closeness centrality were highest in samples of SS

and NO (Supplementary Table S4). There were 63 dominant OTUs

(after the filtration with the total OTU abundance at one station >200)

that had the highest centrality measurement, most of which were

prevalent in both SS and nodule samples, such as OTUs identified as

the class Subgroup 21; the orders Subgroup 17, MBMPE27, and

Actinomarinales; the families Hyphomicrobiaceae, Kiloniellaceae,

and Methyloligellaceae; and the genera Woeseia, wb1-A12,

Nitrospira, and AqS1 (Supplementary Table S5). In networks of

DiveB and DiveC, the highest degree was also found in SS samples,
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but the degree of OW exceeded those of nodules (Supplementary

Tables S6, S7). Degree centrality, betweenness centrality, and closeness

centrality exhibited similar trends (Supplementary Table S4). The

numbers of dominant OTUs characterized by the highest centrality

were 65 and 67 in networks of DiveB and DiveC, respectively

(Supplementary Tables S6, S7). In DiveB, the taxa belonging to the

class Subgroup 21 and the genus wb1-A12 were the key species mostly

abundant in SS and OW. The classes BD2-11 terrestrial group and

Gammaproteobacteria, the orders Actinomarinales and MBMPE27,

the family Magnetospiraceae, and the genera Woeseia and Nitrospira

were enriched in both SS and nodule samples (Supplementary Table

S6). Few OTUs occurred in large numbers in nodules and OW

simultaneously (Supplementary Figure S9; Supplementary Table S6).

OTU from the family Hyphomicrobiaceae were mainly distributed in
FIGURE 7

Collinear network analysis at bacterial OTU level on samples of
surface sediment (SS), overlying water (OW), and nodules (NO,
nodule outside; NI, nodule inside) for (A) DiveA, (B) DiveB, and (C)
DiveC. Networks were analyzed based on all OTUs of each dive, but
only those with the number beyond 200 were displayed. The square
nodes represent sample types (red, SS; blue, OW; green, NO; yellow,
NI) as source nodes, and the circle nodes are key OTUs as target
nodes. The proportion of colors in the circle means the relative
abundances of the OTU in the corresponding sources.
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OW and NO (Supplementary Table S6). In DiveC, NO, SS, and OW

shared more OTUs compared to other dives, including those

belonging to the classes Subgroup 21, Gammaproteobacteria, and

BD2-11 terrestrial group, and the genera Woeseia and AqS1

(Supplementary Figure S9; Supplementary Table S7). The order

MBMPE27, the families Magnetospiraceae and Kiloniellaceae, and

the genera Woeseia and Nitrospira were prevalent in SS and nodule

samples (Supplementary Table S7).

The numbers of effective nodes of the collinear networks based on

archaeal OTUs were 1,379, 1,490, and B8 in DiveA, DiveB, and DiveC,

respectively, with the network centralization of 0.632, 0.584, and 0.447

(Supplementary Figure S11). Both degree and centrality

measurements of OW were highest among samples for each dive,

followed by SS (DiveA) or NO (DiveB and DiveC; Supplementary

Table S4). The dominant OTUs with highest centrality measurements

(DiveA: 44 OTUs, DiveB: 35 OTUs, and DiveC: 32 OTUs) majorly

belonged to the orders MGII and Marine Benthic Group A, family

Nitrosopumilaceae, and the genera Ca. Nitrosopumilus and Ca.

Nitrosopelagicus in all dives, and specifically the order

Woesearchaeales in DiveC (Supplementary Tables S8–S10). Ca.

Nitrosopelagicus (OTU1026) was mainly distributed in SS and

nodule samples. OTUs from Ca. Nitrosopumilus were prevalent in

OW and SS of all dives but abundant in nodules of DiveA and DiveC

(Supplementary Tables S8–S10).
4 Discussion

4.1 Heterogeneous environments
surrounding polymetallic nodules in
the SCS

The South China Sea is hydrologically and geologically complex

and is subject to a large terrestrial input and metal flux from

continental shelf to the central deep-sea basin. It also experiences

seasonal upwelling, high primary productivity, and a well-

developed oxygen minimum zone (Guan et al., 2017; Zhong et al.,

2017). Polymetallic nodules were mostly explored in the central

basin of the SCS with low sedimentation rate (Zhong et al., 2017);

however, in this study, we detected a wide and dense distribution of

nodules in region A on the continental slope, with the morphology

different from those collected from regions B and C (Figure 1B). It

implied different formation mechanisms that could be affected by

surrounding environments.

We found that POC flux from the upper water column and

redox states in sediments were distinct among three regions, which

could determine the scavenging of metals from seawater and

porewater (Zhong et al., 2017). The quality and quantity of POC

transported from the epipelagic layer to the deep ocean were key to

determine the deep-sea sedimentary environments (Mestre et al.,

2018). Although POC concentrations near the bottom of three

stations were within the similar range (Figure 2C), the differences in

POC sources could affect their fluxes and bioavailability in deep sea

of three stations, potentially influencing the oxygen concentration

and biogeochemical cycling. POC at Sta CTDB could be largely

derived from terrestrial input (Figure 2C). The microbial
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composition and structure verified that SAR406 clade, SAR324

clade, and SAR202, which have been considered as free-living

microbial groups adapted to oligotrophic environments (Boeuf

et al., 2021; Geller-McGrath et al., 2023), were widely distributed

below 200 m at Sta CTDB (Figure 3A). SAR406 clade and SAR202

clade indicated the refractory property of organic carbon at Sta

CTDB because they were associated with the degradation of

recalcitrant compounds (Thrash et al., 2017) and semi-labile

alicyclic alkanes (Landry et al., 2017), respectively. SAR324 clade

has been considered as particle-associated bacteria (PA) in

epipelagic environment and FL in deep waters. The intense

cluster of dominant SAR324 clade below 200 m (OTU1357) of

Sta CTDB with deep-sea FL clades (Supplementary Figure S12)

suggested that SAR324 clade were in FL mode and autotrophs

(Swan et al., 2011; Boeuf et al., 2021). In contrast, nearly half of

bathypelagic microbiome at stations CTDA and CTDC were

dominated by PA lifestyle communities (Figure 3), including

Marinobacter (23.8%) in the order Alteromonadales (Holtzapple

and Schmidt-Dannert, 2007) and Alcanivorax (6.4-34.2%) and

Salinicola (19.4-33.1%) in the order Oceanospirillales (Mason

et al., 2012; Sebastián et al., 2021), all of which could rapidly

utilize aliphatic hydrocarbons in the deep sea. In addition, higher

proportions of Oleibacter in deep waters of stations CTDA and

CTDC (Figure 3; Supplementary Table S2) indicated abundant

aliphatic hydrocarbon (i.e., alkane; Liu et al., 2019). Thus, it

implied that organic carbon could be more bioavailable in the

deep sea of stations CTDA and CTDC, corresponding to the

contribution of high proportion of phytoplankton-derived organic

matter to total POC (Figure 2C). The relatively higher [NH4
+] at the

bottom of Sta CTDA (Supplementary Figure S3C) and rapid

consumption of DO in the sediment core of DiveA (discussed

below) indicated that organic carbon sinking to the deep water of

Region A could be more abundant or labile.

The redox potential in the sediment core played a key role in

mediating biogeochemical element cycling and manipulating deep-

sea environment as a feedback (Zakem et al., 2020). Although our

study did not directly measure or infer redox potential from

geochemical parameters, we could use the microbial community

in the sediment core as an index of the redox potential based on

their well-established relationship (Wang et al., 2022) and the

intense association of microbial and environmental properties in

the water column of this study. The relative abundances of

anaerobic microbial taxa, such as unidentified genera in orders

Aminicenantales (Booker et al., 2023) andMarine Benthic Group A,

the class Dehalococcoidia (Kaster et al., 2014; Yang et al., 2020), and

the family Anaerolineae (Cai et al., 2021) of Chloroflexi, increased

in sediment cores below 2 cm and 12 cm of DiveA and DiveB,

respectively (Figures 4, 5). Aminicenantales dominated in anoxic

ocean crust and were able to use organic carbon to drive sulfur

oxides or extracellular iron oxyhydroxide reduction (Booker et al.,

2023). Marine Benthic Group A was known to be found where

nitrate was depleted (Durbin and Teske, 2011). It suggested a rapid

depletion of oxygen and nitrate in top 2 cm of DiveA and 12 cm of

DiveB. The relatively large numbers of two nitrifiers Nitrospira and

Nitrosopumilaceae above the two layers could be active by receiving

the substrate from nitrate reduction, since they have been detected
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in anaerobic marine environment (Chen et al., 2017; Kraft et al.,

2022; Martens-Habbena and Qin, 2022). Thus, the decrease in

nitrifiers below the layers also suggested the depletion of nitrate

(Figures 4, 5). The co-occurrence of Desulfobacterota and

Lokiarchaeota observed at depths of 2–22 cm of DiveA and 12–

22 cm of DiveB (Figure 5; Supplementary Figure S7) implied the

initiation of sulfate reduction and iron oxide reduction, which were

generally tightly linked (Jorgensen et al., 2012; Li et al., 2021). In the

sediment core of DiveC, the increase in anaerobic groups from 4 cm

(i.e., the class bacteriap25 of the phylum Myxococcota and the class

DSEG of the phylum Aenigmarchaeota; Figure 4A; Cleary et al.,

2023; Durbin and Teske, 2011) indicated the lack of oxygen starting

at ~4 cm. DSEG was used to be detected before nitrate depletion

(Durbin and Teske, 2011), suggesting enriched nitrate below 4 cm

despite oxygen deficiency. The abundant Nitrosopumilaceae

through the sediment core and consistent increase in Nitrospira

from the surface layer likely revealed the supply of nitrate from

nitrification process (Figures 4, 5; Hodgskiss et al., 2023;

Garritano et al., 2023).

Overall, in terms of characteristics of microbial distribution and

compositions in water columns and sediment cores of three regions,

the geochemical environments at the bottom of the SCS were highly

heterogeneous. As a consequence, the elemental fluxes,

biogeochemical cycling, mineral precipitation, and geological

features could be diverse and contributed to the alteration of

redox conditions at interfaces of waters, sediments, and nodules,

affecting the fate of elements involved in nodule formation.
4.2 Microbial interaction between
polymetallic nodules and
surrounding environments

The distinction of compositions and structures of the nodule

communities from those in SS and OW in each region of the SCS

(Figure 6; Supplementary Figures S8, S9) suggested that the nodule

community was indigenous and not attributed to the simple

accumulation from surrounding environments; however, the large

discrepancy of microbial community in nodules among dives

(Supplementary Figure S8) and the shared clusters with SS or

OW in the corresponding dive (Figure 7; Supplementary Figures

S9, S11; Supplementary Tables S5–S10) indicated the link of

nodules and surrounding environments. Thus, the heterogeneous

characteristics of deep-sea environments of three regions could

eventually lead to the diversity in the formation of ferromanganese

deposits in the SCS (Shulga et al., 2022).

The network based on bacterial communities in samples of

DiveA showed an intense interaction between nodules (both NO

and NI) and SS (Figure 7A; Supplementary Tables S4, S5). As

discussed above, the deep sedimentary environment at DiveA likely

received the most adequate supply of organic carbon among three

regions. The high sedimentation rate and slow bottom current

(monthly average < 1 cm/s; unpublished data) might create a stable

and sub-oxic bottom environment for nodule growth, as indicated

by the microbial composition in the sediment core. As discussed in

Section 4.1, the activated reduction in Mn4+ and Fe3+ in shallow
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sediment layers could induce fluxes of Mn2+ and Fe2+ to the surface

through the porewater (Hein et al., 2020; Shulga et al., 2022). The

relatively abundant methanotrophs (i.e., Methyloligellaceae;

Supplementary Figure S7; Knief, 2015) and methanogens (e.g.,

Methanofastidiosales; Figure 4A; Wang et al., 2021) present

through the sediment core of DiveA, especially Methyloligeliaceae

in SS, suggested that CH4 oxidation could sustain sufficient reduced

metals at the surface (González et al., 2012). Thus, the intense link

between nodules and SS of DiveA in the network implied the

sediment as the major sources of minerals for nodule formation in

Region A. The families Magnetospiraceae, Kiloniellaceae, and

Hyphomicrobiaceae associated with metal cycling were mostly

shared by nodules and SS of DiveA, contributing significantly to

the interaction between SS and nodules (Figure 6A; Supplementary

Table S5). Hyphomicrobiaceae was functional in Mn oxidation

(Tang et al., 2016), suggesting that the sediment-originated Mn was

a major source to Fe–Mn deposits of DiveA. The NI shared most

abundant OTUs with NO, SS, and OW at DiveA (Supplementary

Figure S9), probably being caused by poor crystallization and a

rapid growth of Mn-enriched nodules (Zhang C. et al., 2023). This

was consistent with the characteristics of diagenetic Mn-enriched

nodules in a stable growth environment (Zhong et al., 2017; Ren

et al., 2023). The genus Woeseia and nitrifiers Nitrospira,

Nitrosomonas, AqS1 of Nitrosococcaceae, and Nitrosopumiliceae

that had been enriched in Fe-rich deposit (Shulga et al., 2022) were

abundant in SS and nodules, and the key groups in bacterial

network of DiveA (Figure 6; Supplementary Table S5), implying

the enrichment of Fe oxides in both niches. A more pronounced

selection for Fe reducers (i.e., the family Magnetospiraceae;

Matsunaga, 1991) in nodules and SS also reflected a higher

content of an amorphous state of Fe minerals in a sub-oxic

environment (Vereshchagin et al., 2019). Fe (i.e., pyrite, FeS2)

could originate from the upper water column through a large

input of terrigenous materials in Region A (Figure 2C). We found

a large number of symbiotic bacteria shared by SS and nodules, such

as Kiloniellaceae and Subgroup21 (Schauer et al., 2010; Molari et al.,

2020), which were associated with deep-sea benthic fauna (i.e.,

sponge, foraminifera; Cleary et al., 2023; Hori et al., 2013). It has

been investigated that agglutinated foraminifera play a crucial role

in nodule formation (Graham and Cooper, 1959; Greenslate, 1974).

Thus, biological debris entrapped in nodules could be a mechanism

of metal precipitation at DiveA (Molari et al., 2020; Wiese et al.,

2020). Family Kiloniellaceae also owned potential of iron

acquisition (Wang et al., 2015).

Different from DiveA, the microbial interaction between

nodules and SS became weaker at DiveB and DiveC (Figures 7B,

C; Supplementary Figures S11B, C; Supplementary Tables S6, S7,

S9, S10), possibly a result of the variation in the redox state in

sediments. The reduced metals might be oxidized before fluxing to

the surface sediment (McKay et al., 2007). At DiveB, the bacterial

network centrality was lowest among three regions and the archaeal

one was lower than that of DiveA (Supplementary Table S4),

suggesting the low association of nodules with surrounding

environments in comparison to DiveA. Organic carbon was

considered as refractory at DiveB due to much input of

terrigenous components (Figure 2C); however, it could bring Fe-
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rich waters to the deep ocean (Ziegler et al., 2008). The occurrence

of large abundance of Woeseia again suggested enriched Fe in

nodules (Figure 6A). Most of key bacterial OTUs in the network of

DiveB belonged to SAR324 clade and SAR202 clade

(Supplementary Table S6), which were abundant in nodule

samples. It indicated that the nodule environment was in shortage

of bioavailable carbon (see Section 4.1). SAR324 clade was also

dominant in nodules from oligotrophic ocean, i.e., the South Pacific

Gyre (Shiraishi et al., 2016) and the CCZ (Zhang C. et al., 2023).

The accumulation of Fe deposit from upper water layers could be

used as an energy source for autotrophic activity (Boeuf et al., 2021)

or recalcitrant organic carbon degradation (Landry et al., 2017).

SAR324 clade contained nifH gene encoding nitrogenase iron

protein (Zhang D. et al., 2023), indicating the potential for N2

fixation in nodules. It could provide nutrients for benthic organisms

and enhance nitrogen cycling with enriched nitrifiers, i.e.,

Nitrospira , Nitrospina , Ca. Nitrosoplegicus, and family

Nitrosopumilaceae (Figure 6). They all acquired iron as energy

sources (Shafiee et al., 2021). The metal-cycling-related groups,

such as families Kiloniellaceae and Hyphomicrobiaceae, did not

share large numbers of OTUs among SS, OW, and nodules

(Supplementary Table S6) , suggest ing that microbia l

mineralization was not the main process at interfaces of nodules.

Family Magnetospiraceae (OTU1248) related to Fe cycle was

mainly distributed in NI (Supplementary Table S6), revealing

high contents of iron mineral in the nodule. The co-occurrence of

sponge-associated bacteria Schekmanbacteria that were involved in

sulfur cycling (Cleary et al., 2023) indicated the intense coupling of

Fe–S cycling. Similarly, the order Puniceispirillales of SAR116 clade

involved in Fe–S cycling was also detected ubiquitously in nodules

of DiveB. They were mostly detected in eutrophic zone either in FL
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status or being associated with sponges or corals (Cleary et al., 2023;

Roda-Garcia et al., 2023), implying that the nodule composition at

DiveB (i.e., Fe) was affected by materials transported from the

shallow waters. The detection of symbiotic bacteria also gave a hint

that nodules collected at DiveB entrapped coral or sponge debris as

the core of the nodule for subsequential formation. The decrease in

shared OTUs between NI and other microbial niches

(Supplementary Figure S9) and the distanced NI and NO in the

networks (Figure 7B; Supplementary Figure S11B) revealed a large

discrepancy of microbial community of NI from other

environments. The nodule formation could be a long-term

process, consistent with the record of slow growth of

hydrogenetic nodules in the northwestern SCS (Zhong et al., 2017).

The highest bacterial network centrality of DiveC indicated an

intense connectivity between nodules and surrounding

environments (Figure 7C; Supplementary Table S4). SS and OW

might co-affect the biogenic formation of nodules because they

shared most bacterial or archaeal OTUs with NO (Supplementary

Figure S9). It has been said the SCS nodules above the seamounts

contained abundant hematite (Fe2O3) due to a narrowed oxygen

minimum zone (OMZ; Zhong et al., 2019). A narrow OMZ was

detected at Sta CTDC because the relatively high concentration of

Chl-a could cause a rapid remineralization with a sharp

consumption of oxygen at the mesopelagic zone (Figure 2D).

Thus, the nodules at DiveC could be enriched with Fe oxides. Fe-

scavenging family Magnetospiraceae was prevalent in both NI and

NO (Matsunaga, 1991), confirming a high content and an

amorphous state of Fe3+ minerals in nodules of DiveC

(Vereshchagin et al., 2019; Ren et al., 2023). The presence of

SAR324 clade in NO and NI indicated a low flux of organic

carbon to the seafloor due to most degradation occurring in the
FIGURE 8

The hypothesized model of polymetallic nodule formation in three regions (A–C). SS, surface sediment; DO, dissolved oxygen.
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water column. The low Woesearchaeales and the high nitrifier (e.g.,

Nitrospira and Thaumarchaeota) abundances (Figure 6) suggested

that NI was microaerobic, which could be a result of slow and loose

formation under the condition of low sedimentation rate (Yang

et al., 2024). The large divergence of microbial communities

between NI and other three niches (Figure 6; Supplementary

Figure S9) also suggested that the nodules were formed in a

long process.
4.3 Potential mechanisms of polymetallic
nodule formation

The nodule morphology at DiveA (Figure 1B) were similar to

that collected in the northeastern SCS where the nodules were

formed by early diagenesis and hydrogenetic growth according to

the low Mn/Fe ratio and trace metal contents (Zhong et al., 2017).

In our study, the hypothesized nodule formation at DiveA deduced

from microbial compositions, functions in metal metabolisms, and

microbial interactions between nodules and surrounding

environments was consistent with previous results based on the

analysis of elemental compositions. The shallow redox boundary

(<2 cm) indicated by the microbial distribution in the sediment core

reflected the sources of Fe–Mn deposits from the sediment, while a

high input of terrigenous matter and relatively abundant Fe-

utilizing microbes suggested the origin of Fe from seawaters

(Figure 8). Although the nodules from DiveB and DiveC were

inferred to be hydrogenetic, the source of metal ions could be

different. At DiveB, the terrigenous matter fluxing into the deep-

water could contribute to Fe–Mn deposits, and the debris of fauna

from eutrophic zone of shelf waters or benthic environments

enhanced the formation of nodules. At DiveC, the narrow OMZ

induced by the intense degradation of phytoplankton-derived

organic matter caused a low concentration of organic matter and

rich oxygen in deep water, where Fe oxides were formed and

enriched (Figure 8). Overall, relatively low sedimentation rates

and strong bottom currents (monthly average < 3 cm/s and < 6

cm/s in regions B and C, respectively; unpublished data) induced by

either coastal fluxes or upwelling and mixing at DiveB and DiveC

could lead to a slow formation of the nodules.
5 Conclusion

In this study, we combined the investigations of hydrological

properties and microbial communities of upper water columns,

sediment cores, overlying waters, and polymetallic nodules for

understanding the impact of environmental heterogeneity of the

SCS on the formation of polymetallic nodules. In the water column,

we found that the spatial variations of microbial communities and

environmental characteristics in seawaters of three regions were

consistent, suggesting that the distribution of microbial

composition and diversity was a great indicator of the

environment. The redox states in sediment cores inferred from
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microbial communities were diverse among three regions,

potentially being affected by organic matter fluxes and physical

dynamics in deep waters. The dissolved oxygen concentration in

surface sediment of DiveA could be extremely low, which is

beneficial for the overflow of reduced metals from the porewater

for diagenetic formation of polymetallic nodules. Differently,

polymetallic nodules at DiveB and DiveC, where bottom currents

were relatively strong and sediments were more oxidized, could

receive nodule constitutes from upper water layers (i.e., terrigenous-

originated Fe at DiveB and Fe oxides from upper layer of seamount

of DiveC). Overall, this study focused on microbe-mediated nodule

formation process and provided a new perspective for

understanding nodule formation mechanisms.
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SUPPLEMENTARY FIGURE 1

The images of polymetallic nodules on the seabed of DiveB in Region B and

DiveC in Region C. The image was not successfully obtained by the camera
mounted on the manned submersible ‘Jiaolong’ during DiveA in Region A.

SUPPLEMENTARY FIGURE 2

The rarefaction curves based on the Shannon index for the observed bacterial

and archaeal OTUs from samples of (A) water columns and (B) sediment
cores, nodules and overlying waters in all regions.

SUPPLEMENTARY FIGURE 3

Vertical distributions of (A) temperature, (B) salinity and (C) ammonium
concentrations from 0-200 m (top row) and from 0-2000 m (bottom row).

SUPPLEMENTARY FIGURE 4

Shannon and Chao1 indices calculated for (A) bacterial and (B) archaeal

communities in water column samples of stations CTDA, CTDB and CTDC,
and (C) bacterial and (D) archaeal communities in sediment cores of DiveA,

DiveB and DiveC in the South China Sea.
Frontiers in Marine Science 1667
SUPPLEMENTARY FIGURE 5

Bacterial groups ranking 31-60 in the relative abundance in water column
samples of stations CTDA, CTDB and CTDC in the South China Sea. The

relative abundances of these groups were >0.01.

SUPPLEMENTARY FIGURE 6

b-diversity analysis of (A) bacterial and (B) archaeal communities in sediment
cores of DiveA, DiveB and DiveC.

SUPPLEMENTARY FIGURE 7

Bacterial groups ranking 31-60 in the relative abundance in sediment cores of

DiveA, DiveB and DiveC. The relative abundances of these groups were >0.01.

SUPPLEMENTARY FIGURE 8

(A) The comparisons of the means of (A) Shannon and (B) Chao1 indices of

bacterial and archaeal communities of surface sediment (SS), overlying water
(OW), nodule outside (NO) and nodule inside (NI) from all dives. *p < 0.05,

** p < 0.01, *** p< 0.001. (C) ANOSIM analysis for bacterial and archaeal
communities of SS, OW, NO and NI from all dives. The boxes of ‘SS’, ‘OW’,

‘NO’ and ‘NI’ represented the distance values within samples of the same

sample type. The boxes of ‘Between’ represented the distance values
between all samples.

SUPPLEMENTARY FIGURE 9

Venn analysis on OTU level. The numbers and the proportions of the

common (A) bacterial OTUs or (B) archaeal OTUs shared by surface

sediments (SS), overlying waters (OW) and nodules (NO, nodule outside; NI,
nodule inside) were shown for DiveA, DiveB and DiveC.

SUPPLEMENTARY FIGURE 10

Bacterial groups ranking 31-60 in the relative abundance in surface sediments

(SS), overlying waters (OW), nodules (NO, nodule outside; NI, nodule inside) of

DiveA, DiveB and DiveC. The relative abundances of these groups were >0.01.

SUPPLEMENTARY FIGURE 11

Collinear network analysis at archaeal OTU level on samples of surface
sediment (SS), overlying water (OW) and nodules (NO, nodule outside; NI,

nodule inside) for (A)DiveA, (B)DiveB and (C)DiveC. Networks were analyzed

based on all OTUs of each dive, but only those with the number beyond 200
were displayed.

SUPPLEMENTARY FIGURE 12

Maximum Likelihood phylogenetic tree was constructed for SAR324 OTUs

obtained fromwater column samples of stations CTDA, CTDB and CTDC. The

reference sequences were obtained by NCBI ‘blast’ alignment. The pie charts
showed the distribution of OTUs at different water depths.
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Introduction: Cobalt is the most important critical element in ferromanganese

crusts. Co concentration in the Fe-Mn crusts is one of the key parameters for

determination of the Co resource. Thus, it is essential to clarify the controls on

the variations of Co concentration of ferromanganese crusts.

Methods: To clarify the controls on Co concentration of hydrogenetic

nonphosphatized ferromanganese crusts, an equation was deduced based on

Fick’s First Law: Co( % ) = Mn02(% ) · Dsw · cswd · z
GR · Ssp, and eight potential

controls were gleaned from this equation, including dilution, diffusivity of Co

ions in seawater (Dsw), temperature which controls theDsw, Co ion concentration

in seawater (Csw), the diffusion distance of Co ions near the interface of seawater

and Fe-Mn crusts (d), thickness of one molecular layer (z), growth rate (GR), and

specific surface area of Fe-Mn crusts (Ssp). To constrain the value of Co ion

diffusion gradients (Csw=d ) and consequently verify the proposed equation, we

determined the Co concentrations, growth rates, and specific surface area of the

outermost layer of Fe-Mn crusts, and calculated diffusivity of Co2+.

Results: The Csw=d for the Fe-Mn crusts from Caiwei seamount (Magellan

seamounts) was determined to be 295-496 pM/mm, which are reasonable for

the Co ion concentrations and seawater mixing in the deep ocean.

Discussion: According to the equation established in this study, the trend of

decreasing Co concentrations in Fe-Mn crusts with increasing water depth is

controlled mainly by dilution and to a lesser extent by seawater Co ion

concentration, temperature of seawater, and consequently the diffusivity of Co

ions in seawater.
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1 Introduction

Cobalt (Co) is the most important critical element in

ferromanganese crusts (Fe-Mn crusts) due to the high

concentrations, economic value, and application in the

manufacture of hybrid and electric car batteries, storage of solar

energy, magnetic recording media, high-T super-alloys,

supermagnets, and smart phones (Hein et al., 2013). Relative to

2020, it’s estimated by the International Energy Agency that a 21-fold

Co supply will be needed by 2040 to achieve the clean energy

transition (IEA, 2021). Compared to the land-based reserve of Co,

11 million tons (U. S. Geological Survey, 2024), the tonnage of in

place Co in Fe-Mn crusts from the Pacific Prime Crust Zone (PPCZ)

is as high as 50 million tons (Hein and Koschinsky, 2014). Land-

based Co ores mainly occur in the West African copper belt (D.R.

Congo), with a reserve of 6 million tons, which is 55% of the land-

based Co reserves (U. S. Geological Survey, 2024). The average grade

of the Co ores in the West African copper belt is 0.12% (Milesi et al.,

2006). In contrast, the average Co concentration in Fe-Mn crusts in

PPCZ is 0.67% (Hein et al., 2013). Although the mining of Fe-Mn

crusts is not currently feasible for technological and economic

reasons, Fe-Mn crusts are promising future Co ores.

For determination of the Co resource both before and during

mining, Co concentration (grade) in the Fe-Mn crusts is one of the

key parameters. However, the Co concentrations in Fe-Mn crusts

show regional, local, and stratigraphic (depth in the crusts)

variations. The average Co concentrations of Fe-Mn crusts from

the seamounts in the Pacific range from 0.3% to 0.8% (Hein et al.,

2000). Cobalt concentrations of Fe-Mn crusts show a negative

correlation with water depth (Cronan, 1977; Halbach et al., 1983;

Manheim, 1986; Andreev and Gramberg, 2002; Benites et al., 2023),

and the data show a wide range of variations (Andreev and

Gramberg, 2002). The average Co concentrations of the

stratigraphic sections of the Fe-Mn crusts from the Magellan

seamounts range from 0.32% to 0.65% (Melnikov and Pletnev,

2013). Thus, it is essential to clarify the controls on the variations of

Co concentration of Fe-Mn crusts to develop criteria for exploration

and extraction.

Halbach et al. (1983) suggested that Co-flux is constant over one

order of magnitude of Fe-Mn crust growth rates, and consequently

concluded that extremely slow growth rates and high Mn

concentrations result in high Co concentrations. Based on the

growth rate and chemical compositions of Fe-Mn crusts from the

mid-Pacific, Manheim (1986) proposed that Co fluxes were roughly

constant regardless of the water depth, which indicates that slow

growth rates will result in high Co concentration in Fe-Mn crusts.

Ren et al.(2022, 2024) proposed that oxidizing deep-water,

oligotrophic bottom currents, and low sedimentation rates are

optimal for west Pacific Co-rich Fe-Mn nodule formations

(similar to Fe-Mn crusts in chemistry and mineralogy) to enrich

multiple elements from seawater, including Co. Hein et al. (2000)

suggested that the dominant controls on the concentration of

elements (including Co) in Fe-Mn crusts include the

concentration of the elements in seawater, element-particle

reactivity, element residence time in seawater, the absolute and

relative amounts of Fe and Mn in Fe-Mn crusts, dilution from
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detrital and diagenetic minerals, the colloid surface charge and

types of complexing agents, the value of x in MnO2-x, dissolved O2

and pH of seawater, specific surface area, and growth rate.

In this work, we analyze the potential controls for Co

concentrations in Fe-Mn crusts from the Magellan seamounts,

and propose an equation that unites all the factors.
2 Samples and methods

2.1 Sample description

Fe-Mn crusts from two sites are used here. Fe-Mn crust DY31-

III-JL-Dive70C (hereafter Fe-Mn crust DY31) was collected by the

Chinese submersible Jiaolong in 2013 on Caiwei seamount

(Magellan seamounts) (155.5492° E, 15.9246° N) at a water depth

of 2270 m. Fe-Mn crust MAD23 was collected by dredge on the R.

V. Dayang Yihao in 2006 from Caiwei seamount (155.5284° E,

15.9124° N) at a water depth between 1904 m and 1885 m

(Figure 1). Fe-Mn crust DY31 is about 6 cm thick, and the

stratigraphic section can be divided into three distinct layers

called II-1, II-2 and III (Figure 2). Layer II-1 is the lowermost

layer, 1 cm thick, and shows a dendritic texture with dendrite

orientation indicating that layer II-1 is an older crust that was

turned over before layers II-2 and III were accreted on to it. The

overlying layer II-2 is about 2 cm thick, black, and dense, with a

dendritic texture composed of short dendrites oriented in the

opposite direction to those in layer II-1. Layer III is about 3 cm

thick, composed of long, black dendrites. The substrate rock was not

recovered. Fe-Mn crust MAD23 is 6.6 cm thick, and the

stratigraphic section is divided into three distinct layers from the

bottom to the surface: I-1, II and III. Layer I-1 is 1.2 cm thick, dense,

and black, with a laminated texture; layer II is 3.2 cm thick,

dendritic, and varies from the compact to friable; layer III is 2.2

cm thick, black, and compact, with a dendritic texture (Figure 2).
2.2 Analytical methods for major elements,
230Th isotope, and specific surface area of
Fe-Mn crusts

In order to characterize the chemical composition, 20 samples

were taken along the stratigraphic section of Fe-Mn crust DY31 (13

for layer III, 6 for layer II-2, and 1 for layer II-1); 21 samples were

taken for Fe-Mn crust MAD23 (11 for layer III, 7 for layer II, and 3

for layer I-1) (Table 1). The outermost layers (youngest), 2.5 mm for

Fe-Mn crust DY31 and 3.6 mm for Fe-Mn crust MAD23, are used

in this study to investigate the controls on Co concentrations in Fe-

Mn crusts. The samples were ground to a <74 mm powder in an

agate mortar and pestle. The samples were then digested following

the procedure described by Ren et al. (2010), and analyzed by

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-

OES, Thermal iCAP6300 instrument) for Al2O3, CaO, TFe, K2O,

MgO, MnO2, Na2O, P2O5, TiO2, Co, Cu, Ni, Ba, Sr, and Pb.

Standards GSMC-1and GSMC-2 were analyzed together with Fe-

Mn crust samples to monitor accuracy.
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For determination of 230Thex growth rates of the outermost

layers of the Fe-Mn crusts, ten (DY31) and eight (MAD23) samples

were scraped layer by layer with surgical blades from the outermost

approximately 2 mm of crust (based on decay of 230Th in Fe-Mn

crusts and the detection limit). The sampling intervals d (mm) were
Frontiers in Marine Science 0372
calculated with the formula: d(mm) = 10�w(g)
r(g=cm3)�A(cm2), where w is the

weight of each sample; r is the density of Fe-Mn crusts (1.6 g/cm3,

Halbach et al., 1983), and A is the sampling area. The error of d is

estimated to be ±20% (Ku et al., 1979). The samples were ground in

an agate mortar and pestle and then dried at 110 ° C. Then the
FIGURE 2

Variation of specific surface area in the stratigraphic sections of Fe-Mn crusts from Caiwei seamount; note the scale bars in cm divisions.
FIGURE 1

Left map, location of World Ocean Circulation Experiment (WOCE) P10 transect (red line); right top map, location of Caiwei seamount; and right
bottom map, sampling sites of Fe-Mn crusts (red circles).
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TABLE 1 Major element concentrations through stratigraphic sections of Fe-Mn crusts from Caiwei seamount of the Magellan seamounts.

Sample
No.

Interval Al2O3
CaO TFe K2O MgO MnO2 Na2O P2O5 TiO2 Co Cu Ni Ba Sr Pb

mm %

DY31-III-JL-Dive70C: Layer III

Dive70C-(1) 0.0 2.5 2.4 2.9 15.9 0.77 1.95 34.5 2.23 0.84 2.2 0.67 0.24 0.49 0.20 0.14 0.17

Dive70C-(2) 2.5 4.7 1.5 3.4 17.5 0.56 1.68 32.2 2.13 0.86 1.6 0.68 0.06 0.33 0.13 0.14 0.16

Dive70C-(3) 4.7 7.1 1.5 3.0 17.8 0.56 1.69 31.5 2.16 0.81 1.6 0.63 0.07 0.33 0.14 0.15 0.16

Dive70C-(4) 7.1 9.1 1.5 2.9 17.5 0.55 1.63 32.0 2.15 0.79 1.6 0.62 0.08 0.34 0.14 0.14 0.15

Dive70C-(5) 9.1 11.6 1.4 2.8 17.2 0.55 1.61 32.9 2.17 0.80 1.6 0.64 0.09 0.36 0.14 0.14 0.15

Dive70C-(6) 11.6 14.1 1.5 3.0 16.7 0.59 1.69 32.9 2.17 0.76 1.8 0.61 0.11 0.37 0.14 0.15 0.15

Dive70C-(7) 14.1 15.6 1.5 3.0 16.3 0.57 1.64 33.2 2.15 0.76 1.8 0.59 0.13 0.39 0.15 0.14 0.15

Dive70C-(8) 15.6 18.2 1.7 3.0 17.8 0.62 1.75 36.3 2.38 0.85 2.1 0.62 0.16 0.44 0.16 0.15 0.16

Dive70C-(9) 18.2 20.8 1.6 2.9 15.7 0.59 1.63 31.8 2.00 0.71 1.9 0.47 0.14 0.37 0.15 0.14 0.18

Dive70C-(10) 20.8 22.5 1.8 3.0 17.0 0.63 1.67 32.2 2.12 0.73 2.0 0.45 0.16 0.37 0.16 0.15 0.14

Dive70C-(11) 22.5 25.1 2.1 2.9 18.7 0.63 1.64 30.3 2.10 0.78 2.0 0.43 0.16 0.33 0.17 0.15 0.15

Dive70C-(12) 25.1 27.2 2.3 2.8 18.6 0.64 1.61 29.6 2.08 0.77 1.8 0.44 0.17 0.32 0.17 0.14 0.14

Dive70C-(13) 27.2 30.8 2.4 2.9 17.3 0.71 1.76 31.0 2.12 0.73 1.9 0.52 0.18 0.36 0.17 0.14 0.13

DY31-III-JL-Dive70C: Layer II-2

Dive70C-(14) 30.8 33.8 2.7 3.0 15.0 0.83 1.98 34.0 2.15 0.70 2.1 0.64 0.22 0.47 0.17 0.14 0.11

DiIve70C-(15) 33.8 37.2 2.4 3.2 15.3 0.80 1.97 33.8 2.08 0.75 2.3 0.59 0.22 0.45 0.19 0.14 0.12

Dive70C-(16) 37.2 40.8 2.3 3.1 15.9 0.73 1.92 34.3 2.06 0.82 1.9 0.53 0.23 0.49 0.19 0.14 0.11

Dive70C-(17) 40.8 44.6 2.4 3.2 15.5 0.77 2.03 35.3 2.12 0.79 1.8 0.52 0.24 0.54 0.19 0.14 0.10

Dive70C-(18) 44.6 48.6 1.8 3.4 14.3 0.74 2.07 38.3 2.18 0.69 1.8 0.51 0.25 0.63 0.20 0.14 0.12

Dive70C-(19) 48.6 51.6 1.8 3.3 13.6 0.73 2.08 38.7 2.27 0.75 1.6 0.52 0.25 0.74 0.20 0.14 0.12

DY31-III-JL-Dive70C: Layer II-1

Dive70C-(20) 51.6 60.8 2.3 3.2 16.5 0.68 1.96 35.2 2.28 0.84 1.6 0.65 0.12 0.51 0.14 0.14 0.14

MAD23: Layer III

MAD23-(1) 0.0 3.6 5.5 3.5 18.8 0.63 1.92 29.7 2.62 1.03 1.4 0.53 0.04 0.32 0.12 0.14 0.15

MAD23-(2) 3.6 4.4 1.9 3.0 18.7 0.60 1.80 30.5 2.54 0.94 1.5 0.56 0.04 0.31 0.12 0.14 0.16

MAD23-(3) 4.4 5.2 1.8 2.9 18.7 0.61 1.78 30.4 2.46 0.95 1.5 0.59 0.05 0.31 0.12 0.14 0.16

MAD23-(4) 5.2 6.6 1.7 2.9 18.8 0.61 1.78 31.6 2.46 0.92 1.5 0.62 0.05 0.34 0.13 0.14 0.16

MAD23-(5) 6.6 9.0 1.6 3.0 17.9 0.62 1.83 32.3 2.47 0.83 1.6 0.68 0.06 0.38 0.14 0.15 0.15

MAD23-(6) 9.0 10.9 1.8 2.8 17.8 0.62 1.73 31.8 2.49 0.81 1.6 0.69 0.07 0.38 0.14 0.14 0.15

MAD23-(7) 10.9 13.5 2.0 2.8 17.2 0.64 1.70 31.7 2.54 0.79 1.6 0.71 0.07 0.39 0.14 0.13 0.15

MAD23-(8) 13.5 14.8 2.1 2.8 16.8 0.68 1.66 31.5 2.55 0.77 1.6 0.66 0.08 0.37 0.14 0.13 0.14

MAD23-(9) 14.8 17.6 1.9 3.0 16.9 0.68 1.74 32.3 2.49 0.76 1.8 0.63 0.09 0.37 0.14 0.14 0.14

MAD23-(10) 17.6 19.6 1.5 3.1 16.8 0.58 1.72 34.8 2.42 0.81 2.0 0.65 0.11 0.42 0.16 0.15 0.15

MAD23-(11) 19.6 22.6 1.3 3.2 16.8 0.58 1.77 36.1 2.42 0.77 2.1 0.62 0.13 0.44 0.17 0.16 0.16

(Continued)
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samples were digested following the procedure described by Hu

et al. (2002). The digested samples were separated and purified

using the procedure of Luo et al. (1986). U and Th isotopes were

determined by alpha spectrometry (Octete ™ PC).

To determine variations in specific surface area, eight samples

were taken along the stratigraphic section of the Fe-Mn crusts in

this study: five samples from Fe-Mn crust DY31 (two for layer III,

two for layer II-2, and one for layer II-1) and three samples from

layer III, II, and I-1 of Fe-Mn crust MAD23 (Figure 2). The samples

were crashed to grains of about 1 mm in diameter, and then dried at

110 ° C. The specific surface areas were determined by N2

adsorption using the BET method using a Belsorp-max

instrument, in September 2014.
3 Results

3.1 Fe-Mn crusts cobalt and
transition metals

The concentrations of Mn, Fe, Co, Ni, and Cu of Fe-Mn crusts

DY31 and MAD23 show the same variations as those of other

hydrogenetic Fe-Mn deposits (Table 1; Figure 3, right panel). The

Co concentration of the outermost layer (2.5 mm) of DY31 is

0.67%, and MnO2 concentration is 34.5%. The Co concentrations of

layer III (0-30.8 mm) of this Fe-Mn crust range from 0.43% to

0.68% with a mean value of 0.57%. The Co concentrations of layer

II-2 (30.8-51.6 mm) range from 0.51% to 0.64% with a mean value

of 0.55%, and the Co concentration of layer II-1 (51.6-60.8 mm) is

0.65%. The Co concentration of the outermost layer (3.6 mm) of

MAD23 is 0.53%, and MnO2 concentration is 29.7%. The Co

concentrations through the stratigraphic section of Fe-Mn crust

MAD23 vary between 0.71% and 0.34%. The ranges of Co

concentrations in MAD23 crust layer III (0-22.6 mm), II (22.6-
Frontiers in Marine Science 0574
53.8 mm), and I-1 (53.8-66.2 mm) are 0.53-0.71%, 0.37-0.61%, and

0.34-0.40% respectively. The average Co concentrations for crust

MAD23 decreases from 0.63% in layer III, to 0.53% of layer II, to

0.38% of layer I-1 (Figure 3, left panel).
3.2 Growth rates of outermost layers of the
Fe-Mn crusts

The 230Thex and ratios of 230Thex/
232Th of the Fe-Mn crusts

show exponential decreases with depth (age) (Table 2). The growth

rates (GR) were estimated by fitting the depth distributions of
230Thex and

230Thex/
232Th with the isotope decay equations 230Thex)

d = 230Thex)0· e −
l230
GR d and 230Thex/

232Th)d = 230Thex/
232Th)0· e −

l230
GR d, where d is sampling depth in the stratigraphic sections and

l230 is the decay constant of 230Th (9.19×10-6 a-1) (Figure 4).

The decay curve of 230Thex of Fe-Mn crust DY31 shows a

deflection at 0.74 mm (around 420 ka). The GR of this Fe-Mn crust

derived from 230Thex are 1.75 ± 0.13 mm/Myr between 0.00 mm

and 0.74 mm, and 5.90 ± 0.83 mm/Myr between 0.74 mm and 1.99

mm in the stratigraphic section, whereas the GR of this Fe-Mn crust

derived from 230Thex/
232Th are slightly higher between 0 mm and

0.74 mm, 2.03 ± 0.17 mm/Myr, and the same within error between

0.74 mm and 1.99 mm, 5.22 ± 0.45 mm/Myr. In contrast, the

growth rates of Fe-Mn crust MAD23 are constant between 0 mm to

1.9 mm, 2.82 ± 0.13 mm/Myr by 230Thex and 2.77 ± 0.23 mm/Myr

by 230Thex/
232Th.
3.3 Specific surface area of Fe-Mn crusts
from Caiwei seamount

The specific surface area decreases with depth (age) through the

stratigraphic sections of the two Fe-Mn crusts (Table 3; Figure 2).
TABLE 1 Continued

Sample
No.

Interval Al2O3
CaO TFe K2O MgO MnO2 Na2O P2O5 TiO2 Co Cu Ni Ba Sr Pb

mm %

MAD23: Layer II

MAD23-(12) 22.6 23.0 1.6 3.1 17.5 0.63 1.82 33.8 2.36 0.77 2.1 0.56 0.14 0.42 0.18 0.15 0.16

MAD23-(13) 23.0 33.0 2.4 3.0 17.8 0.81 1.89 31.8 2.33 0.74 2.0 0.56 0.16 0.39 0.18 0.14 0.14

MAD23-(14) 33.0 39.0 2.5 3.2 16.6 0.85 2.01 34.1 2.27 0.84 2.3 0.61 0.18 0.44 0.21 0.14 0.12

MAD23-(15) 39.0 43.0 2.4 3.2 16.8 0.80 2.00 33.6 2.25 0.84 2.0 0.53 0.19 0.47 0.21 0.14 0.12

MAD23-(16) 43.0 45.5 1.6 3.4 15.6 0.68 1.98 37.9 2.36 0.76 2.0 0.56 0.21 0.57 0.21 0.15 0.13

MAD23-(17) 45.5 49.0 1.5 3.7 14.7 0.72 2.07 39.5 2.48 0.90 1.8 0.51 0.23 0.68 0.22 0.15 0.12

MAD23-(18) 49.0 53.8 1.9 4.2 15.9 0.71 1.92 36.5 2.44 1.41 1.6 0.37 0.20 0.55 0.23 0.15 0.14

MAD23: Layer I-1

MAD23-(19) 53.8 56.7 1.6 6.0 16.4 0.65 1.79 34.4 2.32 2.54 1.8 0.34 0.18 0.44 0.26 0.16 0.15

MAD23-(20) 56.7 59.4 1.3 10.3 13.8 0.60 1.70 33.7 2.27 5.19 1.8 0.39 0.18 0.46 0.26 0.17 0.14

MAD23-(21) 59.4 66.2 0.9 15.0 12.5 0.46 1.44 30.7 2.15 8.46 1.8 0.40 0.16 0.38 0.25 0.17 0.14
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FIGURE 3

Left panel, Co concentrations of Fe-Mn crusts DY31 and MAD23 through the stratigraphic sections; right panel, ternary diagram of Mn, Fe, and (Cu
+Co+Ni)×10 following Bonatti et al. (1972) for samples analyzed in this study.
TABLE 2 238U, 234U, 230Th, 232Th, and 230Thex specific activity, and the ratios 230Thex/
232Th of Fe-Mn crusts from Caiwei seamount.

Sample No.
interval Average depth 238U 234U 230Th 232Th 230Thex 230Thex/

232Th
(mm) (mm) 10-2 Bq/g

DY31-III-JL-Dive70C

Dive 70C-1 0-0.16 0.08 16.92 ± 1.48 18.55 ± 1.56 1207.20 ± 43.05 13.28 ± 0.87 1188.64 ± 43.08 89.50 ± 6.70

Dive 70C-2 0.16-0.34 0.25 15.71 ± 1.31 17.93 ± 1.42 468.43 ± 18.80 12.56 ± 0.89 450.50 ± 18.85 35.86 ± 2.96

Dive 70C-3 0.34-0.53 0.44 15.01 ± 1.10 15.74 ± 1.14 182.62 ± 7.80 9.77 ± 0.76 166.88 ± 7.89 17.08 ± 1.55

Dive 70C-4 0.53-0.74 0.63 14.54 ± 1.22 15.74 ± 1.29 105.83 ± 7.91 9.88 ± 1.21 90.09 ± 8.02 9.11 ± 1.38

Dive 70C-5 0.74-0.96 0.85 15.39 ± 1.24 15.79 ± 1.27 88.05 ± 6.79 11.04 ± 1.32 72.26 ± 6.91 6.54 ± 1.00

Dive 70C-6 0.96-1.15 1.05 15.82 ± 1.20 17.89 ± 1.31 95.63 ± 4.91 13.36 ± 1.01 77.74 ± 5.09 5.82 ± 0.58

Dive 70C-7 1.15-1.35 1.25 13.37 ± 1.25 16.67 ± 1.45 54.97 ± 3.20 12.66 ± 1.03 38.30 ± 3.52 3.02 ± 0.37

Dive 70C-8 1.35-1.56 1.45 17.56 ± 1.54 17.51 ± 1.54 39.77 ± 2.24 11.54 ± 0.89 22.26 ± 2.73 1.93 ± 0.28

Dive 70C-9 1.56-1.78 1.67 15.86 ± 1.30 14.01 ± 1.20 31.85 ± 1.95 13.25 ± 1.01 17.84 ± 2.29 1.35 ± 0.20

Dive 70C-10 1.78-1.99 1.89 13.26 ± 1.15 14.71 ± 1.22 28.83 ± 1.90 10.97 ± 0.93 14.12 ± 2.26 1.29 ± 0.23

MAD23

MAD23-2-1 0-0.18 0.09 13.79 ± 0.99 21.85 ± 1.33 748.61 ± 21.60 10.21 ± 0.59 726.76 ± 21.65 71.21 ± 4.62

MAD23-2-2 0.18-0.42 0.3 16.58 ± 1.11 20.27 ± 1.27 376.73 ± 12.21 12.75 ± 0.73 356.47 ± 12.28 27.97 ± 1.87

MAD23-2-3 0.42-0.78 0.6 12.60 ± 0.97 17.22 ± 1.19 155.74 ± 5.06 9.98 ± 0.52 138.52 ± 5.20 13.88 ± 0.90

MAD23-2-4 0.78-1.04 0.91 13.13 ± 0.79 16.80 ± 0.92 55.34 ± 2.03 10.32 ± 0.57 38.53 ± 2.24 3.73 ± 0.30

MAD23-2-5 1.04-1.29 1.16 12.03 ± 0.69 12.21 ± 0.70 47.46 ± 2.48 10.90 ± 0.72 35.25 ± 2.57 3.23 ± 0.32

MAD23-2-6 1.29-1.56 1.42 12.19 ± 0.79 14.08 ± 0.88 25.07 ± 1.34 9.39 ± 0.61 11.00 ± 1.66 1.17 ± 0.19

MAD23-2-7 1.56-1.71 1.64 18.17 ± 1.35 18.90 ± 1.39 – – – –

MAD23-2-8 1.71-1.90 1.81 15.04 ± 1.01 16.60 ± 1.08 – – – –
F
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“-” means below detection limit.
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The specific surface areas of DY31 decrease from 401 m2/g and 414

m2/g in the upper and lower parts of layer III respectively, to 266

m2/g and 185 m2/g in the upper and lower parts of layer II-2, to 132

m2/g in layer II-1 (Figure 2, top panel). The specific surface areas of

MAD23 decrease from 321 m2/g in layer III, to 165 m2/g in layer II,

and about the same in layer I-1, 185 m2/g (Figure 2, bottom panel).

Fe-Mn crust DY31 was kept moist after recovery from Caiwei

seamount, and determined one year after recovery, while Fe-Mn

crust MAD23 was stored dry and analyzed 8 years after recovery.

The Fe-Mn crust analyzed soon after collection has higher specific

surface areas relative to those analyzed later.
4 Discussion

4.1 Theoretical model for the controls of
cobalt in Fe-Mn crusts

Almost all of the Co in seawater from the western North Pacific

is dissolved rather than particulate (Nakatsuka et al., 2009). The two
Frontiers in Marine Science 0776
main species of dissolved Co in seawater are Co2+ (65%) and CoCl+

(14%) (Byrne, 2002). Those Co ions are transported with bottom

currents and diffuse onto the surface of Fe-Mn crusts, where Co2+

ions are adsorbed by d-MnO2 (98-99%; Koschinsky and Hein, 2003)

and oxidized to Co3+, initially proposed by Murray and Dillard

(1979). In this Co enrichment process, diffusion is the critical step

because of the low diffusion flux relative to its oxidation rate by d-
MnO2. Halbach et al. (1983) estimated that the fluxes of Co into Fe-

Mn crusts from the Line Islands are 2.4-4.0 mg cm-2 kyr-1; in their

calculation, the high specific surface area of Fe-Mn crusts (average

300 m2/g; Hein et al., 2000) was not incorporated, which can

decrease the Co flux. Kanungo et al. (2004) carried out

adsorption experiments of Co on hydrous manganese dioxide

from complex electrolyte solutions resembling seawater in major

ion concentrations, and the results show that d-MnO2 adsorbed 2.4

mmole/g Co in 72 hours at pH 7.25 and temperature of 300 K. The

specific surface areas of d-MnO2 used in that study range from 2.64

m2/g to 94.22 m2/g (Parida et al., 1981). Consequently, we

calculated the maximum adsorption flux of Co on the surface of

d-MnO2 to be about 1.62×106 mg cm-2 kyr-1, which is much higher
FIGURE 4

Fe-Mn crusts DY31 (top panel) and MAD23 (bottom panel) from Caiwei seamount, decay profiles of 230Thex activities (upper curves, red dots in each
panel) and 230Thex/

232Th activities (lower curve, blue dots in each panel), error bars are shown for each datum.
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than the Co fluxes on Fe-Mn crusts in the natural seawater system.

This difference in Co flux may result mainly from the different Co

concentrations in the laboratory solution and in seawater.

Nevertheless, the adsorption experiment shows the great potential

of Fe-Mn crusts to adsorb Co. Therefore, based on flux data and

adsorption capacity, it is reasonable to conclude that the diffusion of

Co in seawater is the critical step in the Co enrichment process from

seawater to Fe-Mn crusts.

Assuming that all the Co ions that diffused to the surface of the

Fe-Mn crusts were adsorbed and eventually captured through

surface oxidation by the Fe-Mn crusts, the concentrations of Co

in the Fe-Mn crusts (Ccr, assuming that the concentration of d-
MnO2 in Fe-Mn crusts is equal to the percentage of MnO2; Co

concentration in Fe-Mn crusts normalized to MnO2 = 100% to

eliminate dilution mainly from detrital minerals and FeOOH) can

be given by

Ccr = J · Ssp ·
Z t
0
dt (1)

Where J = diffusion flux of Co, Ssp = specific surface area of the

Fe-Mn crusts, and
Z t

0
dt = duration for the growth of one

molecular layer.

When J is the function of time t, Equation 1 should be rewritten as

Ccr =
Z t
0
J · Sspdt (2)

For a semi-infinite medium with constant surface

concentration, the concentration can be derived from Albarede

(1995) as

C = (C0 − Cint)erf
x

2
ffiffiffiffiffiffi
Dt

p + Cint (3)

Where C = concentration in a semi-infinite medium, Cint = C at

x = 0, C0 = C at x = ∞, D = diffusivity. Based on Equation 3, the

response time and gradient of concentration C to the surface

concentration Cint can be estimated for Co diffusion in deep-sea

water in a diffusion layer of 5 mm as shown in Figure 5, where Cint =

34.1 pM, C0 = 0, D = 3.626×10-6 cm2/s for this research (shown in
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section 4.2.2 and 4.2.3). Figure 5 shows that the gradient of the

concentration of Co in the diffusion layer is nearly constant when

time t = 1000 s, which indicates that the response time of Co

concentration in the diffusion layer is rather short. In this case with

a constant gradient of concentration Co, the diffusion can be

described by Fick’s First Law. Since deep seawater is a dissipative

system, it is reasonable to assume that the Co concentration in

ambient seawater of seamounts vary slowly relative to the short

response time of the diffusion layer. Hence, we can use Fick’s First

Law to describe Co diffusion near the ferromanganese crusts on

seamounts concisely.

Based on Fick’s First Law, the diffusion flux of Co (J) from

seawater to the Fe-Mn crusts can be given by

J = −Dsw ·
dCsw

dx
(4)

Where Dsw = diffusivity of Co ion in seawater, Csw = Co ion

concentration in seawater at time t, dCsw
dx = diffusion gradient of Co

ions. Dsw can be estimated by Dsw = (m0 + m1T)×10
-6 cm2/s, where

m0 = 3.31, m1 = 0.158, and T is temperature in Celsius (Boudreau,

1997). Assuming that the Co concentration in seawater near the

interface of seawater and Fe-Mn crusts is 0 and the diffusion

distance of Co ions near the interface is d, then the dCsw
dx = − Csw

d .

The duration for the growth of one molecular layer of Fe-Mn

crust t can be given by

t =
z
GR

(5)

Where z = the thickness of one molecular layer of Fe-Mn crust

(4.7Å, Manheim, 1986), GR = growth rate.

When the Equations 2, 4, and 5 are combined, the

concentration of Co in Fe-Mn crusts (Ccr) can be given by

Ccr =
Z z

GR

0
Dsw ·

Csw

d
· Ssp · dt (6)

Where Csw is not constant in the duration for the growth of one

molecular layer and varies with time t.
TABLE 3 Specific surface area of stratigraphic sections of Fe-Mn crusts from Caiwei seamount.

Aliquot No. Stratigraphic layer Sampling interval Specific surface area Total volume

mm m2/g cm3/g

DY31-III-JL-Dive70C (155.5492°E, 15.9246°N; water depth 2270 m; sampling date: September 4, 2013)

DY31-III-JL-DIve70C-5 III 1.2 401.08 0.1966

DY31-III-JL-DIve70C-4 III 1.3 414.94 0.2041

DY31-III-JL-DIve70C-3 II-2 1.2 266.26 0.1415

DY31-III-JL-DIve70C-2 II-2 1.3 184.75 0.0917

DY31-III-JL-DIve70C-1 II-1 0.6 131.81 0.0710

MAD23 (155.5294°E, 15.9102°N; water depth 1895 m;, sampling date: June 6, 2006)

MAD23-3 III 3.0 321.15 0.1579

MAD23-2 II 1.3 165.15 0.0816

MAD23-1 I-1 2.7 185.49 0.0915
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When Csw is constant in the duration for the growth of one

molecular layer, Equation 4 can be rewritten as

Ccr = Dsw ·
Csw

d
· Ssp ·

z
GR

(7)

When Csw is not constant in the duration for the growth of one

molecular layer, Equation 4 can be rewritten as

Ccr = Dsw ·
Csw

d
· Ssp ·

z
GR

(8)

Where Csw is the averaged Csw weighted by time t, and Ccr is the

averaged Co concentration derived from Csw.

Equations 5, 6 indicate that the controls on the Co

concentrations in Fe-Mn crusts include diffusivity of Co ions in

seawater (Dsw), temperature which controls the Dsw, Co ion

concentration in seawater (Csw or Csw), the diffusion distance of

Co ions near the interface of seawater and Fe-Mn crusts (d), growth
rate (GR), and specific surface area of Fe-Mn crusts (Ssp).
4.2 Estimation of parameters

In Equations 7, 8, the diffusion distance of Co ions near the

interface of seawater and Fe-Mn crusts (d) cannot be measured

directly. Therefore, we calculated d for the Fe-Mn crusts from

Caiwei seamount based on Co concentrations, growth rates, and

specific surface area of the outermost layer of the Fe-Mn crusts,

diffusivity of Co2+, and Co concentration in the seawater.
4.2.1 Major elements
The sequential leaching experiments (Koschinsky and Halbach,

1995; Koschinsky and Hein, 2003) and X-ray absorption near-edge

structure data (Takahashi et al., 2007) show that the Co in Fe-Mn

crusts resides in vernadite (d-MnO2). Consequently, the other

minerals in Fe-Mn crusts, such as aluminosilicates, phosphates,

and FeOOH dilute the Co concentration of Fe-Mn crusts. In order
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to eliminate the dilution parameter, we normalized the Co

concentration to 100%MnO2. The normalized Co concentrations

of the outermost layers of DY31 (2.5 mm) and MAD23 (3.6 mm)

are 2.14% and 1.79% respectively.

4.2.2 Diffusivity of Co ions in seawater (Dsw)
The modern seawater temperature is 2°C at 2000 m water depth

around Caiwei seamount (Figure 6). The diffusivity of Co ions in

seawater is estimated to be 3.626×10-6 cm2/s by Dsw = (m0 +

m1T)×10
-6 cm2/s, where m0 = 3.31, m1 = 0.158, and T is in

Celsius (Boudreau, 1997).

4.2.3 Specific surface area
In Equations 7, 8, the specific surface area of d-MnO2 should be

used to calculate d. However, the specific surface area of d-MnO2 is

difficult to determine separately from FeOOH, which is epitaxially

intergrown. The vernadite (d-MnO2) in Fe-Mn crusts from the

western Pacific are sheets as thin as 1 nm determined by

Aberration-corrected FEG-STEM, and ferrihydrite (FeOOH) is

typically 10 nm or less in diameter (Hochella, 2008), both of

which coexist at a less than 1 micron scale as shown by EPMA

with a spot diameter of 1 mm, which can detect the X-ray signals

from Mn and Fe simultaneously (e.g. Ren et al., 2011).

The specific surface areas (Ssp) in this study were determined for

Fe-Mn crusts, which predominantly reflect d-MnO2 and FeOOH.

The specific surface areas of surface samples (≤ 1 mm sampling

depth) and volume samples (≤ 5-6 mm sampling depth) of Fe-Mn

crusts from Karin Ridge of the Mid-Pacific Mountains vary from 250

m2/g to 381 m2/g, and decreased up to 20% and 40% during the first

four weeks and the eight weeks respectively after collection (Hein

et al., 1994). The specific surface area along the section of a Fe-Mn

crust from Marshall Islands range from 373 m2/g to 530 m2/g for the

younger generation, and from 84 m2/g to 178 m2/g for the older

generation (Xue, 2007). The specific surface areas for Fe-Mn crusts

DY31 and MAD23 in this study show the same variations as those

obtained by Hein et al. (1994) and Xue (2007). The specific surface
FIGURE 5

Response time and gradient of Co concentrations in the diffusion layer to the surface concentration.
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areas of the younger generations are greater than those of the older

generation; the specific surface areas of MAD23 8-years after

collection are lower than those measured 1 year after collection

(Figure 7). The variation of specific surface areas reflects differences

in stratigraphy and preservation. From these data, we infer that only

the well-preserved outermost layers of Fe-Mn crusts can be used to

obtain specific surface areas that may closely reflect those existing

under in situ conditions. Specific surface area shows a nearly perfect

positive correlation (r = 0.997) with pore volume, with an intercept

close to zero (Figure 7), which indicates that the same characteristic

or process may control both, such as particle size. These

considerations indicate that it is most appropriate to use the Ssp of

the outermost layer of crust DY31 to estimate the d in Equations 7, 8.

4.2.4 Growth rate by 230Thex

The plots of 230Thex and 230Thex/
232Th versus depth show

constant exponential decay curves for Fe-Mn crusts DY31 (0-0.74
Frontiers in Marine Science 1079
mm) and MAD23 (0-1.99 mm), indicating that the growth rates

were constant during the growth of these outermost layers for each

crust. Therefore, we assume that the growth rates for modern Fe-

Mn crusts are the same as those that define the growth rates of the

outermost layers approximately 0.74 mm and 2 mm for DY31 and

MAD23 respectively. Here we use 1.75 mm/Myr (230Thex) and 2.03

mm/Myr (230Thex/
232Th) for Fe-Mn crust DY31, and 2.82 mm/Myr

(230Thex) and 2.77 mm/Myr (230Thex/
232Th) for Fe-Mn crust

MAD23 to estimate d in Equations 7, 8.

4.2.5 Estimation of diffusion gradients of Co
ions (Csw=d )

Using the above parameters, the diffusion gradients of Co ions

(Csw=d ) can be estimated (Table 4). Based on the parameters for Fe-

Mn crust DY31, the diffusion gradient of Co ions ranges from 295

pM/mm to 342 pM/mm. The gradient calculated for Fe-Mn crust

MAD23 is greater than for DY31, ranging from 487 pM/mm to 496
FIGURE 6

Profile of seawater temperature, west Pacific (location is shown in left map of Figure 1; modified with permission after http://www.ewoce.org/
gallery/P10_TPOT.gif, Schlitzer, Reiner, Electronic Atlas of WOCE Hydrographic and Tracer Data Now Available, Eos Trans. AGU, 81(5), 45, 2000).
FIGURE 7

Regression of specific surface area versus total pore volume.
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pM/mm. Given the bottom currents and mixing generated by the

impact of water masses on seamounts (e.g., Lueck and Mudge,

1997), and the Co ion concentrations of seawater below 2000 m in

the Pacific ranging from approximately 30 pM to 40 pM, the

diffusion gradients of Co ions obtained in this study are reasonable.
4.3 Controls on the decreased Co
concentrations with water depth

The Co concentrations of Fe-Mn crusts decrease with water

depth. For example, the Co concentrations of Fe-Mn crusts from

Line Islands decrease by 69% with increasing water depth, from

2.0% at 1120 m to 0.62% at 3280 m (Halbach et al., 1983). Data from

Cronan (1977) also show that Co concentrations of Fe-Mn crusts

decrease by more than 50% from 1000 m to 3000 m. The average Co

concentrations of Fe-Mn crusts from the global ocean (Andreev and

Gramberg, 2002) decrease from around 0.75% at 1000 m to 0.25% at

4000 m, a 66% decrease.

According to Equation 8, the Co concentration in Fe-Mn crusts

can be given by

Co(% ) = MnO2(% ) · Dsw ·
Csw

d
·
z
GR

· Ssp (9)

The statistical data show that no significant correlation exists

between water depth and growth rates of surface samples of Fe-Mn

crusts (Hein et al., 2000). The specific surface areas of Fe-Mn crusts

from Karin Ridge of the central Pacific do not show a significant

correlation with water depth (Hein et al., 1994). Furthermore, z and

d are constant in Equation 9. So in this study we only consider the

Dsw, Csw and MnO2 concentration (dilution effects).

The seawater Co concentrations (Csw) decrease from around

38 pM at 2000 m to around 32 pM at 4000 m, a decrease of 16%

(Biller and Bruland, 2012); the Co diffusivity (Dsw) decreases from
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3.626×10-6 cm2/s (2000 m and 2°C) to 3.468×10-6 cm2/s (around

4500 m and 1°C), a decrease of 4.4%. So, integration of the decreases

of Dsw and Csw can decrease Co concentration of Fe-Mn crusts by

20% of the original value from shallow water to deep water, which is

not enough to account for the measured deceases of Co

concentrations of Fe-Mn crusts with increasing water depth.

Therefore, we infer that the decrease of MnO2 concentration

through dilution from aluminosilicates and FeOOH should be the

major control, which is consistent with the conclusions of other

studies. Halbach and Puteanus (1984) attributed the high Co

concentration in the Fe-Mn crusts from shallow water (1500-1000

m) to the lower carbonate dissolution rates and correspondingly

lower Fe supply to the crusts.

Equation 9 defines the controls on Co concentrations in the layers

of Fe-Mn crusts as they were accreted. However, in most cases, only

bulk Co concentrations in Fe-Mn crusts are available to quantify

resources. The bulk Co concentrations are mathematically equal to the

weighted average of those in various layers of Fe-Mn crusts, which can

be affected by absence of some layers that were eroded as noted before

by Hein et al. (2000). Bulk concentrations may also be influenced by

the subsidence and migration of seamounts, which can change the

ambient seawater chemical conditions around seamounts, even if the

seawater chemistry was constant (as in the present oceans) during the

growth of Fe-Mn crusts through the Cenozoic. Nevertheless, based on

Equation 9, it is possible to ascertain the sensitivity of Co

concentration to those potential influences for each stratigraphic

interval. The controls including dilution effect from incorporation of

detrital minerals (Kim et al., 2006) or dissolution of carbonate

(Halbach and Puteanus, 1984), seawater Co concentrations (Csw),

and diffusivity (Dsw) vary continuously in the region of a seamount.

When the Co concentrations in Fe-Mn crusts from a seamount are

sensitive to those controls, Equation 9 can constitute the theoretical

foundation for the application of Kriging to interpolate Co grade

values and estimate the resources for each stratigraphic generation.
TABLE 4 Parameters used for calculation of diffusion gradients of Co ions Csw=d
� �

.

DY31 MAD23

Water depth m 2270 1895 sampling water depth of Fe-Mn crusts

Thickness mm 2.5 3.6 thickness of outermost layers in this study

MnO2 % 35.48 29.69 MnO2 concentration of Fe-Mn crust

Co % 0.76 0.53 Co concentration of Fe-Mn crust

Ccr % 2.14 1.79 Co concentration, normalized to MnO2 = 100%

Ssp m2/g 401.08 321.15 layer III

GR1 mm/Myr 1.75 2.82 growth rate of outermost layer, determined by 230Thex

GR2 mm/Myr 2.03 2.77 growth rate of outermost layer, 230Thex/
232Th

z Å 4.7 4.7 thickness of one molecular layer

Dsw 10-6 cm2/s 3.626 3.626 diffusivity of Co ions in seawater

Csw=d
pM/mm 295 496 using GR1

pM/mm 342 487 using GR2
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5 Summary and conclusions

Eight controls on Co concentrations in nonphosphatized Fe-

Mn crusts are evaluated, including dilution effects, diffusivity of Co

ions in seawater (Dsw), temperature which controls the Dsw, Co ion

concentration in seawater (Csw), the diffusion distance of Co ions

near the interface of seawater and Fe-Mn crusts (d), the thickness of
one molecular layer of Fe-Mn crusts (z), growth rate (GR), and

specific surface area of Fe-Mn crusts (Ssp). Those controls are

integrated in the equation: Ccr = Dsw · Csw
d · z

GR · Ssp. Based on Co

concentrations, growth rates, and specific surface area of the

outermost layer of the Fe-Mn crusts, and diffusivity of Co2+, the

Co diffusion gradients (Csw=d ) for the Fe-Mn crusts from Caiwei

seamount is estimated to be 295-496 pM/mm. According to the

model developed here, the decrease of Co concentration in Fe-Mn

crusts with increasing water depth is controlled mainly by dilution

of MnO2, the main Co host-, and to a lesser extent seawater Co ion

concentration, temperature, and consequently the diffusivity of Co

ions in seawater.
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In-situ analysis of polymetallic
nodules from the clarion-
Clipperton zone, Pacific Ocean:
implication for controlling on
chemical composition variability
Jie Li1*, Yinjia Jin2, Hao Wang1, Kehong Yang1, Zhimin Zhu1,
Xingwei Meng1 and Xiaohu Li1*

1Key Laboratory of Submarine Geosciences, Second Institute of Oceanography, Ministry of Natural
Resources, Hangzhou, China, 2Huadian Electric Power Research Institute Co., LTD., Hangzhou, China
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 I) 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 I to Layer

II and then decreasing from Layer II to Layer III. Discrimination diagrams indicate

that both nodules formed through hydrogenetic and diagenetic processes, with

Nodule BC06 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.
KEYWORDS

micro-layers, ferromanganese nodule, spatial variability, in-situ analysis, clarion-
Clipperton zone
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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 km2 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 km2

(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–1

(Müller and Mangini, 1980), while those in the eastern CCZ are

slightly higher (0.20–1.15 cm ka–1) (Mewes et al., 2014; Mogollón

et al., 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; Mogollón et al., 2016; Volz et al., 2018).

The sediment in the study areas is mainly siliceous clay (ISA, 2010).
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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 BC06 (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 PMNs 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

mm 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.
FIGURE 1

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.
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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 × ICP-MS instrument. For each analysis, a 50 mm spot size, an

energy density of 5 J/cm2, 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 offline

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 mm, an energy

density of 4 J/cm2, and a repetition rate of 20 Hz. The laser scan

speed was 5 mm/s. Line analysis was performed on selected areas of
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.
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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 (m-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

mA, a spacing of ~20 mm, 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-

Ka generated at 45 kV and 100 mA. Powder subsamples were

scanned from 0° to 80° 2q 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

II) and buserite I have peaks at ~10 Å. The peak of unstable buserite

I shifts to 7 Å birnessite upon heating to 105°C for 24 hours.

Therefore, a heating experiment was conducted to distinguish

between the different types of 10 Å 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

m-XRF maps of the PMNs’ 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 m-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 SREY values of ~211 mg/g to ~1448

mg/g. On Post-Archean Australian Shale (PAAS) normalized REY

plots (Figure 7), the PMNs from both sites exhibit negative Y
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anomalies. Nodule BC06 from the eastern CCZ has lower dCe
values (0.38–1.70) and YN/HoN ratios (0.41–0.74) compared to

those of Nodule BC1901 from the western CCZ (dCe = 1.07–1.92;

YN/HoN = 0.59–0.84) (Figures 6, 7). The PMNs from both stations

exhibit weak positive Eu anomalies, with dEu values of 1.08–1.34.

Generally, the low SREY 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 SREY contents (average of 462 mg/g), negative Ce anomalies
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(average of 1.03), and generally lower LREE contents (average of

356 mg/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
FIGURE 3

Microphotographs showing the growth textures of the polymetallic nodules analyzed in this study. (A, B) Layer I and (C, D) Layer II of Nodule BC06;
(E) Layer I and (F) Layer II of Nodule BC1901; and (G, H) Layer III of Nodule BC1901. The left column contains micro-photographs under reflected
light. The right column contains backscattered electron (BSE) images of the two nodules.
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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 BC06,

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 BC06 and BC1901. The XRD patterns

contain prominent diffraction peaks at approximately 10 Å

(attributed to the 001 reflection) and 5 Å (the 002 reflection of

the same mineral). Additionally, there are weaker peaks at around 7

Å, indicative of a different mineral. Notably, the 7 Å reflection is

nearly undetectable in Layer I of Nodule BC06. Comparative

analysis shows that the 10 Å peaks are more intense and distinct

in Nodule BC06 than in Nodule BC1901, and the 10 Å peak is not

present in Layer I of Nodule BC1901. For Nodule BC06, the ~10 Å

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 Å and 1.42 Å 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 Å peak decreased to

varying extents, while the 7 Å peak intensified. Specifically, in

Layers I and III of Nodule BC1901 and Layer II of Nodule BC06,

the ~10 Å peak became less pronounced than the ~7 Å peak. In

contrast, after heating, in Layer II of Nodule BC1901 and Layer I of

Nodule BC06, the ~10 Å peak significantly decreased but remained

more distinct than the ~7 Å peak. Furthermore, some reflections

near ~10 Å shifted to lower angle regions (9–9.6 Å) 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
FIGURE 4

m-XRF map images of the thin section of Nodule BC06showing 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.
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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 Iolite 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
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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
FIGURE 5

m-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.
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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
Frontiers in Marine Science 0991
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 d-MnO2. This mineral is intricately interwoven

with poorly ordered or amorphous iron oxyhydroxide (d-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
FIGURE 6

Plots of Mn/Fe vs. (A) Ni; (B) Cu; (C) (Co+Ni+Cu)×10; (D) YN/HoN; (E) dCe; and (F) LREE/HREE for Nodule BC06 and Nodule BC1901. dCe =
CeN=(0:5LaN + 0:5PrN). 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.
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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 Å and ~10 Å 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).
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In contrast, diagenetic PMNs form through pore-fluid

precipitation, yielding phyllomanganates such as birnessite (~7 Å)

and buserite (~10 Å), as well as tectomanganates such as todorokite.

Todorokite, buserite I, and II, which are characterized by a ~10 Å

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.
FIGURE 7

PAAS-normalized REY patterns of ferromanganese nodules. (A) REY patterns of Nodule BC06 from the eastern CCZ; and (B) REY patterns of Nodule
BC1901 from the western CCZ.
FIGURE 8

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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The cations in buserite II resist the structural collapse to the 7 Å

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 Å manganates. In this study, the

XRD patterns of all of our samples exhibited a notable reduction in

the ~10 Å peak after heating at 105°C, and the ~10 Å peak was

predominantly transformed into a ~7 Å peak, suggesting that the

original 10 Å phase was predominantly buserite I. The remaining

~10 Å peak was likely caused by a stable manganate phase, such as

buserite II or todorokite.

Previous research has revealed that 10 Å phyllomanganates can

incorporate more Ni and Cu than todorokite, which typically

contains less than 2 wt% of these elements (Bodeϊ 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 Å phyllomanganates

are the dominant Mn-phase, the stable 10 Å 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 Å 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 Å 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)×10 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 PMNs 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).
FIGURE 9

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 Å correspond to 7 Å phyllomanganate. The reflections at ~2.45 Å and ~1.42 Å are typical of Fe-rich vernadite. The broad
peaks at ~10 Å and ~5 Å at room temperature correspond to 10 Å Mn-phases (10 Å phyllomanganate/todorokite). The 10 Å and ~5 Å peaks that are
still present after heating are characteristic of a stable 10 Å manganite (todorokite/buserite II) phase. The intensified peaks at ~7 Å are indicative of an
unstable 10 Å –manganese phase (buserite I), which collapses upon heating at 105°C. Qz = quartz and Ph = phillipsite.
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In this study, the significant variations in the Mn/Fe ratios and

(Co+Ni+Cu)×10 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 m-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
FIGURE 10

Chemical characteristics of the studied nodules. Nodule BC06: (A) Layer I and (B) Layer II; Nodule BC1901: (C) Layer I, (D) Layer II and (E) Layer III.
Ternary diagram of Fe, Mn, and (Cu + Ni) × 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.
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highest Mn/Fe ratio determined for Layer I via LA-ICP-MS is 1.82.

The m-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 II 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 maximumMn/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 dCe values. Whereas fast-growing suboxic diagenetic

phases usually have lower (Zr+Ce+Y) contents and negative dCe
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
FIGURE 11

15×(Cu+Ni)–(Mn+Fe)/4–(Zr+Y+Ce)×100 ternary diagram [after Josso et al. (2017)]. Nodule BC06: (A) Layer I and (B) Layer II; Nodule BC1901: (C)
Layer I, (D) Layer II and (E) Layer III. The legend is the same as in Figures 6 and 10. The open and filled symbols denote data obtained via spot and
line analyses, respectively.
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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 dCe 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 dCe of 1.52, n = 15). The dCe value
decreases from Layer I to Layer II and then increases from Layer II

to Layer III.

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 Ce4+ to soluble Ce3+,

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 dCe 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

dCe value is negatively correlated with the Mn/Fe ratio (Figure 6E).

Layers with lower dCe values tend to plot closer to the diagenetic field
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on the ternary discrimination plots compared to layers with higher dCe
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 BC06from 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 dCe 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
FIGURE 12

Plots showing the density of the individual layers in the studied nodules. Nodule BC06: (A) Layer I and (B) Layer II; Nodule BC1901: (C) Layer I, (D)
Layer II and (E) Layer III. dCe = CeN=(0:5LaN + 0:5PrN). 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).
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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
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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 dCe 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
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 II). 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 III). 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, 10Be/9Be

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 II compared to Layers I and III (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 Co2+ from the seawater onto the surfaces of the PMNs. At

the same time, metal ions (such as Cu2+ and Ni2+) 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 PMNs 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 PMNs.

2. 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.

3. 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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Fron
Nodule BC1901 from the western CCZ was divided into

three periods. Variations in the deep-water ventilation and

AABW were the major controlling factors.

4. 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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SUPPLEMENTARY FIGURE 1

LA-ICP-MS line analysis results for PMNs in this study. Variability of (A, B)Mn/

Fe ratio; (C, D) Co/(Cu+Ni) ratio; and (E, F) Ba content, along the chemical
measurement line, i.e., along the growth direction. The grey lines denote the

original data; and the red lines denote the 9‐point moving average. The thin
black dashed lines in Layers I–III denote distinct textural zones (see Section

4.1 in text and photos under microscope in Figure 2).
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Evolution of a seafloor massive
sulfide deposit on axial volcanic
ridges: a case study of the
Duanqiao hydrothermal field,
Southwest Indian Ridge
Weifang Yang1, Chunhui Tao1,2*, Shili Liao1, Huichao Zhang1,3,
Chuanwei Zhu4, Wei Li1, Guoyin Zhang1, Xuefeng Wang5

and Lisheng Wang5

1Key Laboratory of Submarine Geosciences, Second Institute of Oceanography, Ministry of Natural
Resources, Hangzhou, China, 2School of Oceanography, Shanghai Jiaotong University,
Shanghai, China, 3Institute of Marine Geology, College of Oceanography, Hohai University,
Nanjing, China, 4State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang, China, 5Key Laboratory of Cenozoic Geology and
Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China
The mineralization process below the surface of the seafloor in a hydrothermal

field has an important influence on the distribution and enrichment of elements.

The Duanqiao hydrothermal field (DHF) is located on the new axial volcanic ridge

of the ultraslow-spreading Southwest Indian Ridge. Owing to the limited surface

sulfide samples, the metallogenic processes occurring below the seafloor

surface such as the element enrichment mechanism and the temporal

evolution of the sulfide deposits remain unclear. In this study, we conducted

mineral texture, geochemical, 230Th/U dating, and laser ablation inductively

coupled plasma mass spectrometer analyses of a drill core containing shallow

sulfide deposits to study their evolution process. The results revealed that pyrite is

enriched in Mn, Co, As, Mo, Ag, Cd, Sb, Tl, and Pb, chalcopyrite is characterized by

high concentrations of Se, Sn, In, As, Ag and Pb, and sphalerite is enriched in Co,

Ga, Ge, As, Ag, Cd, Sb, and Pb. The 230Th/U dating data suggested five different

mineralization periods during 4,552–2,297 years. Apart from the top and bottom,

the core exhibited obvious characteristics of gradual accumulation of

mineralization. Results revealed that the variations in the elemental contents of

different layers and different types of pyrite were controlled by the interaction of

seawater and hydrothermal fluids within the sulfide mound over five different

mineralization periods. Compared with other hydrothermal fields on other mid-

ocean ridges, DHF pyrite is generally enriched in Zn, Pb, As, Ag, Cd, Mo, and Sb,

which might reflect shallow subsurface mixing during different periods of

hydrothermal activity.
KEYWORDS

sulfide drill core, trace metal geochemistry, 230Th/U dating, evolution process,
Southwest Indian ridge
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1 Introduction

Submarine hydrothermal sulfide deposits have been discovered

in different tectonic settings, including mid-ocean ridges, back-arc

spreading centers and volcanic arcs (Hannington et al., 2005).

Approximately 57% of such hydrothermal sulfide deposits are

formed in mid-ocean ridge environments (https://vents-

data.interridge.org). The scale of the distribution of hydrothermal

sulfide deposits is greater on the slow and ultraslow spreading ridges

because of the longer duration of hydrothermal activity, deeper

magma chambers, and development of detachment faults (Fouquet

et al., 1997; Hannington et al., 2011; Petersen and Hein, 2013; Tao

et al., 2020). Since 2011, a series of cruises have been conducted by

the China Ocean Mineral Resources Research & Development

Association to collect samples and data from the Southwest

Indian Ridge (SWIR). The geochemical characteristics of ore-

forming elements, sources of ore-forming materials, forms of

occurrence of precious metals, precipitation mechanisms, and

physicochemical conditions of ore formation have been studied

using surface sulfide samples obtained from the SWIR (Münch

et al., 2001; Tao et al., 2011; Nayak et al., 2014; Zeng et al., 2017; Liao

et al., 2018; Cao et al., 2021; Yuan et al., 2018a, Yuan et al., 2018b).

The Duanqiao hydrothermal field (DHF) is located on the new

axial volcanic ridges of the ultraslow spreading SWIR. Hydrothermal

fields on axial volcanic ridges generally contain only small-scale

sulfide deposits, but preliminary exploration of the DHF has

revealed that its scale of distribution is larger than that of most

hydrothermal fields on either fast- or slow- spreading ridge axis

(Hannington et al., 2011; German et al., 2016; Yang et al., 2023).

However, its potential mineral resources are lower than those of some

ore deposits developed on the northern Mid-Atlantic Ridge, e.g., s

Puy des Folles, and Krasnov hydrothermal fields (Cherkashov et al.,

2023). Previous studies have demonstrated that a sufficient heat

source, stable channels, and alternating intensity of magma supply

on a ridge axis might explain the large-scale mineralization in the

DHF (Li et al., 2015; Jian et al., 2017; Tao et al., 2020; Chen et al.,

2021). Earlier analyses revealed that the contents of Pb (263-2630

ppm), As (234-726 ppm), Sb (7.32-44.3 ppm), and Ag (35.2 to >100

ppm) in the DHF surface sulfides are relatively high, and substantially

higher than those of the Longqi, Yuhuang, and Tianzuo

hydrothermal fields on the SWIR and those of most magmatic

hydrothermal fields on slow- spreading ridge axis (Fouquet et al.,

2010; Yang et al., 2023). The current understanding of sulfide

mineralization associated with the SWIR is based on the analysis of

surface samples, but the metallogenic processes occurring below the

seafloor surface have yet to be investigated.

Through analysis of sulfide drilling samples collected by the

International Ocean Discovery Program and Blue Mining

programs, the three-dimensional structure and composition of

sulfide deposits can be obtained. The mineralization process

occurring below the surface of the seafloor in a hydrothermal

field has an important influence on the distribution and

enrichment of elements. Current research on drilling samples is

limited to the TAG and Snake Pit hydrothermal fields of the Mid-

Atlantic Ridge, and the Bent Hill hydrothermal zone of the Middle

Valley (Petersen et al., 1998, Petersen et al., 2000; You and Bickle,
Frontiers in Marine Science 02102
1998;Zierenberg et al., 1998). The internal structure of the

Semenov-5 hydrothermal field has also been studied through

mineralogical and chemical analyses of different parts of the

sulfide deposits (Firstova et al., 2022). The formation of

submarine hydrothermal sulfide proceeded via periodic

mineralization, and its accumulation process included chimney

growth, collapse accumulation, and hydrothermal fluid filling and

metasomatism in open spaces (Humphris et al., 1995; Zierenberg

et al., 1998; Graber et al., 2020). In recent years, the application of in

situ and high-spatial-resolution mineral chemical analysis

techniques has led to important advances in both elucidation of

element migration and enrichment mechanisms, and determination

of the mode of occurrence of modern and ancient seafloor

hydrothermal sulfides (Butler and Nesbitt, 1999; Choi et al., 2023;

Cook et al., 2009; Keith et al., 2016a; Li et al., 2018, Li et al., 2024;

Ren et al., 2021; Wohlgemuth-Ueberwasser et al., 2015; Wang et al.,

2017; Yuan et al., 2018a, Yuan et al., 2018b). The study of

hydrothermal sulfide chronology is vitally important in

determining the history of the formation and evolution,

mineralization scale, accumulation rate, and hydrothermal activity

of sulfide deposits (Lalou and Brichet, 1982, Lalou and Brichet,

1987; Lalou et al., 1993, Lalou et al., 1996; Kuznetsov et al., 2015;

Cherkashov et al., 2017; Jamieson et al., 2014, Jamieson et al., 2023).

This study used drill cores of surface sulfide mounds collected

from the DHF to systematically analyze the sulfide mineralogy, bulk

geochemistry, and in situ geochemical compositions of pyrite,

chalcopyrite, and sphalerite and to perform 230Th/U dating. Based

on the results, the mineralization characteristics and the controlling

factors on trace elements were investigated. The findings of this

study support systematic comprehension of both the metallogenic

element enrichment mechanism and the evolution process of the

DHF from a spatiotemporal perspective.
2 Geological setting

The SWIR extends from the Bouvet Triple Junction in the South

Atlantic Ocean to the Rodrigues Triple Junction in the Indian

Ocean (Figure 1A). It is characterized by ultraslow spreading, with a

full spreading rate of 1.4−1.8 cm/yr (Dick et al., 2003). The DHF is

located between the Indomed and Gallina transfer faults, with the

central volcano at 50°28′ E in segment#27 (Figure 1B) (Cannat

et al., 1999). The SWIR is expanding symmetrically, and the oceanic

crust is 9.5−10.2 km thick, i.e., approximately 3 km thicker than the

average thickness of oceanic crust (Li et al., 2015; Jian et al., 2017;

Liu and Buck, 2018). The DHF is on the axial ridge high at a depth

of approximately 1,700 m (Tao et al., 2012). It is a typical magma-

supply type hydrothermal field, evidently different from the Longqi

and Yuhuang hydrothermal fields that have poor magma supply

and are controlled by detachment faults (Tao et al., 2012; Tao et al.,

2020; Yu et al., 2021). The sufficient magma supply, alternating

intensity of magmatic activity, and large numbers of normal faults

and tectonic fractures suggest that the DHF is well suited to the

development of sulfide deposits.

The DHF was discovered in 2009 during the DY20 cruise. Since

then, several subsequent cruises conducted in this area have
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collected abundant geological samples that include basalts, sulfides,

and opals (Tao et al., 2012). Preliminary studies of the DHF sulfide

distribution revealed that it consists of two main areas of

sulfide deposition.

Massive sulfides and relict chimney fragments are found on the

surface or adjacent to the mound. The host rocks are basalts and

basaltic breccias, whereas sediments are distributed along slopes or

in areas of low terrain (Yang et al., 2023). During the DY30, DY34,

DY43 and DY65 cruises, sulfide drilling sampling was performed

and eight drilling cores were obtained (Figure 1C). The maximum

drilling depth was 10 m, which initially revealed the mineralized

zonation characteristics of the sulfide in the area.
3 Samples and analytical methods

3.1 Sample collection and description

The representative DHF sulfide samples (from drill core 43-

MDD07) used in this study were collected from the sulfide mound

using shallow drilling equipment during the DY43 cruise of R/V

Xiayanghong 10 in 2017. The entire core used in this study

comprises Fe-rich sulfides. The drilling depth was 2 m, but the

obtained sample length was 99 cm, the core recovery was 49.5%.

Owing to core collapse, only an 8-cm sample of sulfide breccia was

obtained from the top 1m. And 91-cm sample of sulfides was

obtained from the bottom 1m (Figure 2A). Of the bottom 1 m, the

uppermost part of the drill core comprises sulfide breccias of pyrite,

marcasite, sphalerite, amorphous silica and chalcopyrite. The

underlying mineralized sulfide comprises zones of massive pyrite

– marcasite – sphalerite – silica (108-117 cm), massive pyrite –

chalcopyrite – sphalerite – marcasite – silica (117-151 cm), massive

pyrite – chalcopyrite – sphalerite – silica (151-173 cm), massive
Frontiers in Marine Science 03103
pyrite – sphalerite – marcasite – silica (173-193 cm), massive pyrite

– silica – marcasite (193-199 cm) (Figures 2B–F).
3.2 Analytical methods

Mineral and textural analyses were conducted at the Key

Laboratory of Submarine Geosciences (Ministry of Natural

Resources, Hangzhou, China). All samples were examined as

polished thin sections using a reflected and transmitted light

polarizing microscope (Zeiss AXIO Scope A1).

Micro-drilling was also conducted at the Key Laboratory of

Submarine Geosciences using Proxxon MICROMOT drilling

equipment to obtain geochemical and chronological subsamples.

Thirteen micro-drilled subsamples were selected for determination

of bulk geochemical concentrations at the ALS Laboratory in

Guangzhou (China). Trace elements were analyzed using an

inductively coupled plasma mass spectrometer (ICP-MS; POEMS

III ICP-MS, Thermo Jarrell Ash Ltd., USA). The analytical error of

the trace elements data was <0.05%.

Trace element concentrations of pyrite, sphalerite and

chalcopyrite from the DHF were determined with a laser ablation

(LA)-ICP-MS at Nanjing FocuMS Technology (China), using a

Teledyne Cetac Technologies Analyte Excite LA system (Bozeman,

Montana, USA) coupled to an Agilent Technologies 7700x

quadrupole ICP-MS (Hachioji, Tokyo, Japan). A 193 nm ArF

excimer laser, homogenized by a set of beam delivery systems,

was focused on mineral surface with a fluence of 6.06J/cm2. The

ablation protocol employed a spot diameter of 40 mm at a 6-Hz

repetition rate for 40 s (equating to 280 pulses). Further details of

the operating conditions and methods used can be found in Hou

et al. (2009) and Gao et al. (2013). The United States Geological

Survey polymetallic sulfide pressed pellet MASS-1 and synthetic
FIGURE 1

Geological setting and bathymetry of the study area. (A) Geotectonic setting and topography of the SWIR. (B) Shipboard bathymetric map of the
segment #27 of the SWIR (Revised form Yang et al., 2023). (C) The sulfide drilling locations. The black and red dots represent all the drilling
locations. The red dot represents the sample station discussed in this paper. All the normal fault line and the age of ocean crust in panel (B) are from
Chen et al. (2021). The red stars in panel (A) represent the hydrothermal fields along the SWIR. Abbreviations: BTJ, Bouvet Triple Junction; RTJ,
Ridge Triple junction, AVR, Axial volcano ridge.
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basaltic glasses GSE-1G were used as standards to calibrate the

elements contents of the sulfides. Raw data reduction was

performed offline by ICPMSDataCal software using a 100%-

normalization strategy without applying an internal standard (Liu

et al., 2008). Precision and accuracy were better than ± 10%.

Seven micro-drilled subsamples were selected for 230Th/U

dating. The chemical separation of U and Th, together with the

MS analysis, were performed at the Uranium Series Chronology

Laboratory of the Institute of Geology and Geophysics, Chinese

Academy of Sciences. The chemical separation procedures and MS

analysis adopted were similar to those described in Yang et al.

(2017) and Wang et al. (2021). A standard (GBW04412) was

analyzed to verify the accuracy and precision of the 230Th/U

dating, providing precision better than 95%. The best age
Frontiers in Marine Science 04104
accuracy can be better than 5‰ (Cheng et al., 2013). All the

results were within 2s uncertainty, unless indicated otherwise.
4 Results

4.1 Mineralogy and paragenesis of sulfides

From the microscopically observed characteristics of the drilling

core in different mineralized zones, it was determined that the core

comprised mainly Fe-rich sulfide, and that the mineral assemblage

was pyrite, sphalerite, chalcopyrite, marcasite, and amorphous

silica. Among those minerals, pyrite was most abundant, although

sphalerite and chalcopyrite were also common.
FIGURE 2

Photographs of cross sections of drill core (43-MDD07) from the DHF and original samples used for analysis. (A) the lithological column of the core
(unit: cm); (B) massive pyrite – marcasite – sphalerite – silica; (C) massive pyrite – chalcopyrite – sphalerite – marcasite – silica; (D) massive pyrite –

chalcopyrite – sphalerite – marcasite – silica and massive pyrite – chalcopyrite – sphalerite – silica; (E) massive pyrite – sphalerite – marcasite –
silica; (F) massive pyrite – silica – marcasite. bsf: below seafloor. The red arrow in Figure a represents the sampling location for bulk chemistry and
chronology analysis. T and B in Figure b-f represents top and bottom respectively. Mineral abbreviations: Py, pyrite; Ccp, chalcopyrite; Sp, sphalerite;
Mar, Marcasite; Si, silica.
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Pyrite was found present throughout the core. Four paragenetic

types with distinct textures were recognized: granular pyrite (Py1),

late overgrowths of coarse granular pyrite (Py2), colloform and/or

dendritic pyrite (Py3), and euhedral pyrite (Py4). Granular Py1 and

colloform Py3 were common through the core. Granular Py1,

coarse-grained Py2 and chalcopyrite particles were found in the

inner wall of the hydrothermal channel, and the pyrite shows

obvious growth zoning (Figure 3A). Colloform Py3 and marcasite

were also common in the top and the bottom parts of the core.

Colloform Py3 was often associated with marcasite (Figure 3G).

Colloform Py3 also often surrounded by

Sphalerite in the massive Py-Sp layer of the core (129–151

cmbsf) (Figure 3E). Dendritic pyrite, which generally occurred

because of sphalerite intergrowth, was common in the silicified Py

layer (173–193 cmbsf) (Figure 3G). Early granular Py1 was replaced

by late recrystallized coarse granular Py2 and disseminated with

globular Py3 in amorphous silica (173–193 cmbsf) (Figure 3H).

Euhedral Py4 exhibited sharp, well-defined crystal boundaries and

discrete well-formed euhedral shapes, and it was commonly
Frontiers in Marine Science 05105
replaced by chalcopyrite in the massive Py-Sp layer of the core

(162–173 cmbsf) (Figure 3F).

Sphalerite often occurred withmassive textures in most samples of

the core. In the upper part and the lower-middle part of the core, the

content of sphalerite was obviously higher than that in the central part.

Sphalerite (Sp2) surrounding pyrite indicates a precipitation after

pyrite and can occur as laminated colloform textures in the inner wall

of the fluid conduit in the middle part of the core (151–162 cmbsf)

(Figure 3E). In the top of the core (108–117 cmbsf), massive sphalerite

(Sp1) is commonly associated with colloform Py3 (Figure 3C).

Massive sphalerite often replaced chalcopyrite and pyrite (Figure 3I)

and was found to have a mutual replacement relationship with pyrite

(Figure 3G) in the middle and bottom of the core.

Chalcopyrite was often found with granular textures, and it

occurred mainly as a replacement of sphalerite and pyrite

(Figures 3D, E, I). Chalcopyrite was also often found in the inner

wall of the fluid conduit in the top of the core (Figure 3A). In the

central part of the core, the content of chalcopyrite was higher than

that in the in the upper and lower parts of the core.
FIGURE 3

Representative photomicrographs of the sulfide core samples of the DHF. (A) The coarse-grained pyrite and chalcopyrite particles were found in the
inner wall of the hydrothermal channel, the pyrite multiple generations of grained Py1 and Py2 (108– 117 cmbsf); (B) Marcasite was often associated
with grained Py1 and Py2 (108–117 cmbsf); (C) Massive sphalerite (108–117 cmbsf); (D) Chalcopyrite was dispersed in massive sphalerite (Sp1) and
pyrite (129–151 cmbsf); (E) Sphalerite was distributed around the hydrothermal channel and associated with pyrite 3 (151–162 cmbsf). (F)
Chalcopyrite was filled in the gap of colloform pyrite (Py3) and replaced euhedral pyrite (Py4) (162–173cmbsf); (G) Dendritic pyrite (Py3) generally
occurred as colloform sphalerite (Sp2) replacement structure (173–193 cmbsf); (H) Early colloform pyrite was replaced by late recrystallized pyrite
and disseminated with globular pyrite in amorphous silica (173–193 cmbsf); (I) Massive sphalerite (Sp1) replaced chalcopyrite and recrystallized pyrite
replaced early colloform pyrite (Py3) (173–193 cmbsf). Mineral abbreviations: Py, pyrite; Ccp, chalcopyrite; Sp, sphalerite; Mar, marcasite; Am,
amorphous silica.
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Marcasite was often associated with grained Py1, Py2 and colloform

Py3 in the upper and bottom layer of the core (Figures 3B, G).
4.2 Bulk chemistry

The geochemical compositions of the samples, presented in

Table 1, were found characterized by high Fe content (19.31-41.75

wt.%, avg. 26.23 wt.%, n=13) and variable Zn content (0.47−19.54

wt.%, avg. 5.17 wt.%). The Zn content in the 126- and 186-cm layers

was evidently higher than that in other layers. Compared with Fe

and Zn, the content of Cu was low (0.11−8.69 wt.%, avg. 2.02 wt.%,

n=13). The Pb, As, and Cd contents were 142.45–755.24 ppm (avg.

235.17 ppm), 150.13–797.20 ppm (avg. 314.38 ppm), and 25.17–

920.01 ppm (avg. 212.09 ppm), respectively. The Co, Mo, and Mn

contents were 21.25–213.68 ppm (avg. 87.06 ppm), 37.53–161.24

ppm (avg. 79.77 ppm), and 25.17–124.76 ppm (avg. 65.03 ppm),

respectively. In contrast, the contents of Ag (1.83–50.35 ppm, avg.

18.73 ppm, n = 9), Sb (17.00–85.36 ppm, avg. 34.46, n = 8), Ni

(4.71–14.25 ppm, avg. 8.10 ppm, n =11), and Se (20.85–43.08 ppm,

avg. 30.14 ppm, n = 5) were relatively low compared with those of

Pb, As, and Cd. The contents of trace elements showed considerable

variation with depth. It is evident from Figure 4 that the variations

trend in the contents of Cu and Co were similar. And the Fe, Pb, Ag,

and As presented the same variations trend. However, it is notable

that at the bottom of the core, the Fe content exhibited a maximum,

the Cu and Co contents were markedly reduced, and the Pb, Ag, and

As contents were particularly high (Table 1).
4.3 LA-ICP-MS data

4.3.1 Pyrite
A total of 144 spot analyses were performed on different types of

pyrite at different depths within the core. The range of trace element

concentrations was found to fall into five main groups: <1, 1–10,

10–100, 100–1000, and >1000 ppm (Table 2). Elements found to

have the highest concentration were Cu (avg. 1,237 ppm) and Zn

(avg. 4,486 ppm). The average contents of Co, As, and Pb (i.e., 151,

417, and 992 ppm, respectively) were in the range 100–1,000 ppm

with notable outliers (up to 1,669 ppm Co, 3,998 ppm As, and 6,862

ppm Pb). The average contents of Mn, Mo, Ag, Cd, Sb, and Tl were

in the range 10–100 ppm with notable outliers (up to 1027 ppmMn,

572 ppm Mo, 474 ppm Ag, 1283 ppm Cd and 884 ppm Tl). The

average contents of V, Cr, Ni, Ga, Ge, Se and In were in the range 1–

10 ppm (up to 257 ppm Ga, 376 ppm Ge and 144 ppm Se). The

average contents of Ti, Te, Ba, W, Au and Bi were all <1 ppm.

The contents and compositions of the trace elements in

different types of pyrite at different depths within the core were

evidently different (Supplementary Table S1). The downhole

distribution of selected trace elements is shown in Figure 5. The

average values of Co, Se, As, Pb, and Cd of pyrite showed a trend of

gradual decline. However, the contents of Co and Se were relatively

high in the 162–173 cmbsf layer, whereas the content of Cd was

relatively high in the 173–193 cmbsf layer. The average values of Ag

in the pyrite showed a trend of gradual increase, whereas those of

Mo and Au showed a tendency to first increase and then decline.
Frontiers in Marine Science 06106
4.3.2 Chalcopyrite
Twenty-three spot analyses were conducted on the granular

chalcopyrite selected from different depths within the core

(Supplementary Table S2). The element with the highest

concentration was Zn (avg. 840 ppm). The average contents of

Ag (avg. 149 ppm, up to 258 ppm) and Cd (avg. 129 ppm, up to

2,055 ppm) were in the range 100–1000 ppm. The average contents

of Ga, Ge, As, Se, In, Sb, and Pb were in the range 10–100 ppm. The

Pb content was mostly low, ranging from below the detection limit

to 74.1 ppm, however, some individual points showed that Pb

enrichments to 172 and 698 ppm. The average contents of Ti, Cr,

Mn, Co, Mo, Sn, and W were in the range 1–10. The average

contents of V, Ni, Te, Ba, Au, Tl, and Bi were all <1 ppm (Table 2).

4.3.3 Sphalerite
Thirty-six sphalerite grains (including 4 colloform sphalerite

and 32 massive sphalerite) were analyzed to identity the trace

elements (Supplementary Table S3, Table 2). Elements with the

highest concentrations were Cu (avg. 5,494 ppm) and Fe (24,461

ppm). Additionally, sphalerite was highly enriched in Cd (avg. 2,961

ppm, up to 13,272 ppm) and Pb (avg. 1,221 ppm, up to 13,272

ppm). The average contents of Ga (avg. 303 ppm, up to 1317 ppm),

Ge (avg. 201 ppm, up to 596 ppm), As (avg.162 ppm, up to 890

ppm), Ag (avg. 219 ppm, up to 1044 ppm), Sb (avg. 241 ppm, up to

1006 ppm) were in the range 100–1000 ppm. The average contents

of Mn and Co were in the range 10–100 ppm, and the average

contents of Se, Mo, and In were in the range 1–10 ppm. The average

contents of V, Cr, Ni, Sn, Te, Ba, W, Au, Tl, and Bi were all <1 ppm.

Compared with pyrite and chalcopyrite, sphalerite was found more

enriched in Ga, Ge, Cd, Ag, Sb, and Pb (Table 2).
4.4 U-Th isotope ratios and U-Th ages

The U–Th isotope systematics of the samples are presented in

Table 3. The U concentrations ranged from 237 to 1871 ppb, with

an average of 723.9 ppb. The Th concentrations ranged from 300 to

5795 ppt, with an average of 1732.4 ppt. The U content was

extremely high in 186cm layer of the core (1841 ± 4.2 ppb). The

measured d234U values ranged between 86.6 ± 2.0 and 142.4 ± 2.4

and the corrected d234Uinitial ranged between 108 ± 3 and 144 ± 2

(Table 3). The formation age of the whole core was found to be

relatively young. The corrected 230Th age varied from 2297 ± 52 to

4552 ± 60 yrs. The metallogenic age of the core exhibited a trend of

gradual increase from the surface to the bottom (Figure 6A). The

age distribution bar chart is presented in Figure 6B.
5 Discussion

5.1 Paragenesis and spatial variation
of mineralization

The microscope observations and mineralization zonation

sequence of the core revealed substantial differences in the
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TABLE 1 Bulk chemistry of sulfide drilling samples from the DHF.

As Cd Mo Mn Sb Ni Se Tl V Ga Hg

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

0.01 0.01 0.01 0.01 0.04 0.01 0.05 0.1 0.01 0.05 0.02

296.27 168.25 120.70 102.41 21.95 7.32 – 73.15 7.32 25.60 7.32

259.37 393.85 57.64 62.44 33.62 9.61 – 48.03 – 62.44 –

226.28 502.85 45.26 50.28 35.20 – – 50.28 – 30.17 10.06

402.34 28.40 52.07 42.60 – 4.73 33.13 47.33 23.67 – –

218.42 33.24 71.23 33.24 – 14.25 28.49 – 47.48 – –

151.05 25.17 142.66 25.17 20.98 12.59 25.17 – 58.74 – –

573.82 29.75 72.26 51.01 17.00 8.50 – 42.50 46.76 – –

148.75 62.38 47.98 124.76 – 4.80 – 95.97 4.80 – –

150.13 112.59 37.53 100.08 – 8.34 20.85 83.40 4.17 – –

360.42 920.01 161.24 37.94 85.36 4.74 – – 61.65 109.07 9.48

273.16 390.89 127.16 42.39 37.68 4.71 – – 47.10 61.22 9.42

229.74 47.86 38.29 110.08 23.93 9.57 43.08 47.86 14.36 – –

797.20 41.96 62.94 62.94 – – – – – – –
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Elements Fe Cu Zn S Pb Co Ag

Unit % % % % ppm ppm ppm

Detection
limit

0.01 0.01 0.01 0.01 0.02 0.01 0.004

Sample depth (cmbsf)

115 32.52 0.31 4.50 36.21 197.51 69.50 1.83

116 25.31 0.15 7.66 27.76 134.49 134.49 –

126 23.53 0.11 16.29 25.70 145.83 40.23 –

135 28.21 1.29 1.02 31.95 170.40 85.20 29.35

141 27.26 8.69 0.47 29.30 142.45 213.68 2.85

150 25.22 5.03 0.61 28.03 163.64 155.24 2.94

158 30.52 1.34 0.95 34.47 170.02 21.25 5.95

166 21.40 0.93 2.26 25.82 259.12 76.78 27.35

181 19.31 0.79 3.01 22.02 191.83 66.72 5.84

186 20.25 2.75 19.54 22.05 218.15 – –

191 22.28 3.96 8.38 24.58 221.35 – –

196 23.45 0.61 1.28 26.32 287.17 52.65 42.12

199 41.75 0.34 1.29 46.57 755.24 41.96 50.35

cmbsf. cm below seafloor.
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FIGURE 4

The element contents distribution of the drill core of 43-MDD07 (cmbsf: below seafloor).
TABLE 2 Summary of LA-ICP-MS data (in ppm) for samples in this study.

All data
in ppm

Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se

Pyrite

Minimum 0.001 0.118 0.013 0.074 na 0.090 0.005 11.6 0.799 0.001 0.767 6.22 0.002

Maximum 10.4 28.5 23.4 1027 na 1670 15.4 10814 25302 257 376 3998 144

N 141 144 123 143 na 143 140 139 141 142 144 144 144

Mean 0.932 3.67 1.89 94.4 na 151 3.30 1237 4486 4.89 8.615 417 9.71

Median 0.621 1.75 1.07 63.0 na 42.6 2.87 649 2309 0.71 3.574 257 1.45

Chalcopyrite

Minimum 0.114 0.019 0.087 0.162 na 1.981 0.128 na 71.4 0.133 0.071 0.375 5.01

Maximum 24.1 0.686 4.61 16.5 na 53.588 2.929 na 5857 363.446 118.487 296.014 111

N 19 19 14 19 23 13 20 23 22 17 23

Mean 2.43 0.167 2.18 2.77 na 8.823 0.669 na 840 27.597 13.741 48.476 37.2

Median 1.20 0.141 1.87 1.184 na 7.104 0.425 na 146 2.631 2.394 13.535 30.1

Sphalerite

Minimum 0.017 0.002 0.047 3.39 3598 0.003 0.004 192 na 0.002 5.86 2.71 0.014

Maximum 1.40 0.687 1.518 140 131063 294 0.707 57202 na 1317 569 890 7.23

N 35 33 21 36 36 31 25 36 36 36 36 36

Mean 0.548 0.106 0.528 31.8 24461 22.7 0.148 5494 na 304 201 162 1.85

Median 0.497 0.859 0.480 17.4 10168 0.201 0.079 3126 na 133 171 73.9 1.53

Mo Ag Cd In Sn Sb Te Ba W Au Tl Bi Pb

Pyrite

Minimum 0.231 0.008 0.006 0.001 0.006 0.045 0.005 0.003 0.002 0.004 0.001 0.001 0.049

(Continued)
F
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TABLE 2 Continued

All data
in ppm

Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se

Pyrite

Maximum 572 474 1283 38.9 24.4 121 0.437 12.4 9.77 4.60 884 0.253 6862

N 144 144 138 136 128 143 73 131 141 136 134 81 144

Mean 64.1 91.3 34.3 1.25 1.31 14.9 0.102 0.373 0.607 0.572 98.2 0.010 992

Median 57.1 51.0 5.956 0.09 0.314 4.36 0.082 0.126 0.233 0.222 60.7 0.004 657

Chalcopyrite

Minimum 0.001 30.9 0.256 5.16 0.815 0.001 0.127 0.014 0.027 0.001 0.009 0.001 0.007

Maximum 29.0 258 2055 53.5 20.7 116 0.969 1.00 16.6 0.128 2.94 0.116 689

N 20 23 23 23 23 18 9 13 21 18 14 15 20

Mean 2.46 149 129 16.6 5.84 13.1 0.520 0.31 1.21 0.052 0.39 0.023 58.0

Median 0.516 147 1.334 11.4 4.01 1.30 0.503 0.148 0.206 0.042 0.061 0.020 11.1

Sphalerite

Minimum 0.005 12.3 152 0.001 0.056 1.55 0.016 0.004 0.004 0.008 0.003 0.001 26.5

Maximum 16.2 1044 13272 19.4 3.56 1007 0.999 0.351 1.58 1.52 14.0 0.051 5918

N 32 36 36 33 33 36 20 27 34 32 34 25 36

Mean 1.45 220 2961 1.76 0.701 241 0.120 0.059 0.149 0.197 0.689 0.009 1221

Median 0.132 138 2700 0.052 0.263 179 0.079 0.023 0.047 0.061 0.043 0.004 607
F
rontiers in Marin
e Science
 09109
 front
‘na’ indicates data is not applicable. Data are in ppm.
FIGURE 5

Downhole plots of the average concentrations of selected trace elements in all types of pyrite from the core.
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mineralization features between the upper, middle, and bottom

parts of the core (Figure 7). The upper part of the core (layer I) is

dominated by granular pyrite, containing a small amount of

colloform pyrite and late granular pyrite. The central part of the

core (layer III) is dominated by euhedral pyrite, although the lower

part is dominated by granular pyrite. The bottom of the core (layer

V) is dominated by colloform pyrite. The marcasite content is

relatively high, whereas the sphalerite content is low at the bottom

of the core (layer V). The following paragenetic associations are

apparent through the core: chalcopyrite + euhedral pyrite (Py4) →

chalcopyrite + granular pyrite (Py1) + massive sphalerite (Sp1) →

marcasite + coarse-grained pyrite (Py2) + massive sphalerite (Sp1)

→ later recrystallized pyrite (Py2) + colloform sphalerite (Sp2) →

colloform pyrite (Py3) + marcasite → amorphous silica. Compared

with the lower-middle part of the core, the upper-middle part of the

core is notably enriched copper-rich minerals such as chalcopyrite,

which might suggest a sustained influence by high-temperature

hydrothermal activity (Hannington et al., 1995).

In the early stage, large quantities of high-temperature minerals

formed, which included chalcopyrite and associated euhedral pyrite

and euhedral sphalerite. The second stage and the low-temperature

stage comprised the main ore-forming period of the core, when a

large quantity of massive pyrite formed. The late stage is

characterized by silicification caused by cooling of the

hydrothermal fluids, resulting in precipitation of high quantities

of amorphous silica.
5.2 Controlling factors on trace elements

5.2.1 Controls on trace elements in pyrite
Time-resolved LA-ICP-MS analytical signals revealed a

uniform distribution of most elements such as Pb, Zn, Cu, Co,

As, Sb, Mo, and Ag (Figures 8A, B) in the granular and colloform

pyrite, indicating that these elements are present mainly in lattice

substitutions rather than as inclusions of other sulfides. However,

in the euhedral pyrite, the distribution trend of Cu revealed by

the analytical signals was different from that of most other

elements, suggesting that chalcopyrite inclusions might be

present (Figure 8C).

Pyrite is widely distributed within hydrothermal deposits (Cook

et al., 2009; Deditius et al., 2014; Keith et al., 2016a); it is the most

common sulfide phase in seafloor massive sulfides and its

precipitation can effectively control the distribution of many trace

elements (Hannington, 2014; Keith et al., 2016a; Large et al., 2009;

Maslennikov et al., 2009).Previous studies suggested that pyrites

have crystallized at low temperatures are rich in Pb, As, Mn, Tl, Ag

and Cd (Metz and Trefry, 2000; Maslennikov et al., 2009). Pyrites

have crystallized at high temperatures are rich in Co, Se, Sn and Ni

(Keith et al., 2016a; Maslennikov et al., 2009; Meng et al., 2020).

Pyrite in the studied core is characterized by high contents of Mn,

Co, As, Mo, Ag, Cd, Sb, Tl and Pb, and low contents of Ti, Ga, In,

Sn, Ni, Se, Ba, W and Au (Table 2). This might suggest that the

formation of the sulfide mound underwent a combined process of

low-temperature and high-temperature mineralization.
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The source of the relatively enriched As in pyrite is primarily

the hydrothermal fluids, and a low-temperature environment is

favorable for its occurrence (Huston et al., 1995; Metz and Trefry,

2000; Maslennikov et al., 2009; Wohlgemuth-Ueberwasser et al.,

2015). The As contents in the granular pyrites in layer I are higher

than other layers and there are no significant differences in As

content among the pyrite types. The positive correlation found

between As and Sb in the pyrite is possibly because metals such As

and Sb are derived via sphalerite reactivation and might be

influenced by zonal refining (Keith et al., 2016a). Thus, zone

refining was likely a key factor controlling As and Sb behavior. At

medium–high temperatures and in a reducing hydrothermal fluid,

Mn has high solubility (Large et al., 2007; Maslennikov et al., 2009;

Grant et al., 2018), the high concentrations of Mn in the granular

pyrite of layer IV might reflect low fluid temperature and a relatively

oxidized seawater environment. Although the low-temperature

mineral galena was not detected in the DHF, the highest Pb

content observed in granular pyrite replaced by sphalerite

suggests the potential presence of Pb-mineral inclusions (Figure 8;

Smith and Huston, 1992). This is because Pb is unlikely to substitute

directly into the sulfide lattice due to its large ionic radius (George

et al., 2018; Grant et al., 2018).

The range of concentration of Tl is large (0.001−884 ppm) with

the maximum content found in the granular pyrite of the bottom

layer of the core (Supplementary Table S1). Usually, Tl is

preferentially enriched in sulfide under low-temperature

conditions (approximately 100–250°C) and it has high solubility

in high-temperature hydrothermal fluids (Huston et al., 1995;

Wang et al., 2017; Maslennikov et al., 2009). Mo is mainly

derived from seawater and its solubility in high-temperature fluid

decreases sharply (Von Damm, 1995; Douville et al., 2002; Metz and

Trefry, 2000). The solubility of Mo derived mainly from seawater is

markedly reduced in a high-temperature fluid (Keith et al., 2016a).

The range of concentration of Mo is very wide with the maximum

content (572ppm) found in the granular pyrite in layer I
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(Supplementary Table S1) which suggests that this layer is formed

under strong hydrothermal-fluid-seawater mixing conditions.

The Ag content is enriched in the colloform pyrite at the bottom

of the core, whereas it is relatively low in the euhedral pyrite

(Supplementary Table S1). The distribution of Ag might be

related to seawater–hydrothermal fluid mixing front as Ag

solubility decreases with increasing pH and decreasing

temperature (Butler and Nesbitt, 1999; Wang et al., 2017). The Ni

contents are very low in all types of pyrite. The depletion of Ni may

also reflect the influence of fluid-seawater mixing (i.e., sub-seafloor

mixing) (Gini et al., 2024). Consequently, the pronounced variation

in the concentrations of Pb, Tl, Mn, As, Se, Ag, Sb, and Ni in pyrite

throughout the core indicates that seawater mixing may have played

a crucial role in fluctuating the physicochemical conditions of the

hydrothermal fluid during the mineralization process.

5.2.2 Controls on trace elements in chalcopyrite
The ablation profiles of Cr, Mn, Co, Zn, Ge, As, Se, In, Sn, and

Pb were relatively uniform (Figure 8D), indicating that these

elements are present mainly as substitutions in the mineral lattice

(e.g., In for Cu; Co and Sn for Fe, Huston et al., 1995). The ablation

profile of Ag was different from that of other elements, and the

appearance of sharp peaks might indicate that the effect of mineral

inclusions containing the element of Ag (Huston et al., 1995; Grant

et al., 2015; George et al., 2016).

Previous studies revealed that chalcopyrite is generally a

relatively poor carrier of trace elements (Cook et al., 2011; George

et al., 2016; Keith et al., 2016b). Compared with the contents of Sb,

Co, Au, and Sn in chalcopyrite, those of Ag, Pb, Cd, and Se are

relatively high. The Au content exhibits no correlations with Ag, Pb

and Sb (Figures 9A–C). Typically, Au is common in medium-

temperature associations, whereas Pb is common in lower-

temperature associations (Halbach et al., 2003). The precipitation

of Ag in chalcopyrite is sensitive to increasing pH (Tivey et al.,

1999), and lower-temperature and stronger oxidation conditions
FIGURE 6

Age distribution of hydrothermal sulfide samples from the DHF, (A) The age distribution of the drill core of 43-MDD07 (cmbsf: below seafloor) (B)
Age error bar chart frequency-age diagram.
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are conducive to Ag precipitation in micro- inclusions; conversely,

high-temperature reducing conditions are conducive to Ag entering

chalcopyrite in the form of lattice substitution (Huston et al., 1995;

Grant et al., 2015).

The maximum content of Zn in the chalcopyrite reached 0.33

wt.%, and no Zn-bearing inclusions were observed (Shalaby et al.,

2004; Helmy et al., 2014). Therefore, we conclude that Zn in the

chalcopyrite exists mainly in solid solution. This is supported by the

fact that Cd, a typical element in sphalerite, shows a positive
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correlation with Zn (Figure 9D). Meanwhile, Co and Se are

indicators of fluid with high temperatures (Herzig et al., 1998;

Grant et al., 2018). The Co contents are much lower than the

average contents of seafloor sulfides (236 ppm, Hannington et al.,

2005) and ferromanganese nodules on their surfaces (Ren et al.,

2022, Ren et al., 2024). The Se content has no correlation with both

Co and Sn (Figures 9E, F). Previous studies suggested that the

content of Se can be controlled by the temperature of precipitation,

with Se-rich and Se-poor chalcopyrite precipitating at high and
FIGURE 7

Paragenetic sequences of mineralization in sulfides from the DHF.
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medium-low temperatures, respectively (Auclair et al., 1987; Rouxel

et al., 2004). The wide range of Se contents (5.81−112 ppm) can be

interpreted as reflecting variable degrees of fluid-seawater mixing.

Owing to the structure of stannite (Cu2FeSnS4) being very similar to

that of CuFeS2, chalcopyrite can incorporate Sn at high

temperatures (300−500°C) (Maslennikov et al., 2009). The

chalcopyrite in our study area has a relatively low Sn content

which indicate that a complex mineralization process

indeed occurred.

5.2.3 Controls on trace elements in sphalerite
The ablation profiles of Pb, Ag, Sb, Mn, Co, and Cd in both the

granular and the colloform sphalerite were relatively smooth,

indicating that these elements might occur as lattice substitution

in minerals (Figures 8E, F). Lack of correlation between Fe and Cu

indicated that submicroscopic chalcopyrite inclusions were not

involved in the analyses. However, Pb, Ag, Ga, and Sn in the

colloform sphalerite occasionally exhibited irregular undulating

spectral lines, suggesting that these elements might be present as

nanoscale inclusions (Figure 8F).
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The concentrations of Cd, Pb, Ag, Cr, Mn, As, Sn, Ga, and Ge in

sphalerite are higher than those in pyrite and chalcopyrite.

Sphalerite precipitates under a range of temperature, pressure,

sulfur fugacity, and oxygen fugacity conditions (e.g., Keith et al.,

2014). When the ore-forming fluid is at or below 250 °C, Zn is

preferentially precipitated in the form of sphalerite (Metz and

Trefry, 2000; Hannington et al., 2005; Hannington, 2014). A high

concentration of Pb (avg. 1,221 ppm) was found in all samples of

sphalerite, likely indicating the presence of Pb-bearing mineral

inclusions formed under medium–low temperature and

moderately reducing conditions (Grant et al., 2018). Positive

correlation (coefficient of determination R2 = 0.73) between As

and Pb can best be interpreted in terms of nanoscale inclusions of

galena or sulfosalts (Figure 10A).

High Cd concentrations (up to 13,272 ppm) are also found in all

the studied samples. The most common mineral of Cd is sphalerite,

and the high concentrations of Cd are caused by the replacement of

Cd2+ for Zn2+ (Cook et al., 2009). Variations in the Cd and Sn

contents of sphalerite might reflect fluctuating fluid chemistry and

deposition temperature (Scott and Barnes, 1972). In high-
FIGURE 8

Examples of LA-ICP-MS profiles (time-resolved) for sulfides in the DHF field. (A) Ablation profile for granular Py of 129-151cmbsf; (B) Ablation profile
for colloform Py of 193-199cmbsf; (C) Ablation profile for euhedral Py replaced by Ccp of 162-173 cmbsf; (D) Ablation profile for granular Ccp of
162-173 cmbsf; (E) Ablation profile for grained Sph of 151-162 cmbsf; (F) Ablation profile for colloform Sph of 108-117 cmbsf. Mineral abbreviations:
Py, pyrite; Ccp, chalcopyrite; Sp, sphalerite.
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temperature, acidic, reducing hydrothermal solutions, Sn can be

transported as the Sn(II) aqueous complex, such as SnCl2 (Heinrich

and Eadington, 1986). Given the low Sn content and its lack of

correlation with Cd in this study, the substitution of Sn2+ for Zn2+

in ZnS can be expected (Figure 10B; Maslennikov et al., 2009).

The high Ag concentration in sphalerite might be caused by

periodic reduction in temperature and rapid precipitation of Ag

from the original high temperature, strongly reducing fluid

(Maslennikov et al., 2009). The sphalerite samples contain high

concentrations of Sb (up to 1,006 ppm). The weak correlation

between Ag and Sb (R2 = 0.23) (Figure 10C) suggests a limited

degree of 2Zn2+ ↔ Ag+ + Sb3+ substitution and the inclusion of Ag

—Sb bearing minerals (Cook et al., 2009). These trace elements

commonly precipitate under lower temperature conditions. All the

samples show enrichment in Ga and Ge but there is no evident

correlation between Ga and Ge (Figure 10D). The transport of Ga in

sphalerite is dominated by neutral to weakly charged hydroxyl

complexes, even in a hydrothermal solution containing reduced

sulfur (Wood and Samson, 2006). Consequently, the high contents

of Ga and Ge in the sphalerite might explained by coupled
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substitution rather than direct substitution for Zn (II) (Cook

et al., 2009).
5.3 Distribution of trace elements in pyrite
with depth below the seafloor

The distribution of ages within the surface of the DHF sulfide

mound indicates a complex evolution process. The relatively intense

hydrothermal activity over the past 4,552 years can be broadly

divided into five different mineralization periods: 2,949 years (108–

117 cmbsf), 2,307–2,297 years (117–151 cmbsf), 3,523–3,253 years

(151–173 cmbsf), 4,552 years (173–193 cmbsf), and 2,558 years

(193–199 cmbsf) (Table 3, Figure 6A). Apart from the top and the

bottom, the core has obvious characteristics of gradual

accumulation of mineralization. At the bottom and top, it is

considered that hydrothermal seepage and metasomatic

mineralization occurred continuously in the interior of the mound.

The distributions of Co, Ag, As, Au, Cd, Mo, Pb, Sb, and Se in the

pyrite with depth below the seafloor are shown in Figures 11A–I.
FIGURE 9

Correlation plots of (A) Au-Ag; (B) Au-Pb; (C) Au-Sb; (D) Zn-Cd; (E) Se-Co; (F) Se-Sn in chalcopyrite from the DHF.
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Pyrite in the DHF is generally enriched in Pb, As, Ag, Cd, Mo, and

Sb and relatively depleted in Co, Se, and Au. The Se content is

relatively low in most of the pyrites except the euhedral pyrites in

the central part of the core. The As content of the granular pyrite

was higher than that of the colloform pyrite, which might reflect

direct precipitation from As-rich hydrothermal fluids (Huston

et al., 1995; Kristall et al., 2006). The granular pyrite at layer I is

enriched in Ag, As, Mo, Pb, and Sb compared with other types of

pyrite at other layers. The granular pyrite and late recrystallized

pyrite at layer II are enriched in Ag, Mo, Pb, and Se. The euhedral

pyrite at layer III is enriched in Co, As, Se, Sb and Pb. The

enrichment of Co and Se in euhedral pyrite suggests high-

temperature mineralization (Metz and Trefry, 2000; Martin et al.,

2023). This is in reasonable agreement with the mineralogical

observations that euhedral pyrite is often associated with

chalcopyrite or distributed in the inner wall of the hydrothermal

channel. The granular pyrite at layer IV is enriched in Cd, Ag, Au

and Pb. The colloform pyrite at layer V is enriched in Ag, Pb and

depleted in Co and Se.

According to the chronological model, the shallow sulfide

mound reflects a superposition process. Pyrites of different layers

and different periods show obvious metasomatism. The variation in

the elemental contents in different layers and types of pyrite is

controlled by the evolution of physicochemical conditions of the

hydrothermal fluid attributable to the interaction of seawater and

hydrothermal fluids within the sulfide mound. The shallow sulfide

mound underwent a mineralization process of precipitation

followed by multiple metasomatic precipitation episodes over a

short period. Owing to the limitations of the current domestic
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drilling rig used in the collection of the sulfide samples, further

technological advances are required to enable deeper sulfide

sampling. It is also necessary to refine the chronological evolution

to the point where individual episodes can be resolved

with confidence.
5.4 Comparison with trace elements in
pyrites from other hydrothermal fields
along the mid-ocean ridges

Compared with other hydrothermal fields along the mid-ocean

ridges (e.g., Longqi, Tianzuo, and East Longjing on the SWIR,

Wocan on the Northwest Indian Ridge, Edmond, Meso zone, and

Kairei on the Central Indian Ridge, and TAG, 5°S and Logatchev on

the Mid-Atlantic Ridge) (Yuan et al., 2018b; Liao et al., 2021; Ding

et al., 2022; Wang et al., 2017; Zhang et al., 2023; Keith et al., 2016a),

all types of pyrite in the DHF are generally enriched in Zn, Pb, As,

Ag, Cd, Mo and Sb and relatively depleted in Co and Se (Figure 12).

Pb shows positive correlations with Zn, Ag, Cd, Mo, and Sb with

coefficients of determination of 0.87, 0.80, 0.79, 0.41, and 0.62,

respectively (Figures 12A, C, D, F, H). Correlations between Pb and

As, Pb and Co, and Pb and Se, are weak (Figures 12B, E, G). This

contrasts with the enrichment of Zn, Pb, Ag, Cd, Mo, and Sb in

back-arc basin deposits, which is partly attributed to the influence of

felsic rocks and/or thick terrigenous sediments (Herzig et al., 1993;

Keith et al., 2016a; Yeats et al., 2017). Moreover, some pyrite grains

from the sediment-starved mid-ocean ridges such as 5°S and the

Meso zone also show enrichment in Zn and Cd, which in some
FIGURE 10

Correlation plots of (A) As vs. Pb, (B) Sn vs. Cd, (C) Ag vs. Sb, and (D) Ga vs. Ge in sphalerite from DHF. The dots and the boxes represent the grained
sphalerite and colloform sphalerite respectively.
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cases might reflect the precipitation processes rather than a

sediment related metal source (Keith et al., 2016a).

Previous studies suggested that fluid boiling can enhance the

enrichment of As, Cu, Pb, Ag, and Au while depleting Co and Ni in

pyrite from various active seafloor and continental hydrothermal

systems (Román et al., 2019; Wang et al., 2022; Dang et al., 2023).

This is primarily because fluid boiling significantly impacts the

physicochemical conditions of hydrothermal fluids, including

temperature, chloride concentration, pH, and oxygen fugacity

which consequently causes abrupt alterations in the solubility and

distribution of these elements (Keith et al., 2014, Keith et al., 2016a;

Tivey et al., 1999). In contrast, the concentrations of As, Cu, and Pb

in DHF pyrite are significantly lower compared to those

precipitated in association with the aforementioned fluid boiling

(Table 2; Román et al., 2019; Wang et al., 2022; Dang et al., 2023).

This can be attributed to the absence of fluid boiling in DHF, as

confirmed by results from phase-separation simulations conducted

using the salt-water (NaCl-H2O) Equation of State software

(https://www.xthermal.info/en/index.html).

The enrichment of As, Sb, Ag, Pb and lower contents of Co and

Se in the pyrite of the Brothers hydrothermal system can be

explained by seawater mixing during shallow recharge (Martin

et al., 2023). Additionally, these elements have the common

characteristic that they tend to precipitate at low temperatures;
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consequently, the unique mineralization process of particular

deposits might play an important role in the enrichment of such

elements. Bulk geochemical results of massive sulfide collected by

TV grabs in this area showed that these sulfides have high contents

of Pb, As, Cd, and Ag. Because of the frequent magma activities,

extremely low spreading rate at the DHF, long duration

hydrothermal activity, multi-stage mineralization, early

precipitated Ag, Sb, Pb, As and Cd in subseafloor sulfide would

be remobilized in the following episode of hydrothermal activity

(Yang et al., 2023). The bulk chemistry of the core analyzed in this

study exhibits the same feature. Therefore, the DHF, as a typical

axial volcanic ridge sediment-starved hydrothermal field, exhibits

trace element compositions that have obvious particularity

compared with other mid-ocean ridge hydrothermal fields. This is

further supported by multistage mineralization, as evidenced by

varying ages determined through 230Th/U dating (Figure 6). The

chalcopyrite and sphalerite in the DHF are also enriched in As, Sb,

Ag, and Pb. Ascending hydrothermal fluid undergoes mixing and

cooling within seawater, causing pronounced change in the fluid

temperature and deposition of pyrite, chalcopyrite and sphalerite

with high contents of As, Sb, Ag, and Pb. The enrichment of As, Sb,

Ag, and Pb and the lower contents of Co and Se in the pyrite are best

explained by shallow subsurface mixing during different periods of

hydrothermal activity.
FIGURE 11

The distribution of trace elements in pyrite from different layers in the DHF. (A-I) represent the distribution of Co, Ag, As, Au, Cd, Mo, Pb, Sb, and Se
respectively. All layers are calculated at intermediate depth. Py1: granular pyrite, Py2: late overgrowths coarse granular pyrite, Py3: colloform pyrite,
Py4: euhedral pyrite. Layer I to V corresponds to 2,949 years (108–117 cmbsf), 2,307–2,297 years (117–151 cmbsf), 3,523-3253 years (151–173
cmbsf), 4,552 years (173–193 cmbsf) and 2,558 years (193–199 cmbsf) respectively.
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6 Conclusion

A sulfide drill core recovered from the DHF on the ultraslow

spreading SWIR was studied in detail to understand the

mineralization conditions, enrichment mechanism of metallogenic

elements, and the associated evolution process. Analysis revealed

that granular pyrite dominated the upper part of the core, euhedral

pyrite dominated the central part of the core and colloform pyrite

dominated the bottom of the core.
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Pyrite is characterized by high Mn, Co, As, Mo, Ag, Cd, Sb, Tl and

Pb contents, and is characterized by low Ti, Ga, In, Sn, Ni, Se, Ba, W

and Au contents. Chalcopyrite is characterized by high concentrations

of Se, Sn, In, As, Ag and Pb and sphalerite is characterized by high

concentrations of Co, Ga, Ge, As, Ag, Cd, Sb and Pb. The 230Th/U

dating data suggests five different mineralization periods, and the core

has obvious characteristics of gradual accumulation of mineralization

during 4,552–2,297 years. The variations in the elemental contents of

the different layers and the different types of pyrite were controlled by
FIGURE 12

Concentrations of (A) Zn, (B) As, (C) Ag, (D) Cd, (E) Co, (F) Mo, (G) Se and (H) Sb vs. Pb in pyrite from various hydrothermal fields along the mid-
ocean ridges. Longqi (Yuan et al., 2018b), East Longjing (Liao et al., 2021), Tianzuo (Ding et al., 2022), Wocan (Wang et al., 2017), Edmond (Zhang
et al., 2023), Karei, Meso, TAG, Logatchev and 5°S (Keith et al., 2016a). Filled symbols and empty symbols represent the basalts-hosted and
ultramafic-hosted hydrothermal fields respectively.
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the evolution of the physicochemical conditions of the hydrothermal

fluid caused by the interaction of seawater and hydrothermal fluids

within the sulfide mound.

Compared with other hydrothermal fields along other mid-

ocean ridges, the pyrite in the DHF is generally enriched in Zn, Pb,

As, Ag, Cd, Mo, and Sb, which might be attributed to shallow

subsurface mixing during different periods of hydrothermal activity.

This work provides the first documentation of the evolution process

of a shallow sulfide mound on the SWIR.
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Bacterial contributions to the
formation of polymetallic
nodules in the Pacific Ocean
Xinyi He1,2,3,4, Qian Liu5, Xiaohu Li1,2,3*, Zhenggang Li1,2,
Hao Wang1,2, Zhimin Zhu1,2, Yanhui Dong1,2,
Jie Li1,2 and Huaiming Li1,2

1State Key Laboratory of Submarine Geoscience, Hangzhou, China, 2Second Institute of
Oceanography, Ministry of Natural Resources, Hangzhou, China, 3School of Oceanography, Shanghai
Jiao Tong University, Shanghai, China, 4Bureau of Marine Development, Qingdao West Coast New
Area, Qingdao, China, 5Key Laboratory of Marine Ecosystem Dynamics, Second Institute of
Oceanography, Ministry of Natural Resources, Hangzhou, China
Polymetallic nodules, widely distributed in the deep seafloor of the Pacific

Ocean, are characterized by their abundance of diverse metal elements and

considerable economic value. Previous studies have suggested a partial biogenic

origin of these nodules. This study investigated the role of microorganisms in

nodule formation by examining biological-like structures and bacterial

communities within nodules and sediments. Scanning electron microscopy

revealed bacteria-like microspheres, skeleton-like structures and extracellular

polymeric substances-like structures in the nodules. Energy dispersive

spectroscopy showed that these biological-like structures facilitated metal

enrichment, enabling subsequent mineral precipitation. Shewanella, Colwellia,

Leptospirillum, Sulfitobacter, and other bacteria may possess mineralization

potential due to their Mn or Fe oxidation capabilities. Differences in internal

structures and bacterial community composition between nodules from the

western and eastern Pacific Ocean could potentially suggest that growth

environment factors may contribute to nodule formation variation. These

findings highlight the involvement of microorganisms in nodule formation and

contribute to a better understanding of the biogenic mineralization process.
KEYWORDS

polymetallic nodules, sediment, bacterial composition, biomineralization, scanning
electron microscope, Pacific Ocean
1 Introduction

Polymetallic nodules, also known as ferromanganese nodules, are widespread mineral

resources in the deep seafloor. They are rich in Fe, Mn, Ni, Co, Cu, rare earth elements

(REEs), and other metal elements, such as Ti, Mo, Zr, Li, and Y (Hein et al., 2020). These

elements occupy crucial positions in various economic sectors, including the automotive,

aerospace, and renewable energy industries (Hein et al., 2013). The substantial reserves of
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nodules are found primarily in the Clarion-Clipperton Fracture

Zone (CCZ) in the eastern Pacific Ocean (Hein et al., 2013).

Initially, it was widely believed that nodule formation was

primarily driven by physicochemical interactions (Takematsu

et al., 1989; Roy, 1992). This process was thought to be

dominated by water-rock interactions and precipitation dynamics,

with iron and manganese oxides precipitating under redox gradient

conditions as the main mineralization driver (Goldberg and G.O.S,

1958; Crerar and Barnes, 1974).

Nodules that form through the continuous precipitation of Fe

and Mn minerals from oxygen-rich near-bottom waters are known

as “hydrogenetic nodules.” These nodules typically exhibit a Fe/Mn

ratio of approximately 1 in bulk analyses and are enriched in

elements such as Fe and Co (Hein et al., 2013). In contrast,

nodules that precipitate from oxygenated or suboxic sediment

pore waters are referred to as “diagenetic nodules,” which

typically have an Mn/Fe ratio > 5 and are enriched in elements

such as Mn and Cu (Halbach et al., 1988). Additionally, nodules

that exhibit a mixture of diagenetic and hydrogenetic origin are

called “mixed-type nodules” (Halbach et al., 1981).

Since Graham and Cooper (1959) suggested that manganese-

rich deposits on the seafloor may result from biological processes,

research into the role of microorganisms in nodule mineralization

has steadily gained attention. Subsequent studies employing

techniques such as scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) have further highlighted

the independent relationships between microorganisms and the

metals and minerals within the nodules (Burnett and Nealson, 1983;

Hu et al., 2000; Wang and Müller, 2009; Nayak et al., 2013). The

involvement of microorganisms in nodule formation has become an

increasingly acknowledged and explored topic within the field.

Nodules exhibit distinct distribution patterns in various marine

regions and are significantly influenced by the underlying

environments (Glasby, 1976; Cochonat et al., 1992; Molari et al.,

2020). The western Pacific contains one of the oldest oceanic crusts

(Glasby et al., 1982) and the seafloor is coated with red clay (Glasby

et al., 1987). The CCZ mainly develops on the smooth relief of

abyssal hills (Halbach et al., 1981), and the seafloor is covered by

rather thick, extensive layers of siliceous oozes (Margolis and Burns,

1976). Furthermore, the western Pacific mainly produces

hydrogenetic nodules (Jiang et al., 2020b), while nodules from the

CCZ are mostly of diagenetic or mixed-type origin (Wegorzewski

and Kuhn, 2014; Hollingsworth et al., 2021).

In recent years, microorganisms within nodules have been

acknowledged to significantly contribute to the process of nodule

formation (Jiang et al., 2020a). Microorganisms significantly

contribute to the cycling and mineralization of metals, utilizing

their metabolic activities to influence nucleation and crystallization

processes (Banfie ld and Nealson, 2018) . By al ter ing

microenvironments such as pH and redox conditions, they

facilitate mineral precipitation and shape mineral compositions

(Konhauser, 1997). The deposition of minerals is crucial for the

formation and growth of nodules, and microorganisms may exhibit

a promoting effect on nodule formation due to their ability to

mediate mineral formation and deposition (Hoffmann et al., 2021).
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Moreover, microbial mineralization activities are also associated

with the rough surface structure and the growth of internal laminae

in the nodules (Akai et al., 2013; Jiang et al., 2017).

However, the current understanding of microbial communities

and their biomineralization functions in nodules in different regions

of the Pacific Ocean remains limited. Comprehensive assessments

of the variations in environmental conditions, nodule types, and

abundance, as well as benthic organism activities across different

regions, are challenging. Further research is needed to provide a

more in-depth and comprehensive understanding.

In this study, we analyzed elemental composition of nodules

and applied scanning electron microscopy coupled with energy

dispersive X-ray spectroscopy (SEM-EDS) to analyze biological

structures and surface elemental composition in nodules from the

western and eastern Pacific. Furthermore, full-length 16S rRNA

gene analysis was conducted to examine bacterial community

composition within the nodules and underlying sediments,

aiming to uncover potential bacterial mineralization processes

and their role in the formation of mineralized structures in nodules.
2 Materials and methods

2.1 Sample collection

Samples of nodules and underlying sediments were collected

using a multicorer at depths of 5302-5562 m from zone M2 (MC02,

BC38A, and BC78) in the western Pacific during August and

September 2022 aboard the research vessel Dayangyihao on

voyage 75 (Figure 1, Table 1). The M2 area in the northern

Magellan Seamounts of the western Pacific is a geologically stable

region with limited volcanic and tectonic activity (Hein et al., 1997).

The surface sediments are mainly composed of brownish-yellow

clay. The study area represents a typical tropical oligotrophic

environment, with low surface productivity (Jiang et al., 2020a),

moderately high bottom water oxygen concentrations (175–200

mmol/m³) (Dutkiewicz et al., 2020; Ren et al., 2022), and a bottom

seawater temperature of approximately 1.5°C and salinity of around

34.6. The nodules in this area are primarily formed through

hydrogenic processes, characterized by Co enrichment and a

spheroidal morphology.

Samples were also collected using a multicorer at depths of

5177-5267 m from zone KW1 (MC04 and BC05) and zone A5

(BC12) in the eastern Pacific during voyage 73 of the research vessel

Dayanghao within the same timeframe (Figure 1, Table 1). KW1

and A5 are adjacent blocks, both located in the western part of the

CCZ in the eastern Pacific. The feature surface sediments with a

brown hue, is primarily consisting of siliceous oozes. The dissolved

oxygen concentration in the bottom seawater is approximately 150

mmol/m³ (Dutkiewicz et al., 2020), with a temperature of 1.5°C and

salinity around 34.7 (Washburn et al., 2021). The nodules are

predominantly poly-nodules and have a hydrogenetic or mixed-

type origin (Reyss et al., 1985).

The collected nodules and sediments were stored at −80°C and

transported on dry ice to the laboratory.
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2.2 Elemental composition analysis

The polymetallic nodules were dried, crushed, weighed (5 g)

and then ground into a homogeneous powder of 200 mesh size

using an agate pestle and mortar. Elemental analyses were

conducted at the Key Laboratory of Submarine Geosciences,

Second Institute of Oceanography, Ministry of Natural Resources.
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The major elements in the nodules and sediments were determined

using X-ray fluorescence spectroscopy (XRF, AxiosMAX,

PANalytical, Netherlands). The trace elements in the nodules and

sediments were determined using inductively coupled plasma-mass

spectrometry(ICP-MS, Elan DRC-e, Perkin Elmer). All measured

concentrations exceeded detection limits, with a relative standard

deviation of laboratory precision less than 10%.
TABLE 1 Description of the polymetallic nodules and surrounding sediments sampled at six sites in the Pacific Ocean.

Site

Western Pacific Eastern Pacific

M2-MC02 M2-BC38A M2-BC78 KW1-MC04 KW1-BC05 A5-BC12

Longitude 153.68˚E 153.76˚E 153.68˚E 154.34˚W 154.33˚W 156.56˚W

Latitude 19.14˚N 19.27˚N 19.09˚N 9.91˚N 10.08˚N 9.39˚N

Depth 5519 m 5302 m 5562 m 5219 m 5177 m 5267 m

Sampling Method Multicorer Multicorer Multicorer Multicorer Multicorer Multicorer

Sample Type
(Symbol)

Nodule
(WNA)
Sediment
(WSA)

Nodule
(SA)

Nodule
(SB)

Nodule
(ENB)

Sediment
(ESB)

Nodule
(SC)

Nodule
(SD)

Nodule
Morphology

Spheroidal Spheroidal Spheroidal Poly nuclei Poly nuclei Poly nuclei

Type of
Sediment

Siliceous clay Siliceous clay Siliceous clay Siliceous oozes Siliceous oozes Siliceous oozes

Technology
16S rRNA
sequencing

SEM-EDS SEM-EDS
16S rRNA
sequencing

SEM-EDS SEM-EDS
FIGURE 1

Locations of nodules and sediments sampling sites.
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2.3 Scanning electron microscopy and
energy dispersive X-ray spectroscopy

The nodules were mounted to epoxy and then cut in along the

maximum axis to make thin sections. SEM images were performed

using a TESCANMIRA3 field-emission scanning electron microprobe

(FE-SEM) at the Testing Center, Tuoyan Analytical Technology Co.

Ltd. (Guangzhou, China). After the samples were carbon-coated, SEM

images were acquired under an acceleration voltage of 20 kV, a beam

current of 15 nA and a magnification of 300–500×. The surface

elemental composition of carbon coated sample was characterized by

energy dispersive X-ray analysis (SEM-EDAX) EDS detector (EDAX

Element EDS detector) device attached to an SEM operating at 20 kV.

Observing SEM images provides information about the internal

structures within nodules, and further analysis can be conducted by

combining the corresponding EDS results.
2.4 Full-length 16S rRNA gene
sequence analysis

Under sterile conditions, the surface deposits adhering to the

nodules were scraped away. The nodules were then fragmented

using a chisel and then ground with a mortar. The nodules and

surrounding sediments were individually weighed to 0.5 g. DNA

was extracted using an Advanced Soil DNA Kit (MOBIO, Solana

Beach, USA) according to the instructions.

The extracted DNA was used as a template for amplifying the V1-

V9 regions with the primer set 27 F (5 ’-AGRGTTY

GATYMTGGCTCAG-3’) and 1492 R (5’-RGYTACCTTGTT

ACGACTT-3’). Polymerase chain reaction (PCR) was conducted

using the BioRad (S1000, Bio-Rad Laboratories, USA). Each sample

was run in triplicate, and the PCR products from the same sample were

pooled. Library preparation followed the 16S Amplification

SMRTbell® Library Preparation protocol, and sequencing of the

amplicon library was performed by Guangzhou Meige Biotechnology

Co., Ltd., utilizing the PacBio Sequel II platform (PacBio, USA).

Fastp (v0.14.1) removed sequences over 2000 bp, and Cutadapt

(v1.14) eliminated primers, resulting in valid fragments. Uparse defined

operational taxonomic units (OTUs) at a 97% similarity threshold,

with a confidence level of 0.8. Usearch-sintax (v10.0.240) aligned OTU

representative sequences against the Silva v132 database.

Alpha diversity indices, including abundance-based coverage

estimator (ACE) and Shannon, were calculated using usearch-alpha

div (v10) based on the relative abundances of OTUs in each sample.

Rarefaction curves were drawn by usearch-alpha div rare (v10)

based on a richness index to estimate the sampling efforts.

Community compositions were performed using R software.
3 Results

3.1 Morphologies and structures
of nodules

Disparities were observed in the external morphological

characteristics and internal structures of polymetallic nodules
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from the western and eastern Pacific (Figure 2). The nodules

from the western Pacific were near-spherical (Figure 2A), with a

homogeneous texture and no distinct core (Figure 2B). In contrast,

nodules from the eastern Pacific were primarily poly-nodules

containing more than three nuclei, exhibiting rough surfaces

(Figure 2C) and distinct cores, which were encased by

surrounding conduits (Figure 2D).
3.2 Elemental compositions

Nodules exhibited a significant enrichment of metal elements

such as Mn, Fe, Ti, Co, Cu and Ni compared to the sediments

(Table 2). Mn, Cu and Ni were generally more enriched in nodules

from the eastern Pacific, while Fe, Ti and Co were more enriched in

nodules from the western Pacific. Based on the Mn/Fe ratio, nodules

from the western Pacific were indicative of a pronounced

hydrogenetic origin (Mn/Fe ≈ 1) (Verlaan et al., 2004; Hein and

Koschinsky, 2014), whereas nodules from eastern Pacific generally

show a mixture of diagenetic and hydrogenetic origin, with a

predominantly diagenetic input (2.09-2.77) (Wegorzewski and

Kuhn, 2014; Hein et al., 2020).
3.3 Internal structures in nodules

Both western and eastern Pacific nodules exhibit regularly

arranged laminated structures (Figure 3). The nodules from the

western Pacific are characterized by laminated and concentric rims

(He et al., in press), where compact layers (brighter) and loose layers

(darker) alternate in a ring-like pattern, forming a rhythmic

structure (Figures 3A–C). In contrast, nodules from the eastern

Pacific predominantly display stromatolite-like rims with a loose

texture and abundant pores (darker areas) distributed irregularly

(Figures 3D–F). The compact structures in both regions show clear

Mn enrichment on their surfaces, identified from the Mn elemental

mapping, where lighter purple areas indicate higher Mn

concentrations (Figures 3C, F). This is based on qualitative EDS

analysis. The Mn distribution follows a rhythmic pattern,

corresponding to concentric or stromatolite-like laminations.

Furthermore, many biological-like structures were observed

from the fissures and cavities in the thin sections. For example,

some bacteria-like microspheres (Figures 4A) exhibited a ring-like

arrangement, with morphologies similar to those considered

bacteria by Jiang et al. (2019) and Reykhard and Shulga (2019).

Additionally, another type of bacteria-like microsphere,

characterized by a flattened, centrally concave shape, was densely

distributed within the channels (Figure 4B). Larger biological-like

structures (>20 mm), including porous spheroidal (Figure 4C) and

annular (Figures 4D, E) structures were also observed. Furthermore,

a transparent and highly reflective extracellular polymeric substance

(EPS)-like structure (Figure 4F) (Ren and Jones, 2021).

To further elucidate the elemental composition of these

structures, qualitative EDS analysis was performed. Higher peak

intensities indicate greater element enrichment (Figure 4). Mn, Fe,

and Ti are the primary metals that exhibit substantial enrichment
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TABLE 2 Partial major and trace element compositions of the nodules and sediments. Co, Cu, and Ni in ppm; Mn/Fe dimensionless; others in wt.%.

Western Pacific Eastern Pacific

Nodule
(WNA)

Sediment
(WSA)

Nodule
(SA)

Nodules
(SB)

Nodule
(ENB)

Sediment
(ESB)

Nodule
(SC)

Nodule
(SD)

Mn 17.47 0.65 17.50 17.27 23.54 0.50 23.81 25.43

Fe 18.57 6.19 17.98 15.86 11.28 4.52 11.20 9.19

Si 7.84 24.08 7.80 8.84 6.67 25.43 6.86 6.83

Al 3.10 9.21 2.90 3.59 2.58 6.66 2.56 2.89

Mg 1.30 2.13 1.22 1.46 1.34 1.93 1.09 1.86

Ca 1.77 1.49 1.82 1.84 1.87 0.93 1.90 1.73

Na 1.44 2.80 1.45 1.51 1.74 4.65 1.71 1.90

K 0.67 2.66 0.67 0.83 0.85 2.22 0.88 0.86

Ti 1.39 0.53 1.37 1.12 0.84 0.44 0.92 0.63

Co 3906 88 4148 3191 3271 95 3105 2549

Cu 2229 217 2168 3349 4974 364 5669 8582

Ni 3702 205 4018 4753 8159 188 9113 11157

Mn/Fe 0.94 0.11 0.97 1.09 2.09 0.11 2.13 2.77
F
rontiers in
 Marine Science 05125
FIGURE 2

Photographs of hand-specimen and thin sections of representative nodules from the Pacific Ocean, captured by digital camera: (A) A near-spherical nodule
from the western Pacific; (B) A thin section of a nodule from the western Pacific; (C) A typical coalesced nodule from the eastern Pacific; (D) A thin section
of a nodule from the eastern Pacific.
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within the nodules, and due to their considerable economic value,

they have been the subject of extensive research (Hein et al., 2020).

Furthermore, Mn and Fe play pivotal roles in cellular processes such

as development, metabolism, and enzymatic activity (Bruins et al.,

2000; Helmann, 2014), and are also known to facilitate the formation

of bacterial biofilms (Avidan et al., 2010; Mhatre et al., 2016). Of

particular interest, Mn, Fe, and Ti are also found to exhibit markedly

high concentrations on the microstructural surfaces, which warrants

further attention. The surfaces of microspheres exhibited the ability to

enrich metals (Mn, Fe, Ti), particularly Mn (Figures 4A, B). Surfaces

of other types of structures have similar elemental enrichments (Fe,

Mn, Ti), particularly Fe (Figures 4C–E). EPS-like structure displayed

comparable levels of enrichment for both Mn and Fe (Figure 4F).
3.4 Microbial community composition

The sequencing depth was sufficient, capturing most of the

community diversity with a rich variety of bacterial taxa

(Supplementary Figure S1; Figure 5) (He et al., in press). Proteobacteria

(38.2%-46.9%)waspredominantacrossthesamples,withthedominance

of the class Gammaproteobacteria (18.1% to 32.3%).Woeseia exhibited

dominance inWNA(12.26%)andWSA(9.56%),whileArcicellawas the

dominant genus in ENB (28.02%) and ESB (22.22%).

The experiment identified some unique genera that appeared to

be exclusive to specific samples (Table 3; Supplementary Table S1).

For example, Leptospirillum and Lentisphaera were found only in

western Pacific samples (WNA, WSA), while Psychrobium and

Sulfitobacter were detected exclusively in eastern Pacific samples

(ENB, ESB). Halomonas was enriched in ENB but was not detected
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in WNA. Similarly, wb1-A12, Blastocatella, and IS-44 were enriched

in sediment samples (WSA, ESB) and were not identified in WNA.

However, reliance on relative abundances alone was insufficient to

definitively confirm the presence or absence of these genera, though

it suggests the possibility of such patterns. It is important to note

that these results are based on sequencing data from a single sample,

highlighting the need for further replicates to robustly assess

microbial enrichment preferences across different sample types.

The 16S full-length sequencing technique enabled species

identification 29 species were detected from the nodule samples.

Excluding the unsigned and uncultured species, 9 species could be

identified (Table 4). These species, belonging to the Gamma or Alpha

classes of Proteobacteria, were from various genera (Supplementary

Table S2), indicating potential variations in their physiological

characteristics and functions. It is also noteworthy that the

occurrence of these species may be influenced by experimental

factors, which may hinder the definitive determination of their

exclusivity to a specific sample. Consequently, the zero abundances

observed (Table 4) cannot be conclusively interpreted as the absence of

these species but instead represent the potential for these species to be

unique to certain samples.
4 Discussion

4.1 Biological structures potentially
involved in nodule formation

Previous studies utilizing SEM-EDS have identified manganese-

oxidizing bacteria (MOB) and biological structures involved in
FIGURE 3

Images of internal structures in thin sections captured by SEM (A, B, D, E) and Mn distribution by EDS (C, F): (A, B) Internal structures of nodules
from the western Pacific, with (A) densely distributed laminated rims and (B) Concentric rims growing around a micro-core; (C) Mn distribution map
of the structure shown in (B); (D, E) Stromatolitic-like structures in nodules from the eastern Pacific; (F) Mn distribution map of the structure shown
in (E). Lighter purple areas indicate higher Mn concentrations.
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nodule mineralization (Wang and Müller, 2009; Jiang et al., 2020a;

Shulga et al., 2022). In this study, metal-enriched biological-like

structures were observed, including bacteria-like structures

(Figures 4A, B) and other biomophs (Figures 4C–F), which are

also likely involved in the mineralization process. SEM-EDS may

have resolution limitations in analyzing biological structures, which

can hinder accurate characterization of fine biological features and

trace element distributions, making these findings speculative in the

absence of direct evidence for their biological origin. However,
Frontiers in Marine Science 07127
careful comparisons with similar structures reported in the

literature were made during the SEM-EDS analysis.

In addition to the microspheres potentially representing

mineralizing bacteria (Figures 4A, B), other biomorphs that may

contribute to the mineralization process include porous structures,

likely remnants of radiolarian skeletons, characterized by high Si

content and features such as spines or spine-like openings

(Figure 4C) (Jiang et al., 2019);annular, skeleton-like structures

resembling the solid shells produced by coccolithophores
FIGURE 4

Images of biological-like structures in nodules from the western Pacific (A-C) and the eastern Pacific (D-F) captured using SEM-EDS: (A)
Microspheres arranged in a ring on a platform; (B) Multiple flattened microspheroidal structures with central concavities; (C) A porous spheroidal
structure; (D, F) Annular structures of varying shapes; (E, F) EPS-like structures coating tunnel surfaces. White crosses indicate analysis points. a-f
indicate the regions in the images (A–F) where elemental analysis was performed using EDS.
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(Figures 4D, E), as proposed by Wang et al. (2012); and transparent,

highly reflective structures capable of enriching Mn and Fe, similar to

extracellular polymeric substances (EPS) (Figure 4F) (Ren and Jones,

2021).The surfaces of these structures seem to serve as sites for the

precipitation of metal oxides, resulting in the accumulation of Fe and

Mn minerals (Jiang et al., 2019), which fall under the category of

biologically induced mineralization (BIM). BIM occurs when

organisms secrete metabolites that react with ions or compounds in

the environment, leading to the growth and deposition of mineral

particles (Frankel and Bazylinski, 2003). Jiang et al. (2019) suggested

that these biomorphs can induce mineralization processes through
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surface enrichment and proposed a mineralization process of mixed

colloids of Mn- and Fe-oxide-hydroxides through biological-induced

oxidation of Mn(II) and Fe(II) on the surfaces of biological structures.

The significant enrichment of metals observed on the surfaces of

biological structures in the present study provides further evidence

for this idea (Figures 4).

However, it is crucial to acknowledge that the proposed

biological structures are primarily qualitative interpretations

based on the literature, rather than quantitative determinations.

As such, their identification remains speculative, with EDS serving

only as a supplementary tool. Consequently, the possibility of non-

biological processes contributing to the observed morphological

features cannot be excluded. For example, abiotic processes such as

mineral precipitation or physical deposition could produce

structures that resemble those associated with biological

mineralization, complicating the interpretation of the results (Ren

and Jones, 2021; Zhang et al., 2024). Moreover, the relationship

between biological forms and mineral types in BIM remains

unclear. Therefore, further research should aim to establish a

more definitive link between specific biological structures and the

minerals they may induce, with a focus on acquiring direct evidence

of biological processes, while also critically considering the potential

role of abiotic mechanisms in shaping these structures.
4.2 Potentials of bacterial community
in mineralization

4.2.1 Main bacterial communities with
mineralization potential

Previous studies have suggested that mineralizing bacteria,

especially manganese-mineralizing bacteria, are present in
TABLE 3 Unique genera that not fully present in all samples (top 10, n.d:
not detected).

Unique
genera

Relative abundance (%)

Nodule
(WNA)

Sediment
(WSA)

Nodule
(ENB)

Sediment
(ESB)

Psychrobium n.d n.d 0.38 1.69

Sulfitobacter n.d n.d 0.15 1.01

Moritella 0.26 n.d 0.07 0.28

Halomonas n.d 0.01 0.43 0.04

wb1-A12 n.d 0.23 0.02 0.39

Leptospirillum 0.40 n.d n.d n.d

Blastocatella n.d 0.18 0.04 0.13

Ulvibacter 0.16 0.07 n.d 0.04

IS-44 n.d 0.14 0.01 0.13

Lentisphaera 0.11 0.03 n.d n.d
FIGURE 5

Bacterial community compositions in the nodules and underlying sediments (He et al., in press): (A) The relative abundance of bacteria at the phylum
level (top 20); (B) The relative abundance of bacteria at the genus level (top 20). WNA and WSA represent the western Pacific samples, with WNA
referring to the nodule and WSA referring to the sediment; ENB and ESB represent the eastern Pacific samples, with ENB referring to the nodule and
ESB referring to the sediment.
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nodules and actively contribute to the mineralization process

(Blöthe et al., 2015; Reykhard and Shulga, 2019; Jiang et al.,

2020b). SEM-EDS analysis has indicated the potential

involvement of biological components, including bacteria, in

mineralization (He et al., in press). Advances in sequencing

technologies could further elucidate the mineralization functions

of different bacterial species.

For example, members of the Magnetospiraceae and

Hyphomicrobiaceae have been identified as playing significant roles

in the iron cycle (Matsunaga et al., 1991; Shulga et al., 2022). The

Magnetospiraceae group, characterized by magnetotaxis, also exhibits a

unique iron-capturing ability that influences the distribution and

migration of iron in the environment (Molari et al., 2020).

Meanwhile, the Hyphomicrobiaceae group, as iron-oxidizing

bacteria, alters the chemical form and reactivity of iron, thereby

affecting its solubility, mobility, and bioavailability. This group may

also indirectly impact the cycling of other metal elements (Molari et al.,

2020). Additionally, Shewanella and Colwellia are known to participate

in manganese reduction processes (Blöthe et al., 2015). Several

Shewanella strains are also capable of oxidizing manganese to form

manganese oxide nanoparticles (Omoike and Chorover, 2006; Bräuer

et al., 2011; Wright et al., 2016). In addition, Shewanella may also

participate in the Fe cycle, exemplified by Shewanella oneidensis MR-1,

which is considered a model strain for dissimilatory iron reduction and

is capable of mediating metal reduction through the production of EPS

(Yan et al., 2021). EPS, composed of polysaccharides, proteins, and

lipids, are biopolymers that serve as a prerequisite for biofilm formation

(Liu et al., 2020) and act as carriers for biogeochemical processes such

as cell adhesion, mineralization, and microbial metal redox cycling

(Zheng et al., 2019). It should be noted that 16S rRNA sequencing has

limitations in resolution and sensitivity, which may hinder accurate

representation of the actual bacterial community composition

(Poretsky et al., 2014). Future studies could employ metagenomics

for a more comprehensive characterization of microbial community

structure and functional traits (Arıkan and Muth, 2023; Satya

et al., 2024).
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4.2.2 Unique bacteria with
mineralization potential

Several genera, which were temporarily detected only in specific

samples, also exhibit mineralization potential. For instance,

Leptospirillum, which was detected exclusively in western Pacific

nodule samples, possesses the ability for obligate Fe(II) oxidation

and is widely distributed in metal-rich environments, suggesting its

potential role in mineralization (Barrie Johnson, 2015).

Lentisphaera, which was detected exclusively in western Pacific

samples, has multiple strains capable of secreting transparent

exopolymers, potentially facilitating metal adsorption on the

bacterial surface and subsequent precipitation (Choi et al., 2013).

Similarly, several genera, including Sulfitobacter (Templeton

et al., 2005), Halomonas (Templeton et al., 2005), Marinobacter

(Handley and Lloyd, 2013), Pseudoalteromonas (Wu et al., 2013),

and Marinomonas (Xuezheng et al., 2008), have been temporarily

detected exclusively in nodules from the eastern Pacific

(Supplementary Table S1) (He et al., in press). Strains of these

manganese-oxidizing bacteria have been successfully isolated

and cultured under laboratory conditions, demonstrating their

ability to oxidize Mn(II) (Templeton et al., 2005; Zhang et al.,

2019). Among these, Pseudoalteromona has received considerable

attention for its production of extracellular organic compounds

(Bowman, 2007), with EPS serving as effective carriers for inducing

or controlling mineralization processes. For example, the strain

Pseudoalteromonas TG12 has been reported to produce EPS capable

of binding metals in sediments (Gutierrez et al., 2008). In addition,

Marinobacter and Alcanivorax, both exclusively detected in eastern

Pacific samples, have shown the ability to oxidize Fe(II) (Handley

et al., 2009; Sudek et al., 2009; Smith et al., 2011). Beyond iron and

manganese, some bacteria from eastern samples can also facilitate

the oxidation of other metals. For instance, Acinetobacter has been

found to oxidize Cr (Zakaria et al., 2007), while Marinobacter can

oxidize As (Handley et al., 2009). While this does not diminish the

discussion on bacterial roles in mineralization, the limitations of

sequencing methods necessitate further evidence to definitively
TABLE 4 Specific species in nodules and the surrounding sediments (removing unsigned and uncultured species).

Species

Relative abundance (%)

Nodule
(WNA)

Sediment
(WSA)

Nodule
(ENB)

Sediment
(ESB)

Halomonas sp. 148Z-13 0.00 0.01 0.42 0.04

Halomonas sp. CSM-2 0.00 0.00 0.02 0.00

Alcanivorax marinus 0.00 0.00 0.01 0.06

Moritella sp. BSw20747 0.09 0.00 0.03 0.10

Pseudoalteromonas sp. 520P1 No. 423 0.00 0.00 0.03 0.06

Pseudomonas pachastrellae 0.00 0.00 0.02 0.01

Roseovarius sp. TM1035 0.00 0.00 0.01 0.01

Bradyrhizobium japonicum 0.00 0.00 0.02 0.00
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confirm the presence or absence of bacterial taxa across samples

(Mainali et al., 2017).

4.2.3 Mineralization potentials of specific
bacterial species

Moreover, by utilizing the BIOCYC database (Caspi et al., 2015,

2016), several species with the potential for Mn(II)-oxidizing have

been identified among species detected (Table 4): Roseovarius sp.

TM1035, Pseudoalteromonas sp. 520P1 No. 423, and

Bradyrhizobium japonicum were all found exclusively in nodules

from the eastern Pacific. The enrichment of these species with Mn

(II) oxidation capabilities may correlate with the higher Mn content

in the nodule from the eastern Pacific (Table 2). However, the

specific oxidation pathways and enzymes involved in the Mn

oxidation process of these species still require further clarification.

Besides, Roseovarius sp. TM1035 can produce biofilm to adapt

to changes in the underlying environment (Kent et al., 2018).

Biofilm, an EPS containing embedded bacteria, aids in bacterial

resistance against adverse environmental stresses and also provides

sites on its surface for metal oxidation, mineral aggregation, and

precipitation, potentially facilitating the mineralization process

(Wang and Müller, 2009; Decho, 2010). Some strains of

Pseudoalteromonas can also generate biofilms for the removal of

Pb(II), Cr(VI), and Cd(II) (Priyadarshanee and Das, 2021), and

some strains of Bradyrhizobium has been found to employ an EPS-

mediated defense mechanism for metal precipitation (Santamarıá

et al., 2003). However, given our experimental results, more precise

functional analysis or prediction of key genes may be required to

further enhance our understanding of the mineralization functions

of the aforementioned bacteria. It’s also important to recognize that

the relative abundance data alone may not conclusively indicate the

exclusive presence of certain bacterial taxa in specific samples, given

potential variations arising from factors like limited sequencing

depth and methodological biases.
4.3 Potential discrepancies in the nodule
growth environment

The growth environments of polymetallic nodules in the western

and eastern Pacific may differ. In the western Pacific, polymetallic

nodules are thought to be primarily hydrogenetic (Mn/Fe ~ 1), with

metals precipitating from oxygen-rich near-bottom seawater, enriching

Fe and Co, while nodules from the eastern Pacific appear to be more

significantly influenced by diagenetic processes, with metal

precipitation occurring in sediment pore spaces, enriching Mn, Cu,

and Ni (Halbach et al., 1981, 1988). The elemental composition of

nodules is likely influenced by factors such as surface primary

productivity, organic carbon content in the seafloor, and redox

conditions. In the western Pacific, low primary productivity and high

dissolved oxygen in bottom waters may contribute to the rapid

oxidation of Fe and Co to stable +3 oxidation states (Liu and

Millero, 2002; Dutkiewicz et al., 2020; Jiang et al., 2020a). In contrast,

in the eastern Pacific, higher primary productivity and organic carbon

content in sediments may promote the formation of metal-organic
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complexes, potentially enriching Mn, Cu, and Ni in the sediments

(Verlaan et al., 2004). As organic matter degrades, reducing conditions

at the seafloor may release Mn and other elements in their 2+ states

into pore waters, which could further contribute to the enrichment of

these elements in the nodules (Jorgensen, 2001; Arndt et al., 2013).

The differing genesis of polymetallic nodules may also suggest

variations in the hydrodynamic and geological conditions under which

the nodules form. Nodules of hydrogenetic origin in the western Pacific

typically develop in relatively stable aquatic and geological

environments, facilitating the growth of near-spherical nodules

characterized by rhythmic, dense, and uniform laminae (Figure 2A,

Figures 3A, B) (Li et al., 2020). In contrast, nodules from the eastern

Pacific are predominantly influenced by diagenetic processes,

displaying stromatolitic-like growth structures with broader fissures

and pores (Figure 2D, Figures 3D, E). These features indicate that

nodule growth in this region was influenced by ongoing environmental

modifications, including seafloor bioturbation and bottom currents

(Veillette et al., 2007; Wegorzewski and Kuhn, 2014).

Furthermore, the differences in microbial community composition

across nodule fields in different marine regions may also reflect

variations in the environmental conditions. For example, notable

distinctions were observed when comparing the bacterial

communities identified in this study with those from other Mn

nodule fields, Such as the Korea Deep Ocean Study (KODOS) (Cho

et al., 2018) and the German license area (Blöthe et al., 2015) in the

Clarion-Clipperton Fracture Zone (CCFZ), as well as the Kara Sea

(Vereshchagin et al., 2019)and the South Pacific Gyre (Shiraishi et al.,

2016). For instance,Marinobacter and Idiomarina, two genera that are

mostly strictly aerobic, were abundant in the KODOS area (Ivanova

et al., 2000; Green et al., 2006). However, they were not detected in

samples from the western Pacific in this study, and their abundances in

samples from the eastern Pacific were extremely low (<0.2%),

potentially linked to variations in environmental oxygen levels.

Moreover, Shewanella and Colwellia, as potentially important genera

in the nodule formation in this study, were not detected in the KODOS

area and were only found in nodules from the German license area.

However, Colwellia exhibited widespread enrichment in sediments

from the Kara Sea (2%) and the South Pacific Gyre (>50%). Both of

these two regions are characterized by extremely low surface primary

productivity (D’Hondt et al., 2009; Demidov et al., 2017), suggesting

that Colwelliamay accumulate in environments with exceptionally low

carbon content due to its capability to degrade recalcitrant substances

(Tully and Heidelberg, 2013). The acquisition of more detailed

environmental data in future studies may provide further empirical

support for our hypothesis.
5 Conclusion

This study provides valuable insights into the relationship between

microorganisms and polymetallic nodule formation in the Pacific

Ocean. Through SEM-EDS analysis, we discovered various

biological-like structures capable of enriching metal elements on their

surfaces, indicating their potential role in promoting nodule formation

and growth. Several bacteria-like microspheres may suggest the
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presence of mineralizing bacteria within the nodules. Furthermore, 16S

rRNA gene sequencing identified several bacteria with mineralization

potential. These bacteria were found to be involved in metal redox

cycles through physiological metabolism or by facilitating mineral

deposition through the production of biofilms or EPS. Additionally,

differences in elemental compositions, internal structures, and bacterial

community compositions may indicate variations in the growth

environments of nodules across different regions. In the results and

discussion, we drew upon literature to clarify the bio-analogous types

and the functions of bacteria (especially potential mineralization

functions). Further research is needed to explore the specific

mechanisms of interaction between microorganisms and minerals,

and to investigate the potential applications of these findings in areas

such as deep-sea mining and environmental management.
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Giant diatom blooms driven by
deep water upwelling since late
MIS3? Evidence from the rim of
the Mariana Trench
Junyu Lin1,2, Dong Xu1,2*, Yue Li2, Liming Ye1,2, Qian Ge1,2,
Yeping Bian1,2, Xibin Han1,2, Weiyan Zhang1,2

and Shenghui Cheng1,2

1State Key Laboratory of Submarine Geoscience, Hangzhou, China, 2Second Institute of
Oceanography, Ministry of Natural Resources, Hangzhou, China
Laminated Diatom Mats (LDMs) in the low-latitude Western Pacific provide key

insights into global climate and carbon cycling. While Ethmodiscus rex (E. rex)

LDMs research has advanced, two critical aspects remain to be elucidated: (1) the

precise chronology of LDMs formation, and (2) its relationship with oceanic

circulation patterns and associated nutrient flux variations. In this study, we

employed AMS 14C dating coupled with carbonate content variations to

constrain the formation age of LDMs, complemented by comprehensive

geochemical and clay mineral analyses of core E20, we found: (1) Diatom

blooms occurred mainly from Last Glacial Maximum (LGM) to early Holocene;

(2) Sediments are mostly volcanic, with increased material in E. rex layers

suggesting stronger deep currents transported volcanic debris; (3) Blooms

weren’t solely caused by Asian dust-derived nutrients. We propose deep current

intensification and topographic upwelling drove diatom growth, highlighting deep

ocean processes’ role in surface productivity and LDMs formation. This advances

understanding of their climate and carbon cycle significance.
KEYWORDS

last glacial period, Western Pacific, Mariana Trench, laminated diatom mats,
Ethmodiscus rex
1 Introduction

The low-latitude Western Pacific is a pivotal region for global sea-air interactions, with

its interannual variability exerting a substantial influence on global climate dynamics (Yan

et al., 1992; Webster et al., 1998; Hollstein et al., 2018; Bowman et al., 2023). Studies have

demonstrated the low-latitude Western Pacific’s capacity for atmospheric CO2

sequestration during glacial periods (Bradtmiller et al., 2006; Xiong et al., 2013; Xu et al.,

2020). Recent discoveries of extensive Laminated Diatom Mats (LDMs) in the low-latitude
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Western Pacific have significantly enhanced our understanding of

global climate dynamics and carbon cycling processes (Xiong et al.,

2013; Luo et al., 2018a, 2018b; Tang et al., 2024).

Diatoms, which contribute approximately 40% of marine

primary productivity (Nelson et al., 1995), play a crucial role in

the biological pump, exhibiting higher carbon sequestration

efficiencies compared to calcareous organisms (Harrison, 2000).

Diatom mats typically form through the bloom of ‘giant’ or ‘shade’

diatoms, which are rapidly buried and preserved as laminated

sediments (Kemp and Baldauf, 1993; Zhai et al., 2009). These

mats deliver significant quantities of organic carbon and biogenic

silica to the seafloor, thereby influencing atmospheric CO2 partial

pressure regulation and playing a pivotal role in the global carbon

cycle and silica cycle (Kemp and Villareal, 2013). To date, diatom

mats have been documented in the Pacific, Atlantic, Indian, and

Southern Oceans (Kemp et al., 2006). The Western Pacific’s

predominant mat-forming diatom species, Ethmodiscus rex (E.

rex), exhibits unique ecological adaptations, including the

capacity to thrive in oligotrophic, stratified subsurface waters and

perform vertical migrations (Kemp and Baldauf, 1993; Yoder et al.,

1994; Kemp et al., 2010). E. rex LDMs are found across various

geomorphological units in the Western Pacific, including trenches

(hadal zones) (Luo et al., 2017; Zhang et al., 2019; Huang et al.,

2020; Lai et al., 2023; Tang et al., 2024), basins (Zhai et al., 2009;

Xiong et al., 2010; Shen et al., 2017; Zhang et al., 2021), ridges

(Shibamoto and Harada, 2010; Cai, 2019; Li et al., 2021). Most E. rex

LDMs have been dated to the Last Glacial Maximum (LGM) (Zhai

et al., 2009; Xiong et al., 2010) and the Last Deglaciation (LD) (Tang

et al., 2024), with a limited number of studies reporting Holocene

diatom mats (Zhang et al., 2024).

Three primary hypotheses have been proposed to explain the

formation mechanism of E. rex diatom mats in the Western Pacific

during the LGM: (1) The Silica Ventilation Hypothesis (Zhai et al.,

2009), this hypothesis proposes that the northward expansion of

silica-rich Antarctic Intermediate Water (AAIW) during the last

glacial period could have stimulated diatom blooms. (2) The Eolian-

Silicon-Induced Bloom Hypothesis (Xiong et al., 2013, 2015), this

mechanism suggests that diatom blooms were fueled by nutrients

(Si and Fe) derived from Asian dust. These blooms occurred in

stratified seawater environments, with diatoms subsequently

deposited on the seafloor through a process termed ‘fall

dumping’. (3) The Middle-Deep Water Upwelling Stimulation

Hypothesis (Zhang et al., 2021), this hypothesis proposes that

diatom blooms were triggered by a reduction in seawater

stratification and the upwelling of nutrient-rich waters from mid

and deep layers. Additionally, the thermohaline circulation of

surface seawater played a critical role in this process. Although

widely recognized, the “Silicon-Induced Bloom Hypothesis” still

faces challenges in explaining certain phenomena, including:1)E.

rex LDMs have not been reported in the northwestern corner of the

Philippine Basin (northwest of core WPS1/2, see Figure 1), which is

closer to the eolian dust source. Instead, E. rex LDMs are more

commonly found around the Mariana-Yap Trench, a region farther

from the dust source (Luo et al., 2017; Zhang et al., 2019, 2024;

Huang et al., 2020; Lai et al., 2023). 2) Although substantial eolian
Frontiers in Marine Science 02135
dust deposition occurred in the Western Pacific during marine

oxygen isotope stage (MIS) 4 and 6 (Han et al., 2002; Maeda et al.,

2002; Xu et al., 2015), no E. rex LDMs have been documented in

these periods, despite reported increases in opal mass accumulation

rates (MAR) during MIS6 and MIS4 (Maeda et al., 2002). Recently,

Xiong et al. (2022) refined their hypothesis, suggesting that strong

aridity during the LGM prevented the formation of a subsurface

barrier layer, allowing deep key nutrients (nitrate and/or

phosphate) to reach surface waters, thereby stimulating blooms of

E. rex and the subsequent formation of LDMs in the Indo-Pacific

Warm Pool (IPWP).

A review of current research on E. rex LDMs in the Western

Pacific reveals some key limitations, including but not limited to: (1)

Uncertainty in the age of LDMs. The chronological framework of

LDMs remains contentious, particularly regarding the reliability of

AMS 14C dating applied to diatom-rich samples (Xiong et al., 2013;

Zhang et al., 2021); (2) Numerous cores containing E. rex-rich

layers have been recovered from submarine high-relief topography.

Researchers have investigated the relationship between the

formation of these E. rex-rich layers and changes in current

dynamics (and nutrient supply), as documented in cores from the

Bermuda Rise in the North Atlantic (Hendry et al., 2014), the 23-33°

S section of the Mid-Atlantic Ridge (Romero and Schmieder, 2006),

and the 90°E Ridge in the Indian Ocean (Broecker et al., 2000).

However, in the Western Pacific, LDMs records are predominantly

derived from deep-water environments, with a conspicuous scarcity

of cores collected from submarine high-relief topography (Cai,

2019; Li et al., 2021). Furthermore, the influence of current

systems has received remarkably little attention; (3) The lack of

geochemical criteria for classifying LDM or diatomaceous clay (DC)

presents another limitation. For instance, there are no established

thresholds for total SiO2 or opal content in sediments to definitively

categorize deposits as either LDM or DC. This knowledge gap

hinders robust assessment of diatom bloom intensity in the

Western Pacific and obscures the mechanisms underlying

their formation.

This study presents a comprehensive analysis of the

geochemical signatures and clay mineral assemblages in core E20

from the Mariana Arc, which exhibits alternating E. rex LDMs and

calcareous clay sequences. Through integrated analysis of LDMs

distribution patterns, seabed topography, and deep current

dynamics during the last glacial period, we propose a new

mechanistic framework for LDMs formation in the low-latitude

Western Pacific.
2 Materials and methods

2.1 Study area

The study area is situated primarily within the Mariana

subduction zone, a classic example of an ocean-ocean subduction

zone formed by the westward subduction of the Pacific plate

beneath the Philippine plate. This region features a complex

trench-arc-basin system, with the Mariana Island Arc, the Parece
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Vela Basin, the Kyushu-Palau Ridge, and the West Philippine Basin

developing sequentially from east to west. The deep-sea basins near

island arcs and ridges accumulate sediments comprising both distal

sources, such as Asian inland dust transported by the East Asian

winter monsoon, and proximal sources, including materials from

ridge (seamount) erosion and volcanic activities (Scott and

Kroenke, 1980; Seo et al., 2014). Recent studies have revealed that

the E. rex LDMs in western Pacific are predominantly located in

low-lying basins, rifts, and trenches (hadal zones) due to the “funnel

effect”: the variations in seafloor topography can cause some

stations to block lateral transport by bottom currents, allowing

deposited diatom mat fragments to accumulate and preserve, while

others are carried away by current flushing (Tang et al., 2024).

The study area is located within the oligotrophic North Pacific

Subtropical Gyre, where strong stratification significantly inhibits

vertical mixing between surface waters and the deeper ocean (Dai

et al., 2023). The deep water in this area is influenced by the

Circumpolar Deep Water (CDW), a component of the Antarctic

Bottom Water (AABW) (Lumpkin and Speer, 2007), which can be

further divided into Lower Circumpolar Deep Water (LCDW) and

Upper Circumpolar Deep Water (UCDW) (Chiswell et al., 2015).

Below approximately 3500 meters in the western Pacific, the deep

water is predominantly influenced by the LCDW (Zhang et al.,
Frontiers in Marine Science 03136
2022). Recent mooring observations reveal that the Yap-Mariana

Junction acts as a key conduit for the LCDW to flow into the

western Pacific. Furthermore, the abyssal current from the West

Mariana Basin (WMB) enters the North Pacific Basin (NPB) via the

Kyushu-Palau Ridge (KPR) Channel (Wang et al., 2023). The

seabed topography in these critical channels is highly complex,

with the deep flow fields and water mass structures displaying

pronounced seasonal variability (Wang et al., 2023). The

intermediate water in the study area is likely influenced by the

North Pacific Intermediate Water (NPIW), whereas the surface

water dynamics are predominantly controlled by the North

Equatorial Current (NEC) (Figure 1).
2.2 Sample information

Core E20 was collected from a depression (12.000167°N,

140.200575°E) on the Mariana Arc at a water depth of

approximately 4100 meters (Figure 1c). The 331 cm-long core

displays pronounced lithological variability, comprising three

distinct sedimentary units from base to top: U3 (280–331 cm),

composed of brown pelagic clay/calcareous clay; U2 (10–280 cm),

dominated by fragments of the giant diatom E. rex, forming yellow-
FIGURE 1

Sketch map of the study area and the core sites. (a) Current distribution in the study area (modified after Hu et al., 2015; Hu and Piotrowski, 2018;
Xiao et al., 2020; Tang et al., 2024). (b) The black boxed area in panel (a). (c) Seafloor topography around core E20. WPB, West Philippine Basin; PVB,
Parece Vela Basin; MT, Mariana Trench; SR, Shatsky Rise; AABW, Antarctic Bottom Water; LCDW, Lower Circumpolar Deep Water; UCDW, Upper
Circumpolar Deep Water; NEC, North Equatorial Current; NPIW, North Pacific Intermediate Water; KC, Kuroshio Current; EAWM, East Asian Winter
Monsoon. Valcanic rock samples (red triangles): Marianan Arc and Marianan Trench (Ikeda et al., 2016); Palau-Kyushu Ridge (Lelikov et al., 2018;
Ishizuka et al., 2011). Cores with LDMs (pink dots): BC11, BC13, GC03, GC04 and GC05 (Luo et al., 2017, 2018); JL7KGC05 (Zhang et al., 2019);
JL7KBC03 (Zhang et al., 2024); MT03 (Lai et al., 2023); WPD-12, WPD-03 (Xiong et al., 2013); XT47 (Zhang et al., 2021); WPS-1/2 (Tang et al., 2024);
P38 (Cai, 2019). Other cores (black dot): PC313 (Khim et al., 2012); MD05-2920 (Tachikawa et al., 2011); MD06-3050 (Sun et al., 2017); S-2 (Yamane,
2003); PC15 (Wang et al., 2021); PC631 (Seo et al., 2014); PV090510 (Ming et al., 2014); V21-146 (Han et al., 2002); SO202-39-3 (Korff et al., 2016);
S2612 and NGC108 (Maeda et al., 2002).
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brown to greyish-yellow laminations with occasional grey

laminations and a loose structure. This unit is further subdivided

into two parts: the upper part (U2-1, 10–115 cm) contains a small

amount of detrital material, and the lower part (U2-2, 115–280 cm)

is characterized by a higher abundance of diatoms; U1 (0–10 cm) is

a layer of brown calcareous siliceous clay (Li et al., 2021).
2.3 Analytical method

Successive samples were collected at 2 cm intervals, with the final

sample extending 328–330 cm, resulting in a total of 165 subsamples

used for analyses of major elements, organic carbon and nitrogen,

and carbonate content. Major elements were determined using an

AxiosMAX (Netherlands) X-ray fluorescence spectrometry (XRF).

Sample pretreatment followed the method described by Liao et al.

(2024), and the analytical results have a relative error of <5%. Loss on

ignition was measured by high temperature calcination at 1,000°C

for 40 minutes. The total carbon, organic carbon and nitrogen

contents were analyzed using an Elementar Vario elemental

analyzer (Germany). Sample pretreatment followed the method

described in Luo et al. (2017), and the analytical accuracy was

±0.01%. The CaCO3 content was calculated following the method

of Khim et al. (2012), and the biogenic silica (opal) content was

calculated following the method of Nath et al. (1989).

Clay fractions (<2 mm) were extracted according to Stoke’s

settling velocity principle for clay mineral composition analysis

(Wan et al., 2007). A total of 17 samples were collected from core

E20: two samples from U1 (2–4 cm and 6–8 cm) and fifteen samples

from U3 (at 2 cm intervals between 292–330 cm). No samples were

taken from U2 due to the extremely high concentration of bioclastic

debris in this unit. The pretreatment of clay mineral samples

followed the method described by Wan et al. (2007) and can be

summarized as follows: (1) Removal of salts, approximately 8–10 g

of dried sample was washed with deionized water; (2) Removal of

organic matter, 20 mL of 20% hydrogen peroxide was added; (3)

Removal of CaCO3, dilute hydrochloric acid was added; (4)

Extraction of clay fractions, the <2 mm clay fraction was extracted

and prepared into oriented clay slices using the ‘smearing method’.

Clay mineral analysis was conducted using an X’Pert PRO X-ray

diffractometer (Netherlands) with the following parameters: tube

voltage of 45 kV, tube current of 40 mA, scan range of 3° to 35° (2q),
and scan speed of 1.8°/min. The relative contents of four clay

minerals (illite, smectite, chlorite, and kaolinite) were calculated

using the BISCAYE method (Biscaye, 1965).

The sedimentation rates of different units (U1-U3) were

calculated based on the AMS14C dating results from Li et al., 2021.
3 Results

3.1 Major elements composition

The average content of major elemental oxides in core E20

decreases in the following order: SiO2 > CaO > Na2O > Al2O3 >
Frontiers in Marine Science 04137
Fe2O3 > MgO > K2O > TiO2 > MnO > P2O5. The concentration of

SiO2 ranges from 22.03% to 81.45%, with an average of 64.60%,

whereas the average concentrations of the remaining oxides are all

below 10% (Supplementary Table S1).

The contents of major oxides exhibit distinct segmentation with

depth (Figure 2), a pattern that aligns with changes in the brightness

curve (L*) and a* values (Li et al., 2021). This segmentation

correlates closely with lithological variations, showing more

pronounced fluctuations in U1 and U3 (clay layers) and relatively

minor variations in U2 (diatom layer). As illustrated in Figure 2, the

profiles of TiO2, Al2O3, Fe2O3, K2O, MgO, MnO, and P2O5 display

similar trends, with peak concentrations in U3 and the lowest

concentrations in U2. The high SiO2 values in U2 reflect the

significant influence of siliceous biogenic debris. In contrast, the

CaO content shows a pronounced peak in U3 and an upward trend

in U1. The Na2O profile is unique, with the highest concentrations

observed in U2, likely attributable to the high pore water content in

this unit.

The mean values of major oxides in core E20 and potential

source areas were normalized to the upper continental crust (UCC)

(Figure 3a). The results reveal distinct geochemical patterns across

the sedimentary units. U1 is relatively enriched in CaO and MnO

but deficient in SiO2, Al2O3, K2O, and TiO2. U2 is characterized by

relatively high concentrations of SiO2 and Na2O but exhibits lower

concentrations of most other major oxides. In U3, the sediments are

relatively enriched in Fe2O3, MgO, CaO, MnO, and P2O5 but

deficient in SiO2, Al2O3, and K2O. In general, the clay-rich

sections (U1 and U3) of core E20 exhibit a major oxide

composition most similar to that of Mariana Trench sediments,

although they are relatively enriched in CaO (Figure 3b). Compared

to Mariana Arc and Mariana Trough basalts, these sections are

more enriched in Na2O, K2O, and MnO but deficient in Fe2O3,

MgO, and TiO2.

Although widely reported, many E. rex-rich deposits often

contain significant amounts of clay minerals and thus cannot be

simply classified as LDMs. In typical LDM samples from core E20,

SiO2 content exceeds 60% (Figure 2). Due to potential dilution

effects from calcareous or lithogenic detritus, distinguishing

between LDM and DC (diatom clay) based solely on total SiO2 or

opal content is inaccurate. Based on analytical results from Site E20,

we recommend using the SiO2/Al2O3 ratio as the diagnostic

criterion: samples with SiO2/Al2O3 >10 are classified as LDM;

those with ratios between 4–10 as DC; and samples with ratios <4

as pelagic clay (PC).
3.2 TOC and TN contents

The total organic carbon (TOC) content in core E20 ranges

from 0.13% to 0.67%, with an average of 0.28%. U1 has an average

TOC content of 0.40%, while U2 and U3 have lower averages of

0.28% and 0.24%, respectively. Within U2, the upper part (U2-1)

has an average TOC content of 0.22%, whereas the lower part (U2-

2) has a higher average of 0.33% and contains the highest TOC

value in the core. The total nitrogen (TN) content ranges from
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0.08% to 0.30%, with an average of 0.16%. U1 has a mean TN

content of 0.17%, which shows an inverse relationship with TOC.

U2 has an average TN content of 0.17%, with the highest value

observed at 68 cm. U3 has a mean TN content of 0.12%. The TOC/

TN ratio in core E20 ranges from 0.59 to 4.50, with an average

of 1.82.
3.3 Carbonate contents

In U3, the average CaCO3 content is 26.49%, with significant

variability. In contrast, U2 has a lower average CaCO3 content of

6.89%, showing minimal variation. Within U2, the lower part (U2-2)

has an average CaCO3 content of 6.41%, while the upper part (U2-1)
Frontiers in Marine Science 05138
has a slightly higher average of 7.62%. In U1, the CaCO3 content

gradually increases toward the top, with an average of 27.55%.
3.4 Clay mineral composition

The clay mineral composition of the E20 core sediments is

dominated by illite, with an average content of 54%. Smectite has an

average content of 19%, while chlorite and kaolinite are present in

smaller amounts, averaging 15% and 13%, respectively (Supplementary

Table S2).

In U3, the clay mineral content is highly variable. In contrast,

the two samples from U1 show a decrease in illite content and a

significant increase in smectite content compared to U3.
FIGURE 3

UCC (Upper Continental Crust) normalization of major oxides in core E20 (a) and potential source regions (b). Data sources: Chinese loess (Qiao
et al., 2011); Mariana Arc and Mariana Trough (Ikeda et al., 2016); Mariana Trench (Luo et al., 2018b); Kyushu-Palau Ridge (Lelikov et al., 2018;
Ishizuka et al., 2011); PC15 volcanic ashes (Wang et al., 2021); UCC (Taylor and McLennan, 1985).
FIGURE 2

Geochemical profiles and core scan results (photo, L*, and a*) of core E20. The five blue dots represent planktonic foraminiferal ages, while the two
black dots correspond to organic carbon ages. Core scan results and AMS 14C ages are from Li et al. (2021). The green shaded area indicate
diatom mat.
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3.5 The age of diatom mats in core E20

No age reversal is observed in core E20 (Supplementary Table

S3, Li et al., 2021). Foraminiferal ages from the 0–2 cm and 4–6 cm

layers in U1 indicate a low average sedimentation rate of 1.73 cm/

kyr. The sedimentation rate increases significantly between the 4–6

cm and 38–40 cm intervals, reaching 16.35 cm/kyr. This places the

age of the lower boundary of U1 at 10.9 ka. Foraminiferal dating

from the 282–284 cm layer (just below the lower boundary of U2)

yields an age of 41.96 ka, indicating that the diatom bloom occurred

after this time. Assuming a constant sedimentation rate in the

LDMs section and using the two dating results (24.08 ka from the

238–240 cm interval and 12.68 ka from the 38–40 cm interval, bulk

sediment), we estimate that diatom mats first appeared at 280 cm

around 26.48 ka. This aligns with the earliest diatom bloom age

reported by Zhai et al. (2009). Given the absence of diatoms and

lower water content in U3, we assume its sedimentation rate is

lower than that of U1.
4 Discussion

4.1 Glacial-interglacial cycle of carbonate
content in E20

E. rex LDMs in the Western Pacific are predominantly found in

deep-water basins and trenches, with their ages (from 28.6 ka to

6.76 ka) primarily determined by AMS 14C dating of organic matter

(Zhai et al., 2009; Luo et al., 2018b; Tang et al., 2024; Zhang et al.,

2024). To our knowledge, the currently available AMS 14C dating on

foraminifers (G. ruber) in LDMs from the Western Pacific is

exclusively documented in Core P38 (water depth: 3838 m)

recovered from the Caroline Ridge (or southern slope of the

Mariana Trench). In this core, the basal age of LDMs is

approximately 46.06 ka, while foraminifers from 4–6 cm depth in

the overlying DC layer (0–14 cm) yield an age of 8.87 ka. In Core

E20, the AMS 14C ages of foraminifers from DC layer both above

and below the LDMs (Figure 2) are broadly consistent with those

from corresponding lithological units in Core P38. However, no

AMS 14C dating on foraminifers has been conducted within the

LDMs of core E20. Nevertheless, by comparing carbonate content

profiles with other Western Pacific cores, we can better constrain

the depositional timeframe of core E20.

Numerous sediment cores from the Western Pacific exhibit

carbonate content variations that deviate from the typical ‘Pacific-

style cycle’—a pattern generally characterized by high values during

glacial periods and low values during interglacial periods. SinceMIS 6,

the carbonate records predominantly display an inverse trend, with

lower concentrations during glacials and higher concentrations during

interglacials (Maeda et al., 2002; Yamane, 2003; Khim et al., 2012;

Tachikawa et al., 2011; Sun et al., 2017; Figure 4).

Microscopic observations have revealed that the carbonate-rich

layers in E20 contain abundant foraminifers and no evidence of

microbial sulfate reduction related authigenic carbonates (Liu et al.,

2024) was found. Assuming constant CaCO3 productivity,
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variations in CaCO3 content are primarily controlled by the

dilution of detrital material (both lithogenic and siliceous

biogenic debris) and the dissolution of CaCO3. Sun et al. (2017)

suggest that CaCO3 dissolution was the dominant control in core

MD06–3050 from the Benham Rise. During MIS2 and MIS4,

MD06–3050 exhibits higher sedimentation rates, increased

foraminiferal shell fragmentation ratios, and lower CaCO3

contents compared to MIS1, MIS3, and MIS5. Core E20 and

MD06–3050 are located at similar latitudes, meaning both sites

are influenced by the NEC and Kuroshio Current (KC) in the upper

ocean and the LCDW in the lower ocean. Additionally, both sites

are distant from direct fluvial inputs and may receive eolian

contributions from the Asian interior (Sun et al., 2017; Li et al.,

2021). Therefore, comparing the CaCO3 content of E20 andMD06–

3050 provides a more accurate estimate of the age of U3 in E20.

Assuming an average sedimentation rate of 1.5 cm/kyr (slightly

lower than the rate of section U1) for section U3 of core E20, the

CaCO3 profiles of E20 and MD06–3050 show remarkable coherence

and align well with other western Pacific carbonate records (Figure 4).

These findings validate the assumption that the estimated average

sedimentation rate of 1.5 cm/kyr for section U3 in core E20 is

reasonable. Consequently, the U3 interval spans approximately 32.7

ka, constraining the basal age of E20 to ~74.7 ka, which corresponds to

the termination ofMIS 5. This chronological framework indicates that

sediment accumulation in core E20 initiated near the MIS 5/4

boundary, with the ~270 cm thick LDMs predominantly deposited

from the onset of MIS 2 through the early Holocene.
4.2 More volcanic matter and less dust
input during the diatom blooms

Provenance studies are crucial for understanding the formation

mechanisms of diatom mats and associated environmental changes.

The “Eolian-Silicon-Induced Bloom” hypothesis is fundamentally

supported by silicon (Si) isotopic signatures in diatom mats, which

suggest that the primary source of bioavailable Si is eolian dust

deposition (Xiong et al., 2015; Tang et al., 2024). Additionally,

mineralogical and geochemical studies indicate that non-biogenic

detritus within or adjacent to the LDMs originates from a mixture

of Asian eolian dust and submarine volcanic material (Xiong et al.,

2010; Lai et al., 2023; Luo et al., 2018a).

Illite and chlorite are common land-derived minerals in the clay

mineral composition of marine sediments. Kaolinite, on the other

hand, is abundant in soils of intertropical regions with warm and

humid climates, while smectite is typically derived from the

weathering of volcanic materials (Chamley, 1989). In core E20,

the trends in illite and chlorite contents are similar, suggesting a

shared origin. In contrast, the smectite and illite contents exhibit

opposing trends (Figure 5a). As illustrated in Figure 5b, the clay

mineral composition of E20 reflects a mixture of eolian dust

(characterized by high illite and chlorite contents) and volcanic

material (characterized by high smectite content). The clay mineral

composition of U3 is similar to that of sediments from the Kyushu-

Palau Ridge (Seo et al., 2014), while the two samples from U1 show
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greater influence from volcanic material, with compositions

resembling those of Mariana Trench sediments (Luo et al., 2018a;

Lai et al., 2023).

Asian dust is characterized by higher K content and lower Fe

and Mg contents compared to material from the western Pacific
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island arcs/ridges (Figure 3b; Qiao et al., 2011; Ikeda et al., 2016). In

the K2O/Al2O3-Fe2O3/Al2O3 and K2O/Al2O3-MgO/Al2O3

correlation plots (Figure 6), the E20 samples generally align more

closely with Mariana Trench sediments. The chemical index of

alteration (CIA) is positively correlated with the degree of sediment
FIGURE 4

Changes in sedimentation rate and CaCO3 content since MIS 5 in core E20, compared to the CaCO3 curves of reference cores. Blue shaded areas
indicate stadial periods. Reference cores from the Western Pacific Warm Pool include PC313 (Khim et al., 2012), MD05-2920 (Tachikawa et al., 2011),
and MD06-3050 (Sun et al., 2017). Reference cores from the Shatsky Rise include S-2 (Yamane, 2003), S2612, and NGC108 (Maeda et al., 2002).
FIGURE 5

Clay mineral composition of core E20 and Illite/Smectite ratio of core WPD-03 (a) and potential source regions (b). Blue shaded areas indicate
stadial periods. Data sources: Chinese loess and West Philippine Basin (Wan et al., 2012); Luzon rivers (Liu et al., 2009); Mariana Trench (Luo et al.,
2018a; Lai et al., 2023); PC15 volcanic ashes (Wang et al., 2021); Kyushu–Palau Ridge (Seo et al., 2014); Parece Vela Basin (Ming et al., 2014).
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weathering, with values ranging from 30 to 45 for fresh basalts and

45 to 55 for granite and granodiorite (Nesbitt and Young, 1982).

The combination of CIA and A-CN-K diagrams is widely used to

assess sediment weathering intensity and trace changes in sediment

sources (Bi et al., 2015; Xiong et al., 2018). As shown in Figure 7,

most U3 samples exhibit weak weathering and are similar to

Mariana Trench samples, indicating the influence of local

volcanic material. The U1 samples show even weaker weathering.

Notably, all six samples (three in U3 and three in U1) with CIA

values below 40 are located just below or above the LDMs,

suggesting the presence of diatom fragments with lower Al

content but higher pore water content compared to typical

pelagic sediments.
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Clay mineralogy and geochemical signatures reveal a

pronounced increase in volcanic material admixture within U1

relative to U3. In U2 (LDMs), recurrent peaks in Fe2O3/Al2O3 ratios

(Figure 8a) further corroborate the syn-depositional input of

volcanic-derived constituents during LDMs formation. These

findings collectively demonstrate that volcanic material

incorporation was pervasive throughout both the peak diatom

bloom phase (LDM deposition) and its termination stage (DC

formation). In core WPD-03, the LDM interval exhibits a

marginally lower illite/smectite ratio compared to the underlying

DC layer (Figure 5a; Xiong et al., 2013). This disparity likely reflects

a proportional increase in volcanic-sourced material rather than a

decline in eolian illite delivery.

Critically, the observed coupling between diatom productivity

pulses and volcanic material enrichment does not necessitate a

direct causative link to episodic volcanic eruptions (submarine or

subaerial). Sedimentological evidence indicates that diatom mat

deposition occurs over millennial-scale intervals, starkly contrasting

with the short-lived, event-driven nature of volcanic eruptions.

Furthermore, no robust sedimentological or tephrochronological

evidence exists for large-magnitude volcanic eruptions in the

western Pacific margin during the LGM.

We hypothesize that the volcanic material influx coincident

with diatom blooms may instead reflect enhanced deep-current

vigor during these periods. Such hydrodynamic intensification

could have facilitated the lateral redistribution of weathered

volcanic detritus from proximal submarine sources, ultimately

concentrating these materials at the depositional site.
4.3 Source and significance of Fe in LDMs

In U2 of core E20, depleted Fe2O3 levels inversely correlate with

SiO2 (Supplementary Figure S1d) yet maintain positive covariation

with Al2O3, TiO2, and MgO (Supplementary Figures S1a–c),

indicating predominantly lithogenic rather than biogenic iron
FIGURE 6

Relationships between (a) K2O/Al2O3-Fe2O3/Al2O3 and (b) K2O/Al2O3-MgO/Al2O3 in core E20 and potential source areas. Data sources: Chinese
loess (Qiao et al., 2011); Mariana Arc and Mariana Trough (Ikeda et al., 2016); Mariana Trench (Luo et al., 2018b); Palau-Kyushu Ridge (Lelikov et al.,
2018; Ishizuka et al., 2011).
FIGURE 7

CIA-A-CN-K diagram illustrating the degree of chemical weathering.
Data sources: Chinese loess (Qiao et al., 2011); Mariana Arc and
Mariana Trough (Ikeda et al., 2016); Mariana Trench (Luo et al.,
2018b); Kyushu–Palau Ridge (Lelikov et al., 2018; Ishizuka
et al., 2011).
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provenance within LDMs through detrital sediment incorporation

(Xiong et al., 2022). The association of certain Fe2O3/Al2O3 peaks

with moderate SiO2 contents (Supplementary Figure S1) suggests

periodic inputs of volcanic material, likely sourced from adjacent

ridges or seamounts, into the sedimentary record. While iron input

from eolian dust may support diatom growth and contribute to

diatom mat formation (Xiong et al., 2013, 2015), it is not the

primary limiting factor for diatom blooms. Instead, the iron (and

possibly silicon) supplied by eolian dust should be regarded as a

contributing, rather than decisive, factor in diatom productivity.

Asian eolian dust primarily consists of unreactive iron-bearing

minerals, which supply only limited bioavailable iron for diatom

growth (Chen et al., 2020). In the stratified, high-nitrate, low-

chlorophyll (HNLC) subarctic Pacific Ocean, long-term changes

in diatom productivity have been predominantly driven by

variations in upwelling and stratification, with sporadic iron

fertilization from volcanic ash inputs playing a secondary role

(Chen et al., 2020). In the equatorial Pacific, upwelling delivers

two orders of magnitude more dissolved iron than eolian dust

(Winckler et al., 2016). In subtropical gyres, iron is generally not

considered a limiting nutrient for primary production, as excess

iron tends to accumulate once major nutrients are depleted (Moore

et al., 2013).

The duration of LDMs in core E20 is significantly longer than

the peak periods of typical terrestrial and marine aeolian dust

accumulation since MIS2 (Figures 9a, b). Therefore, we do not

believe that the diatom blooms recorded in E20 were solely

triggered by nutrients such as iron (and silicon) brought by Asian

inland dust.
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4.4 Diatom blooms stimulated by
enhanced middle-deep water upwelling?

Traditionally, the formation of E. rex LDMs was thought to

depend on stratification (Kemp et al., 2000; Kemp and Villareal,

2013; Xiong et al., 2013, 2015). However, recent studies of diatom

and radiolarian assemblages suggest that diatom blooms may not

necessarily require stratified conditions. Instead, strong E. rex

blooms during the LGM may have been driven by weak upper

water stratification and the upwelling of nutrient-rich lower waters

(Zhang et al., 2021). This raises the question: Why and where does

middle-deep water upwelling occur?

Existing studies indicate a correlation between the distribution

of E. rex LDMs and the bottom topography in the Western Pacific.

We propose a new hypothesis for how middle-deep water upwelling

may have stimulated diatom blooms (Figure 10). During the last

glacial period, the Antarctic Circumpolar Current (ACC) weakened

(Basak et al., 2018), but the generation of AABW may have

increased (Hall et al., 2001; Hu and Piotrowski, 2018; Lynch-

Stieglitz et al., 2016), leading to a faster deep Pacific overturning

circulation (Figure 9h; Hu and Piotrowski, 2018) and an intensified

western boundary deep inflow into the North Pacific (Figure 9e;

Hall et al., 2001). In the North Pacific, the western branch of LCDW

accelerates into the Philippine Sea primarily via the northern

passage of the Mariana Trench (Wang et al., 2023; Figure 10).

Upon encountering topographic features such as island arcs, ridges,

and seamounts, the upwelling of deep water brings middle-deep

nutrients to the euphotic zone and shoals the nutricline (Kemp and

Villareal, 2018), stimulating the growth of buoyancy-regulating
FIGURE 8

Content and ratio profiles of key parameters in core E20 (a–f) and core WPD-03 (g, h). Data for WPD-03 are from Xiong et al. (2012). Blue shaded
areas indicate glacial periods. DC, Diatomaceous clay; PC, Pelagic clay.
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diatoms (e.g., E. rex) that thrive in the Deep Chlorophyll Maximum

(DCM) (Kemp and Villareal, 2018). After blooming, the siliceous

biogenic debris settles and drifts, eventually becoming trapped in

depressions through the “funnel effect”, which is intrinsically linked

to the redistribution processes of diatomaceous detritus (Tang et al.,

2024), thus forming E. rex LDMs. In the following section, we will

present several lines of evidence supporting this hypothesis.

Firstly, numerous studies have consistently demonstrated the

existence of biological-physical coupling phenomena in the

proximity of prominent topographic features (e.g. Dower and

Mackas, 1996; Sokolov and Rintoul, 2007; Wang et al., 2024; Xie

et al., 2024). Sokolov and Rintoul (2007) found that most regions of

elevated chlorophyll in the open Southern Ocean can be explained

by upwel l ing of nutrients (both macronutrients and

micronutrients) where the ACC interacts with topography,

followed by downstream advection. In the Indonesian Seas,

regions with narrow straits, steep topography and dynamic

circulation with strong vertical mixing display high net

community production and chlorophyll‐a, suggesting that vertical

nutrient transport dominates biological productivity (Xie et al.,

2024). Although constrained by limited spatial resolution, the

nitrate concentration profile spanning the Mariana Trench and

KPR system reveals a pronounced spatial pattern: the nutricline

depth in the topographically elevated western sector is consistently

shallower compared to adjacent areas (Supplementary Figure S2).

Secondly, sedimentary records provide robust evidence for

intensified deep current activity in the western Pacific during the

last glacial period. This is supported by: (1) the dissolution of fine-
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grained magnetic minerals in sediments near Shatsky Rise

(Figure 9g; Korff et al., 2016) and (2) enhanced carbonate

dissolution in a core from Benham Rise (Figure 9f; Sun et al.,

2017) during MIS 2, both of which suggest a stronger influence of

southern-sourced deep water masses. Additionally, in regions with

pronounced topographic variability, if the illite/smectite ratio in

sedimentary records is interpreted as an indicator of deep current

intensity rather than eolian dust input, the lower ratios observed in

LDMs (e.g., in core WPD-03) would imply more vigorous deep

current activity. Furthermore, the two-stage evolution in LDMs in

core E20-from U2-2 (LGM) to U2-1 (LD), reveals a progressive

decrease in TOC content and an increase in the MnO/Al2O3 ratio

upward through the sequence. This trend likely reflects improved

bottom-water oxygenation or enhanced deep-water ventilation

during the deglacial period. Notably, this phased transition in

sedimentation aligns closely with reconstructed variations in

Southern Ocean deep water formation since the last glacial

period, as evidenced by previous studies (Basak et al., 2018).

Finally, the diatom mats discovered near the Mariana Trench

exhibit the most extensive temporal span, ranging from late MIS 3

(Cai, 2019) to the mid-Holocene (Zhang et al., 2024). In contrast,

those found in the Philippine Sea display a relatively shorter

chronological duration. This discrepancy likely suggests that the

key deep-water passages adjacent to the Mariana Trench are more

responsive to LCDW intrusions, exhibiting intensified mixing and

upwelling processes. These dynamics facilitate the upward transport

of nutrient-rich deep waters, thereby enhancing local productivity

relative to other regions.
FIGURE 9

Comparative records of aeolian dust flux, biogenic opal content, and deep-current activity indicators: (a) Mass accumulation rate (MAR) from the
Chinese Loess Plateau (Sun and An, 2005); (b) Eolian dust flux from core V21–146 on the Shatsky Rise (Han et al., 2002); (c, d) Opal content of core
E20 and WPD-03 (Xiong et al., 2013); (e) Mean grain size of sortable silt (SS mean) of ODP 1123 (Hall et al., 2001); (f) Shell fragment ratio from core
MD06-3050 (Sun et al., 2017); (g) Magnetic mineral index (ARM100mt) from core SO202-39-3 (Korff et al., 2016); (h) Deep Pacific transit time (Hu and
Plotrowskl, 2018). Blue shaded areas indicate glacial periods.
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The absence of E. rex LDMs during MIS4 in the study area may

be attributed to weak LCDW. Indirect evidence from sedimentary

archives near the Shatsky Rise (Korff et al., 2016) supports this: no

significant magnetic mineral dissolution was observed during MIS4,

in contrast to pronounced dissolution during MIS2 and MIS6

(Figure 9g; Korff et al., 2016), suggesting a weaker influence of

Antarctic-sourced bottom water during MIS4. Prior to the

formation of the LGM E. rex LDMs in Core XT47 near the

Kyushu-Palau Ridge, four peaks in radiolarian abundance and

opal content were recorded, possibly linked to glacial-interglacial

changes (Zhang et al., 2021). Future studies of long cores,

particularly those located on the rims of the Mariana Trench, will

help determine whether E. rex LDMs formed during MIS6 and

earlier glacial periods, ultimately uncovering the true mechanisms

behind their formation in the low-latitude Western Pacific.
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5 Conclusion

(1) Core E20 comprises both calcium-rich and silica-rich

sediments. Notably, the variations in carbonate content do not align

with the ‘Pacific-type dissolution cycle’ but instead mirror the records

observed in other cores from the western Pacific, exhibiting higher

concentrations during interglacial periods. Diatom blooms in core E20

predominantly occurred from the LGM to the early Holocene, leading

to a substantial dilution effect on carbonate content.

(2) The lithogenic detritus in core E20 is primarily derived from

volcanic sources, with a smaller component originating from eolian

dust. The synchronous occurrence of volcanic material influx and

diatom blooms suggests an intensification of deep-current activity,

which likely facilitated the lateral transport of weathered volcanic

detritus from nearby submarine sources.
FIGURE 10

(a) Distribution of representative cores containing laminated diatom mats (LDMs) in the western Pacific, overlaid with the deep current pathways
based on observational data (Wang et al., 2023); (b) Schematic illustration depicting the formation process of LDMs. The locations of LDM-bearing
cores are derived from Luo et al. (2018a); Xiong et al. (2013); Tang et al. (2024); Shibamoto and Harada (2010); Cai (2019), and Zhang et al. (2021).
WPB, West Philippine Basin; KPR, Kyushu-Palau Ridge; PVB, Parece Vela Basin; MA, Mariana Arc; MT, Mariana Trench; CR, Caroline Ridge.
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(3) The input of iron from eolian dust acts as a beneficial

supplement rather than a critical requirement for diatom blooms.

(4) A new hypothesis is proposed to explain how middle-deep

water upwelling may have stimulated these blooms. During the last

glacial period, the intensified western branch of the LCDW

accelerated into the Philippine Sea, primarily through the

northern passage of the Mariana Trench. When encountering

topographic features such as ridges and seamounts, the upwelling

of deep water transported middle-deep nutrients to the euphotic

zone, promoting the growth of buoyancy-regulating diatoms. These

diatoms eventually formed E. rex LDMs as they became trapped in

depressions due to the “funnel effect.”
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A Correction on

Giant diatom blooms driven by deep water upwelling since late MIS3?
Evidence from the rim of the Mariana Trench

By Lin J, Xu D, Li Y, Ye L, Ge Q, Bian Y, Han X, Zhang W and Cheng S (2025) Front. Mar.
Sci. 12:1556799. doi: 10.3389/fmars.2025.1556799
In the published article, there was an error in Figure 7, “CIA-A-CN-K diagram

illustrating the degree of chemical weathering”, as published. Figure 7 was inadvertently

replaced with an earlier draft version during the production process. The corrected

Figure 7 and its caption appear below.

The original version of this article has been updated.
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FIGURE 7

CIA-A-CN-K diagram illustrating the degree of chemical weathering. Data sources: Chinese loess (Qiao et al., 2011); Mariana Arc and Mariana
Trough (Ikeda et al., 2016); Mariana Trench (Luo et al., 2018b); Kyushu–Palau Ridge (Lelikov et al., 2018; Ishizuka et al., 2011).
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