Chemical Geology

October 2021, Volume 580, Pages 120388 (34p.)
https://doi.org/10.1016/j.chemge0.2021.120388
https://archimer.ifremer.fr/doc/00699/81067/

Mn-micronodules from the sediments of the Clarion-
Clipperton zone (Pacific Ocean): Origin, elemental source,
and Fe-Cu-Zn-isotope composition

Dekov Vesselin M. 2" Rouxel Olivier 2, Gueguen Bleuenn 24, Wegorzewski Anna V. 5,
Khripounoff Alexis ¢, Menot Lenaick 6

1 Tokyo University of Marine Science and Technology, 4-5-7 Konan, Minato-ku, Tokyo 108-8477, Japan
2 Unité de Géosciences Marines, IFREMER, Z.1. Pointe du diable, BP 70 - 29280 Plouzané, France

3 CNRS, Univ Brest, UMR 6538 Laboratoire Géosciences Océan, F-29280 Plouzané, France

4 CNRS, Univ Brest, UMS 3113, F-29280 Plouzané, France

5 Federal Institute for Geoscience and Natural Resources (BGR), Stilleweg 2, D-30655 Hannover,
Germany

6 REM-EEP-LEP, IFREMER, 29280 Plouzané, France

* Corresponding author : Vesselin M. Dekov, email address : vdekovO@Kkaiyodai.ac.jp

Abstract :

Mn- micronodules and nodules of the Clarion-Clipperton zone (Pacific Ocean) are composed of 10 A and
7 A phyllomanganates, and 5-MnO2. The Mn-micronodules are built of fine concentric growth layers of
three types (1, 2a, and 2b) according to their Mn/Fe ratio and Ni, Cu, and Co content. Applying previously
developped geochemical discrimination approaches we found that the Mn-micronodules were diagenetic
precipitates that were a result of suboxic diagenesis, whereas the paired Mn-nodules were
diagenetic-hydrogenetic formations. The most common growth layers (type 2) within the Mn-micronodules
are suboxic-diagenetic, whereas the rare growth layers (type 1) are mixed diagenetic-hydrogenetic and
hydrogenetic precipitates. The suboxic diagenetic formation of the Mn-micronodules seems to be a result
of the fluctuation of the oxic-suboxic front in the sediment since the Last Glacial Period (LGP). The
migration of the oxic-suboxic front close to the seawater/sediment boundary during the LGP has likely
resulted in suboxic reduction of Mn4+ and other elements in the sediment and their upward diffusion.
Post-LGP deepening of the oxic-suboxic front has seemingly led to re-oxidation of Mn2+ in the pore waters
and Mn-micronodule precipitation. The suboxic quantitative re-mobilization of seawater-derived Cesolid
phase in the sediment (positive Ce anomaly) and its subsequent sequestration by Mn-micronodules
resulted in positive Ce anomaly of the Mn-micronodules and Ce-deficient pore water. This Ce deficiency
was recorded in the diagenetic Mn-nodules (negative or no Ce anomaly). The sediment pore waters were
source of most elements in the Mn-micronodules and to the bottom seawater.

The diagenetic processes were the major control on the Fe-Cu-Zn isotope composition of the Mn-
micronodules and nodules. Measured Fe-isotope composition of the Mn-micronodules can equally be
explained by hydrogenetic and diagenetic precipitation. Considering our mineralogical and geochemical
data we would suggest a rather diagenetic than hydrogenetic control on the Fe-isotope composition of
the Mn-micronodules: suboxic diagenetic reduction of the sedimentary Fe in the sediment, fractionation
of Fe-isotopes that produces an isotopically light dissolved Fe pool, which leads to light Fe isotope
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composition of both the Mn- micronodules and nodules (-0.63 to —0.27%o). The preferential scavenging
of 63Cu from seawater on the hydrogenetic Mn-Fe-oxyhydroxides accounts for the Cu-isotope
composition of the hydrogenetic-diagenetic Mn-nodules (+0.21 — +0.35%o), which is lighter than that of
seawater. The identical Cu-isotope composition of the diagenetic Mn-micronodules is a result of oxidative
dissolution of the sedimentary Cu-containing minerals, release of isotopically heavy Cuag2+ in the pore
waters and record of this diagenetic Cu-isotope pool in the Mn-micronodules. The hydrogenetic-
diagenetic Mn-nodules have Zn-isotope composition (+0.75 — +0.87%o) heavier than that of the seawater
which is interpreted to be a result of equilibrium isotope partitioning between dissolved and adsorbed Zn:
preferential sorption of 66Zn on Fe-Mn-oxyhydroxides surfaces. Preferential adsorption of 66Zn from the
light Zn isotope pool of the pore waters on the Mn-Fe-oxyhydroxides has resulted in heavy Zn-isotope
composition of the Mn-micronodules and diagenetic layers of the Mn-nodules.

The lack of robust assessment of the Mn-micronodule abundance in sediment volume unit and the
insufficient geochemical data for the Mn-micronodules prevents a meaningful estimation of their resource
potential.

Highlights

» Mn-micronodules from the Clarion-Clipperton zone are a result of suboxic diagenesis. » Sediment
pore waters are source of most elements in the Mn-micronodules. » Diagenetic processes are major
control on Fe-Cu-Zn isotope composition of the micronodules.

Keywords : Fe-Cu-Zn-isotopes, geochemistry, Mn-micronodules, Mn-nodules, pore waters, suboxic
diagenesis



1. Introduction

Chester and Hughes (1967) estimated that about 85% of the manganese (Mn) in pelagic
sediments occurs in Mn-micronodules. Mn-micronodules are morphologically, structurally and
mineralogically similar to their big counterparts, Mn-nodules. Despite these similarities, there is a
striking discontinuity in the sizes of Mn-micronodules and Mn-nodules: the former hardly ever
exceed ~1 mm in diameter, whereas the later are almost always >.2 mm. It was interpreted that
the Mn-micronodules are not proto-Mn-nodules (Heath, 1981).

Although the Mn-micronodules appear to be an import.nt c )mponent in the global cycle of
one of the major elements on Earth, manganese, they havz received far less scientific interest than
Mn-nodules. This has seemed to be logical in view of v ~ir economic potential estimated to be
lower than that of the Mn-nodules. However, wi.h he globally increasing demand in strategic
elements like the rare earth elements (REE>, l1,, Ge, W, etc. and revitalized interest in oceanic
metalliferous sediments (Kato et al., 2011, ‘h2 economic potential of Mn-micronodules needs to
be revised. Although the Mn-micronoucles are scattered within the upper part of the seafloor
sedimentary blanket, they form at nuc . wider areas of the seafloor than the metalliferous
sediments and therefore, they may have greater economic value.

The main focus of the ir:e.tigations of Mn-micronodules has been on their chemistry and
mineralogy (Kidd and Arman,en, 1979; Hishida and Uchio, 1981; Lallier-Verges and Clinard,
1983; Poppe et al., ~2%4, <loffers et al., 1984; Mukhopadhyay et al., 1988; Sval’nov et al.,
1991a,b; Dekov et al., 27C3; Ito et al., 2005; Menendez et al., 2017; Liao et al., 2019; Yasukawa
et al., 2019; Dubinin et al., 2020; Li et al., 2020; Xu et al., 2020; Yasukawa et al., 2020, 2021).
The data received was used in the interpretations of the origin of Mn-micronodules. The proposed
genetic models were refined with studies on the chemistry of coexisting Mn-micronodules and
Mn-nodules, and host sediments (Addy, 1978; 1979; Stoffers et al., 1981; Kunzendorf et al.,
1989; 1993; Pattan, 1993; Pattan et al., 1994; Dubinin and Sval’nov, 1995; 1996; Winter et al.,
1997; Dubinin and Sval’nov, 2000a,b; Dubinin and Sval’nov, 2003; Dubinin et al., 2008; 2013).
Although the early works hypothesized that, the Mn-micronodules have diagenetic origin

(Immel, 1974; Immel and Osmond, 1976) later studies attempted to relate their chemistry and



growth to the depositional environment (Ohashi, 1985; Sugisaki et al., 1987; Chauhan and Rao,
1999), biogenic activity (Banerjee and lyer, 1991) and seafloor hydrothermal discharge (Sugitani,
1987; Dekov et al., 2003).

A review of all previous works on the seafloor Mn-micronodules reveals that our current
knowledge on them is incomplete and has some gaps:

(1) Previous geochemical investigations of the Mn-micronodules report mainly on their
major (Mn, Fe), some trace (Cu, Co, Ni) and rare earth elements concentrations and only few
works (Dekov et al., 2003; Dubinin et al., 2013; Yasukawa et al., 2020) provide data on wide
range of trace elements. Thus, a modern evaluation of the eco,omic potential of the Mn-
micronodules needs information for the concentrations of a wide spet trum of elements in them.

(2) The studies on Mn-micronodules/Mn-nodules pairs wvere at random sample sites and did
not consider the differences in Mn-nodule facies. A cor-2at >ssessment of the processes of trace
element concentration in the Mn-micronodules/Mn-nodu:~5 requires consideration of the nodule
facies.

(3) The hypotheses for diagenetic oricin of the Mn-micronodules were rather inferred
logically (Mn-micronodules form in the sc7.ment pore space filled with pore waters that are
diagenetic fluids) than based on combu.~d studies of Mn-micronodules and corresponding pore
waters. This has resulted in speculctive conceptions for the sources of elements to the Mn-
micronodules.

(4) The conventional gcnci.»mical approaches (like elemental concentrations and ratios)
cannot further extend our knowiedge on the origin and evolution of the Mn-micronodules as
important component, 7t the global Mn cycle. The stable isotope ratios of transition elements
(e.g., Fe, Cu, Zn) can rruvide new possibilities for getting insight into the processes of Mn-
micronodule (-nodule) formation (e.g., precipitation, adsorption, redox reactions) and trace metal
concentration (e.g., source of metals). We are not aware of any published Fe-Cu-Zn-isotope data
for Mn-micronodules and the available data for Fe-Cu-Zn-isotope composition of Mn-nodules
are scarce: 20 sub-samples from 5 Mn-nodules analyzed for Fe isotopes (Beard and Johnson,
1999; Levasseur et al., 2004; Marcus et al., 2015), surface layers of 31 Mn-nodules analyzed for
Cu isotopes (Albaréde, 2004), and surface layers of 40 Mn-nodules analyzed for Zn isotopes
(Maréchal et al., 2000).



These limitations of our knowledge on the Mn-micronodules motivated us to undertake a
study of the mineralogical, chemical (major, trace, and rare earth elements) and Fe-Cu-Zn-isotope
composition of pairs Mn-micronodules/Mn-nodules from different facies at the Clarion-
Clipperton Mn-nodule field along with the chemistry of pore waters from the sediment that hosts

the micronodules and nodules. Here we report the results of this study.

2. Geologic setting and Mn-nodule facies

Samples for this study were collected from the French exp..vation contracts managed by
the International Seabed Authority in the Clarion-Clipperton one (CCZ) (Fig. 1) during the
BIONOD cruise (April-May, 2012) onboard the R/V L’Atai nte The area of investigations is a
part of the province of abyssal hills (Morel and Le Su~+é, 1986; Le Suave, 1989). Although a
hilly area (Fig. 1) it was described as a sedimentary pi.*~au in a general sense (Morel and Le
Suavé, 1986; Le Suavé, 1989). Red pelagic cliys with minor biogenic component (tests of
foraminifera and radiolarians) are the princinle ~ediment type in the area. Their vertical profile
shows signs of gravity mass movements "*crpreted to be a result of submarine erosion and
tectonic readjustments (Morel and Le Su~vé, 1986; Le Suavé, 1989). Details on the variations of
the seafloor morphology, sediment th.c'\n-.ss, sediment erosion, and their tectonic and hydrologic
controls can be found elsewhere (*ore: and Le Suaveé, 1986). Primary productivity in the surface
waters above the studied seaf'ao. is estimated to be moderate (Veillette et al., 2007). Bottom-
water temperature is ~1°C 2and rzar-bottom currents have velocity of 3.5-4 cm/s (Veillette et al.,
2007).

Previous studies ir *ne area (Veillette et al., 2007) defined four Mn-nodule facies (0, A, B
and C) that differ in shape, size, surface morphology and the degree to which Mn-nodules are
exposed above the sediment-water interface (Fig. 1). Facies 0 does not contain any Mn-nodules at
the sediment surface. Facies A contains small (10-20 mm) rounded Mn-nodules with granular
surface and has a high density of Mn-nodules coverage. Facies B contains Mn-nodules of
medium size (20-80 mm) and pieces of broken Mn-nodules, which often show patterns of
secondary growth healing the broken surfaces. The density of Mn-nodule coverage of facies B is
high. The nodules’ upper surfaces are smooth whereas their lower surfaces are granular and an

equatorial belt is often present. Facies C contains big nodules, >80 mm in diameter. Their upper



surface is smooth whereas their lower surface is botryoidal and granular. The equatorial belt is
well pronounced. As it marks the limit between the buried part of the Mn-nodule in the sediment
and the part in contact with seawater, it seems that a large part of these Mn-nodules is buried in

the sediment (more than a half of the Mn-nodule). The nodule density coverage is high.

3. Samples and methods of investigation

3.1. Sampling and sample preparation

Mn-nodules and underlying sediment were sampled with L'SN}:L box-corer (50 x 50 cm) at
15 sites located within the areas of distribution of the nodu ¢ fa:ies 0 (6 box-cores), B (6 box-
cores) and C (3 box-cores) (Fig. 1; Table 1). Two deple;,ments of the box-corer in the facies A,
located in a small area surrounded by pillow lava flows (:™*4. 1), failed.

Mn-nodules were collected by hand, washrd with distilled water, transferred into plastic
bags and stored in a fridge at ~4°C. Mp-micvonodule extraction from the sediment began
immediately after recovery of the box-core. “rhe uppermost two sediment layers, 0-5 cm and 5-
10 cm, were wet-sieved in order to colic~t the >250 um fraction that was inferred to contain the
major part of the Mn-micronodules Irar .l and Osmond, 1976). After drying in an oven with
laminar air flow at 30°C for 24 hours e Mn-micronodule concentrates were further purified by
hand-picking of the detrital aicins and biogenic remnants by steel needle under stereo-
microscope (WILD MS8).

Dried Mn-micru.aoctes and paired Mn-nodules from the sediment surface were ground
manually in an agate mo*t.r up to fine powders, which were used in all further analyses.

Aiming at figuring out the sources of elements to the Mn-micronodules and Mn-nodules we
sampled and analysed the pore waters from the sediment hosting the Mn-micronodules and
underlying the Mn-nodules. Plexiglas push cores (10 cm diameter, 50 cm length) with holes (2
mm diameter) every centimeter along the core were inserted into the sediment in the box-corer
immediately after recovery. Pore waters were extracted from the sediment taken in the Plexiglas
push core using Rhizons® flex with nylon wire (Rhizosphere Research products) in cold (4°C)
laboratory environment following the method described by Seeberg-Elverfeldt et al. (2005). The
Rhizons® were inserted into the sediment through the holes of the Plexiglas push core every



centimeter in the upper 20 centimeters of the core, and then every 2 centimeters for the remaining
core. We waited for two hours until the syringes collected enough pore water (5 - 10 mL) and
then transferred the pore waters in 15 mL Nalgene vials pre-cleaned with 10% HCI. Collected

pore waters were stored in refrigerator (~4°C) before further analyses.

3.2. Mineralogical, morphological, and internal structure studies

The bulk mineralogical composition of 28 finely powdered sub-samples including Mn-
micronodules and Mn-nodules was determined by X-ray diffractici. (XRD) analysis (Panalytical
X’Pert Pro X-ray diffractometer with monochromatic Co K, raliation) of random mounts in Si
low-background sample holder: X-ray scans from 1 to 85' 20, with 0.03° 20 step, 15 s/step
measuring time, automatic divergence slit, and Ni-K filt.; au the BGR and IFREMER.

Due to the possible occurrence of two different > A manganese phases, such as 10 A
vernadite (phyllomanganate) and todorokite (tectc mun-janate), a drying procedure was necessary
before the XRD analysis. Both the 10 A verrzdie and todorokite have a layer-to-layer distance of
~10 A, which is due to hydrated cations (e.3 . Mg) within the interlayers (Bodei et al., 2007). In
addition to the octahedra layers, the ~dorokite has also vertical octahedra walls (3 to 10
octahedra), which stabilize the sheet saucture against collapsing and form a so called “tunnel
structure” (Bodei et al., 2007). Ar.=r heating the samples at 105°C for 24h, the 10 A peak of the
phyllomanganates will decrea.~ a. > therefore, the 7 A peak will increase (7 A vernadite), or the
10 A peak will collapse ~ni=etely. In contrast, the 10 A peak of todorokite will remain
unchanged upon heca.,a ot 105°C (e.g., Manceau et al., 2014; Wegorzewski et al., 2020).
Therefore, we performe~ XRD analyses of six Mn-micronodule samples twice: after sample
drying at 30°C, and after sample heating at 105°C for 24h (e.g., Uspenskaya et al., 1987;
Wegorzewski et al., 2015).

For a better mineralogical characterization, we analysed ten Mn-micronodule samples from
different Mn-nodule facies and two Mn-nodule standards (Nod-P-1 and Nod-A-1) by Fourier-
Transformed Infrared Spectroscopy (FTIR). The mid- (MIR) and far- (FIR) infrared spectra were
collected on pressed pellets made of 1 mg sample mixed with 200 mg KBr. The analyses were

carried out on a ThermoNicolet Nexus FTIR spectrometer (MIR beam splitter KBr, detector



DTGS TEC; FIR beam splitter solid substrate, detector DTGS PE) at the BGR. The resolution
was adjusted to 2 cm™.

Morphology of the Mn-micronodules was studied using FEI Quanta 200 scanning electron
microscope (SEM) (V=10 kV, 1=100 pA, electron beam diameter of 2 um) at IFREMER.
Secondary electron images (SEI) and energy dispersive X-ray spectra (EDS) were obtained on
selected Mn-micronodules, mounted on aluminum stubs using carbon tape and coated with Au.

The internal structure of the Mn-micronodules was investigated on carbon-coated polished
section of Mn-micronodules (impregnated with araldite in a block; sample NODKGS63 0-5 cm)
by FEI Quanta 600 FEG SEM at BGR. Back-scattered electrorn images (BEI) were obtained
through scanning of the specimen with a focused electron becm (iliameter 1-5 um, maximum
magnification 250000 times) produced by a field emissicn giin (W-crystal) using a 20 kV

acceleration under high vacuum conditions (9-10 mbar).

3.3. Dissolved oxygen concentration profiles in the sz.d’ment

Dissolved oxygen concentrations we: > *neasured across the collected sediment (box-corer)
using a Clark-type oxygen microprobe nrovided with an included reference and an internal
cathode. The micro-sensor had a diarie.er of <100 um at its extremity. The elapsed time prior to
the response was 90% in less thcy 10 seconds. Signal collected by the probe (oxygen tension)
was recorded after signal amp! ficotion.

In each box-core we nei “2*med oxygen concentration profiles at both (1) sediment surface

free of Mn-nodules, 2:' () ezdiment surface under a Mn-nodule.

3.4. Elemental concentrations measurements of Mn-micronodules and Mn-nodules

Concentrations of Mn, Fe, Si, Al, Ca, Mg, Na, K, Ti, P, S, Li, Be, B, Sc, V, Cr, Co, Ni, Cu,
Zn, Se, As, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, Te, Ba, Hf, Ta, W, TI, Pb, Bi, Th, U, Au, Pt and
REE in the Mn-micronodules and Mn-nodules (bulk samples) were measured by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) (ThermoElectron Element XR) at the Pdle de
Spectrométrie Océan (PSO, IFREMER, Brest, France) after digestion of bulk powdered samples
according to the following procedure. About 5 mg of each sample (finely powdered) were



dissolved with 0.8 mL double-distilled concentrated HNO3;, 0.8 mL 6 M HCI and 0.2 mL
concentrated HF in 2 mL Teflon vials. After evaporation of the solutions to dryness on hot
(90°C) plate, the residues were re-dissolved with 0.2 mL double-distilled concentrated HNO3 and
stored in 2 mL Teflon vials after adding of 1.8 mL 18.2 MQ H,0. The ICP-MS instrument was
calibrated using a set of Mn-nodule standards matching the Fe-Mn-oxyhydroxide matrices: Nod-
P-1 [United States Geological Survey (USGS) standard for Pacific Mn-nodule], and Nod-A-1
(USGS standard for Atlantic Mn-nodule). The analytical error (2c) calculated on replicate
analyses of the standards was below 5% for most elements.

Chemical composition of the individual layer growth -tructures within the Mn-
micronodules was investigated on a carbon-coated polished blc~k s2ction (sample NODKGS63
0-5 cm) by Electron Probe Micro-Analyzer (EPMA) (JEOL 1X#.-8530F) at BGR. The diameter
of the EPMA electron beam was adjusted between 5 an~ ?U 11m, depending on the dimension of
the growth structures and type of the material. The acce:~iating voltage was set at 15 kV and a
beam current of 40 nA was used. The counting tires for the analyzed elements were: 10 s for
Mn, Fe, Ni, Cu, Na, Mg, Al, Si, K, Ca, Ti, P a~d S, 40 s for V, 50 s for Co, 100 s for Ba, and
Mo. Rhodochrosite (Mn), haematite (Fe), cobtite (Co), synthetic Ni,Si (Ni), cuprite (Cu), albite
(Na), kaersutite (Mg, Al, Si), biotite (K,, apatite (Ca, P), rutile (Ti), barite (S, Ba), molybdenite
(Mo), and vanadium metal (V) were useu as standards (BGR standards). According to the high
water content of the different Mn “oxy;hydroxides (up to 25 % for phyllomanganates; Jones and
Milne (1956), Chukhrov et al. “1+79)) and the high porosity of the samples, total analytical sums

of >60% were accepted (e o \‘/#gorzewski and Kuhn, 2014).

3.5. Elemental concentrat’ons measurements of pore waters

Concentrations of Na, K, Ca, Mg, S, Si, B, Sr, Fe, Mn, Al, P, Li, Rb, Ba, Mo, V, Zn, Cu,
Ni, Co, Cr, Cd, U, Ti, Ge, La, Ce, and Nd in the pore waters of core NODKGS65 were measured
by ICP-MS (ThermoElectron Element XR) at the P6le de Spectrométrie Océan (PSO, Ifremer,
Brest, France) in 2 mL aliquots of 100-fold diluted (with 18.2 MQ H,O) pore water samples. The
ICP-MS instrument was calibrated using a set of in-house (SW-XR-2) and internationally-
certified (NASS-5 and IAPSO) seawater standards matching the pore waters matrices. The
analytical error (2c) calculated on replicate analyses of the standards was below 3% for most



elements. The procedural blanks were below the detection limits of the instrument for all

measured elements.
3.6. Fe-Cu-Zn-isotope analysis of Mn-micronodules and Mn-nodules

For Fe-Cu-Zn-isotope analyses of the Mn-micronodules and Mn-nodules, we put 1 mL
from each of the stored after total digestion sample solutions in 2 mL Teflon vials and evaporated
them to dryness on a hot plate (90°C). The residues were re-dissolved with 1 mL 10 M HCI.
Sample solutions were ready for column load after addition of 10 i H,0, in each sample.

Fe, Cu and Zn were separated from the matrix component. (ele ment purification) by anion-
exchange chromatography using AG MP-1 resin (2.0 mL we. vol 1ime in Teflon columns). Blanks
and standards (Nod-P-1) were included in the sample ~ei. and subjected to the same anion-
exchange chromatography procedure. Our protocol conw.’ried six major steps: (1) columns with
AG MP-1 resin were washed with 10 mL 3 M HN D-, 70 mL 18.2 MQ H,0, 5 mL 1.2 M HCl and
2 mL 10 M HCI; (2) samples (in 1 mL 10 M H ! with 10 pL H,0;) were loaded on the columns
and the matrix fraction was eluted with 6.C riL 10 M HCI; (3) Cu fraction was recovered in 23
mL Teflon vials with 16 mL 5 M HCI; ") Fe fraction was recovered in 15 mL Teflon vials with
14 mL 1.2 M HCI; (5) Zn fraction war, r-.covered in 15 mL Teflon vials with 14 mL 0.0012 M
HCI; (6) columns were washed "vith 10 mL 18.2 MQ H,O. All elutions were evaporated to
dryness at 90°C, re-dissolved in z mL ~0.28 M HNO;3 and transferred into 2 mL vials.

Isotope ratios (*°Fe/**c. “'Fe/**Fe, *'Fel*Fe, ®Cu/®*Cu, ®zn/*zn and %zn/®zn) were
measured with a Nefp«ne multi-collector inductively coupled plasma mass spectrometer (MC-
ICP-MS) at the Pble de <pectrométrie Océan (PSO, Ifremer, Brest, France). Isotope ratios were
estimated relative to the same ratios measured for an isotope standard (IRMM-14 for Fe, NIST-
SRM 976 for Cu, and NIST-SRM 3168a for Zn) and reported in delta notation:

8'Esample = (R™sample/R standarg — 1) x 1000,
where i and j are the specific isotopes used in ratio R of element E in the sample of interest and
standard reference material. Following the conventional practice, we use isotope i in the & values
discussed in the paper and note the specific ratios R” we have used. All §°°®Zngmpe values
reported relative to our internal isotope standard NIST 3168a were recalculated relative to JMC-

Lyon isotope standard because this reference standard is commonly used in the literature for



reporting Zn isotope composition of natural samples (Archer et al., 2017). We determined
8%%4Zn value of NIST 3168a against the Zn-ETH isotope standard (Archer et al., 2017) and
obtained 5°°®*Zn value of -1.207 + 0.028%., which corresponds to -0.94% relative to JMC-Lyon
isotope standard (using the consensus value of §°%*Zn of Zn-ETH against JIMC-Lyon of 0.27%o).
Hence, 8°*Zn of SRM 3168a is 0.94%o lower than JMC-Lyon.

Instrumental fractionation of Cu and Zn in the mass spectrometer during analysis was
corrected with internal isotopic standards Zn NIST SRM 3168a and Cu NIST SRM 976,
respectively, doped in Cu sample solution and Zn sample solution according to a Cu/Zn ratio of
1:2 coupled to a standard-sample-bracketing procedure (Marechei ot al., 1999). Samples were
introduced in the plasma through a double quartz cyclonic spray ~har ber coupled to a 50 pL/min
PFA nebulizer and isotopic ratios were measured in low reso.'itio 1 mode. Iron isotope ratios were
corrected using a Ni isotopic standard NIST SRM 25 doped in samples solution at a
concentration ratio Fe/Ni of 1:1, and a standard-sample-. -scketing procedure was also employed
(Rouxel et al., 2005). Samples were introduced 'n ¢e plasma through an Apex Q (Elemental
Scientific) desolvation introduction system c~up'ad to a 50 pL/min PFA nebulizer. Iron isotopic
ratios were measured in medium resolution M«de to resolve argide interferences.

The performance of the mass specrometer for Fe, Cu and Zn isotope ratios measurements
was assessed through replicate meacuen.ents of isotopic standards (Fe IRMM-14, Cu NIST-
SRM 976, and Zn JMC and NIST -Sk:/ 3168a). Precision on the samples is reported as a two-
standard deviation (2sd) calcul~te.' on replicate measurements of the isotopic standards. Replicate
analyses of digest replicates ‘r=5) of USGS geological reference material Nod-P-1 yielded
average values of -0.5¢ + 0 "4%o (2sd) for §°°°*Feirmm-14; 0.33 + 0.03%0 (2sd) for 5**%*Cusrmors;
and 1.72 + 0.06%o (2sd} .or 8% Znsrmaissa. These isotopic values are consistent with the data
reported in the literature: for Fe (Dideriksen et al., 2006; Williams et al., 2014), and for Cu and
Zn (Chapman et al., 2006; Bigalke et al., 2010a; Little et al., 2017).

4. Results

4.1. Mn-nodule distribution, and Mn-micronodule morphology and internal structure



The deepest Mn-nodule facies, 0 (Table 1), does not contain Mn-nodules at the surface
(Fig. 2A). Small (<10 mm), rounded Mn-nodules (Fig. 2A) with finely granular surfaces were
scattered within the sediment. As stated above (see 3.1) we could not sample Mn-nodules of
facies A with box-corer, but we collected some with an epi-benthic sledge. Facies A is densely
covered (Fig. 2B) of small (10-20 mm), rounded, black nodules with granular surfaces (Fig. 2B).
The shallowest Mn-nodule facies, B (Fig. 2C), contains the highest abundance of nodules on a
surface unit: 17.4 kg/m? (Table 1). Mn-nodules of this facies are of medium size (20-80 mm),
flat, ellipsoidal (Fig. 2C) with smooth upper surface and botryoidal lower surface. Mn-nodule
facies C (Fig. 2D) is located at middle depths and contains 15.5 kg2 nodules in average (Table
1). These nodules are big (>80 mm), ellipsoidal, flat (Fig. 2D, wit1 smooth upper surface and
botryoidal lower surface.

Mn-micronodules are either elongated (Fig. 3A) -+ w.ometric (Fig. 3B). They are black,
with botryoidal surfaces (Fig. 3A,B). We could not find &> relation of their morphology with the
depth of occurrence in the sediment.

Mn-micronodules appear to have cor-e: trically zoned internal structure composed of
concentric fine dense layers (Fig. 3C-F) 2. form botryoidal and columnar growth structures
(Fig. 3C,D).

4.2. Mineralogy of Mn-micronodu'=s a..d Mn-nodules

4.2.1. X-ray diffraction ana!vs.~

The XRD patter..> 0. 2!’ analysed samples showed two diffraction humps (broad and of low
intensity) at ~9.5 A (007" und at ~7 A (001) with hk bands around ~2.45 A (10) and ~1.42 A (01;
Fig. 4; Appendixes 1-3). The first hump can be assigned to two different Mn-minerals: 10 A
distorted phyllomanganate (vernadite) and 10 A tectomanganate (todorokite) (Bodei et al., 2007;
Wegorzewski et al., 2015). After heating the samples at 105°C for 24h, the hump at ~9.5 A
disappeared completely and the 7 A peak increased and became more distinct. This is common
for the phyllomanganates. Furthermore, no splitting of the peak at ~2.45 A (to 2.45 and 2.39 A),
which is typical for todorokite (Manceau et al., 2014; Wegorzewski et al., 2020) was observed
(Fig. 4). This suggests that the studied Mn- micronodules and nodules are composed of 10 A
phyllomanganates, but not of tectomanganates like todorokite or even of “defected” todorokite



(Bodei et al., 2007; Wegorzewski et al., 2015; 2020). Furthermore, a turbostratic 7 A vernadite
phase can be recognized, already before the heating. The occurrence of a third phyllomanganate
such as vernadite (6-MnQO,) cannot be excluded. The 5-MnQO; (vernadite) shows only two hk
bands at the XRD pattern (~2.45 and 1.42 A) and they are similar to those of the 10 and 7 A
phyllomanganates (Fig. 4). Vernadite seems to be intergrown with an X-ray amorphous Fe-phase
and therefore without a stacking order in c* direction, resulting in the absence of the 001
reflections (Burns and Burns, 1977). The layer symmetry of the phyllomanganates that compose
the studied Mn- micronodules and nodules is hexagonal because the calculated ratio of the d-
spacings of the two hk bands is ~1.73 (close to ¥3) and the band at - * 42 A is almost symmetrical
(e.g., Drits et al., 1997; Bodei et al., 2007; Drits et al., 2007). P.<ser ce of significant amounts of
asbolane is unlikely, because the 002 reflection of the phy'lom anganates is of lower intensity
than the 001 reflection (Fig. 4).

In addition to the major Mn-(Fe)-minerals, minor . ~ounts of detrital quartz and feldspars

were detected in the studied Mn- micronodules an‘i rocules (Fig. 4; Table 2).

4.2.2. Infrared spectroscopy

The FTIR spectra of the Mn-micr.nodules and Mn-nodule standards (Fig. 5; Appendix 4)
show two to three bands, which are c.:e.a ..eristic for Mn-phases (Wegorzewski et al., 2020). The
bands in the region between 800 nd -:00 cm™ arise from Mn-O lattice vibrations (Kang et al.,
2007). The hydrogenetic Mn-0u.'le standard (Nod-A-1) shows a hump around 433 cm™ and a
distinct band at 464 cm™. The mixed hydrogenetic-diagenetic nodule standard (Nod-P-1) displays
bands at 433 (weak), +74 {~trong) and 502 cm™ (medium), respectively. The FTIR spectra of the
Mn-micronodules are sir:iar to the FTIR spectrum of Nod-P-1: bands at 426-434 cm™, 462-468
cm®, and 501-512 cm™ (Fig. 5; Appendix 4). These three bands correspond to the IR
characteristics of layered Mn-oxides (Potter and Rossman, 1979; Golden et al., 1986; Kang et al.,
2007; Wegorzewski et al., 2020). No IR bands typical for a tectomanganate like todorokite could
be distinguished. According to the previous IR studies (Julien et al., 2004; Atkins et al., 2014;
Wegorzewski et al., 2020) a band at ~748-760 cm™ occurs in the IR spectra if todorokite is the
main Mn-mineral in the studied samples. The lack of this band in the FTIR spectra of the studied

Mn-micronodules testifies that todorokite is not present.



4.3. Geochemistry of Mn-micronodules and Mn-nodules

At the site NODKGS49 we recovered sediment with Mn-micronodules only, but did not
find any Mn-nodules on the sediment surface (facies 0). Sitt NODKGS44 (facies 0) is close to
site NODKGS49 (Fig. 1) and we found rare Mn-nodules on the sediment surface. Therefore, we
may consider as a pair representative for facies 0 the Mn-nodule and Mn-micronodules collected
at sites NODKGS44 and NODKGS49, respectively.

The Mn-micronodules are richer in Mn, Cu, Ni, Zn, and Sn (two to five times), Cr, Sb, K,
Mg, and Rb than the Mn-nodules (Table 3). Mn/Fe ratios of the *An-micronodules are two to
three times higher than that of the Mn-nodules. The Mn-micror.ndu) 2s of facies O are the richest
in Si, whereas the micronodules of facies C are the poorest in $i. Mn-micronodules of facies 0
contain more Ca than the paired Mn-nodules. This trend i~ oponosite for the Mn-micronodule/Mn-
nodule pairs of facies B, whereas the Mn-micronodules «~% Mn-nodules of facies C have similar
Ca concentrations. Titanium, Sr, and Pb are more asundant in the Mn-micronodules than in the
Mn-nodules of facies 0, but less in the microi.ndules than in the nodules of facies B and C.
Molybdenum concentrations are higher in *te micronodules than those in the nodules of both
facies 0 and C, and are similar in both mi.~ronodules and nodules of facies B. Tungsten and Bi are
more abundant in the micronodules t.:2.a1 .\ the nodules of facies 0 and C, and more abundant in
the nodules than in micronodules - f facies B. Manganese, Cu, Co, Ni, Cd, Sh, As, Tl, U, Na, and
REE concentrations in the mi-ro.ndules generally increase upward the sediment cores towards
the sediment/seawater irter,>cs. Potassium increases upward the sediment in the Mn-
micronodules from f-ies 2 und B, but decreases upward in the Mn-micronodules of facies C
(Table 3).

The studied Mn-nodules are richer in Al, Sc, Nb, Ta, Li, Be, B, V, Co, As, Cd, Ba, and U
than the Mn-micronodules (Table 3). The concentrations of Fe, S, Na, Pt, Zr, and REE in them
are about two times (P, Te, TI, Hf, and Th up to two-three times; Y two to five times) higher than
those in the Mn-micronodules (Tables 3, 4). Content of Se is the highest in the Mn-nodules of
facies B and the lowest in the nodules of facies 0 (Table 3).

Mn-micronodules from the facies 0 have positive Ce anomaly whereas the Mn-nodules
from the same facies have weak negative Ce anomaly (Table 4; Fig. 6A, B). In facies B and C
both the micronodules and nodules have positive Ce anomaly, but it is higher in the micronodules



than in the nodules (Table 4; Fig. 6C-F). The positive Ce anomaly of the Mn-micronodules from
all the facies decreases upwards the sediment (Table 4).

Mn- micronodules and nodules from all facies have weak positive Eu anomaly (Table 4;
Fig. 6A-F). It is larger in the micronodules than in the nodules (Table 4). In the micronodules
from facies 0 and B the Eu anomaly slightly decreases upwards, whereas in the micronodules
from facies C it slightly increases (Table 4).

Mn- micronodules and nodules from all facies show a slight depletion in the light REE
relative to the heavy REE (Lanasc/Lunasc<1.00; Table 4). The Mn-nodules are more depleted in
light REE than the micronodules (Table 4).

North American Shale Composite (NASC)-normalized i’EE distribution patterns of the
investigated Mn-nodules (Fig. 6A, C, E) are similar to tha. of he Pacific Mn-nodule standard
(Nod-P-1, Fig. 6G). The NASC-normalized REE distri%*'ticn patterns of the Mn-micronodules
(Fig. 6B, D, F) also show some similarity to that of the Fc~iric Mn-nodule standard (Fig. 6G), but
exhibit more pronounced positive both Ce and Y" anomalies. Their positive Ce anomaly is
similar to that of the Atlantic Mn-nodule star?ai' (Nod-A-1, Fig. 6H).

4.4. Geochemistry of individual growth siructures of Mn-micronodules

EPMA analyses of the ina: vidual growth structures of the Mn-micronodules show high
Mn/Fe ratios (2.6 - 699) and i~ “u content (1.11 - 5.45 wt.%), while Co contents range from
below the detection limits 2 u.5 'wt.% (Table 5). Nickel and Cu are highly enriched in the growth
structures with high Mi.>/F 2o (>6) whereas Co is enriched in the growth structures with lower
Mn/Fe ratio (<6). Cons~’cuous are the very high Mo concentrations of up to 1196 mg/kg in
growth structures with low Mn/Fe ratios and up to 1877 mg/kg in growth structures with high
Mn/Fe ratios (Table 5).

In general, three different layer growth structures can be distinguished according to their
reflectivity and chemistry. Layer type 1 has low reflectivity and low analysis totals (66 — 73
wt.%), probably a result of the porosity of these growth structures. It has low Mn/Fe ratios (2.6 —
6), low Ni+Cu content (1.11 — 1.88 wt.%) and Co contents varying from 0.14 to 0.5 wt.%. These
growth structures occur rarely, mostly as coatings around the Mn-micronodules (Fig. 3E,F).



The studied Mn-micronodules consist mostly of layer growth structures with high Mn/Fe
(>>6), high Ni+Cu content, and low Co concentrations (Layer type 2; Table 5). These layer
growth structures can be divided into two sub-types according to their reflectivity.

Layer type 2a is dense and has high reflectivity (Fig. 3C-F). Layer growth structures of this
type have Mn/Fe ratios varying from 34 to 699, Ni+Cu content between 1.44 and 5.45 wt.%, low
Co content (<0.07 wt.%) and Mo concentrations up to 1704 mg/kg (Table 5).

Layer type 2b has high porosity and low reflectivity (Fig. 3C-E). These layer growth
structures have Mn/Fe ratios varying from 8 to 95 and Ni+Cu content slightly lower than that of
the layer type 2a (1.93 - 4.17 wt.%). Cobalt content of this layer ty e is up to 0.5 wt.% whereas
Mo content is up to 1877 mg/kg (Table 5).

4.5. Geochemistry of pore waters

Vertical distributions of the elemental conce ntrafions in the pore waters along the sediment
core NODKGS65 (Table 6) show three distir~t v ~nds (Fig. 7).

(1) Manganese and Fe show re!atvely stable vertical distribution with similar
concentrations along the core with ar exception of Mn content increase in the uppermost
sediment layer (0-1 cm) (Fig. 7). Pho.piicyous and Zn also show a similar vertical trend, but have
a slight increase in the uppermost :9-5 um) sediment layer (Fig. 7).

(2) Upward decrease in the content of Si, S, Mg, Ca, and Cr (Fig. 7). Two different patterns
of vertical decrease are obcer.=r, for the different elements: (a) a steady upward decrease along
the entire upper 40 cr. >f .o sediment (Si), and (b) an increase in the content from ~40 cm to 20-
10 cm sediment depth are decrease toward the seafloor (seawater/sediment interface) (S, Mg, Ca,
and Cr; Fig. 7).

(3) Upward increase in the content of Na, K, Rb, Li, Mo, Cd, B, Ni, V, Cu, Ba, Co, U, and
Sr (Fig. 7). Although the patterns of increase of the concentrations of these elements differ in
details the general trend of their vertical distribution is upward increase.

We do not have data for the vertical distribution of dissolved O, concentration along the
sediment core NODKGS65. Therefore, in our interpretations of the vertical distribution of
elements dissolved in the pore waters of core NODKGS65 we will use the dissolved O, profiles
along the sediment core NODKGS63, which is close to NODKGS65 (Fig. 1). Dissolved O,



distribution along the sediment core NODKGS63 and close to a Mn-nodule shows abrupt
downward decrease from 177 pmol/L in the bottom seawater to ~60 pmol/L at 1 cm depth and
then gradual decrease to ~31.5 umol/L at 8 cm depth in the sediment (Fig. 7). Dissolved O,
profile beneath the same Mn-nodule (from the same core) shows similar distribution pattern:
sharp decrease from ~120 pmol/L just below the Mn-nodule to ~52 pmol/L at 0.5 cm depth
followed by a smooth downward decrease to ~30 pmol/L at 9 cm depth (Fig. 7). Similar vertical
distribution of dissolved O, in the pore waters of sediments is observed east from the studied
area, but still within the CCZ (Mewes et al., 2014, 2016; Kuhn et al., 2017a; Volz et al., 2018):
[O;] ~150-160 pmol/L in the bottom seawater, its abrupt decreiu.~ to ~50 pmol/L within the
upper 5-6 cm of the sediment and a smooth decrease to suboxi~ va ues ([O,] <5 pmol/L; Hein
and Koschinsky, 2014). The oxic-suboxic front (oxygen per.>trai on depth) was found at 1.8-3.0
m (Mewes et al., 2014).

4.6. Fe-Cu-Zn-isotope composition of Mn-microncdi.es and Mn-nodules

Mn-micronodules have Fe-isotope cu™osition (5°°Fe = -0.43 — -0.27%o) slightly heavier
than that of the paired Mn-nodules (6°Fe = -0.63 — -0.39%o) (Table 7; Fig. 8A). Fe-isotope
composition of the studied Mn- micrcn sa sies and nodules falls within the 5°°Fe range of the Mn-
nodules [from -1.27 to -0.07%o; E~ara and Johnson (1999), Levasseur et al. (2004), Marcus et al.
(2015)] and Fe-Mn-crusts [from -2 12 to +1.54%.; Zhu et al. (2000), Chu et al. (2003), Levasseur
et al. (2004), Horner et a' (277.5)] measured so far, and is lighter than that of the terrestrial
igneous rocks [0.09% ., Rec ™ and Johnson (2004)] (Fig. 9A). §°°Fe of the Mn-micronodules from
facies 0 gets lower upwer. the sediment cores (towards the seawater-sediment interface), whereas
that of the micronodules from facies B and C does not change (within the error) across the
sediment (Table 7).

Mn-micronodules (5°°Cu = +0.20 — +0.35%0) and paired Mn-nodules (§*°Cu = +0.21 —
+0.35%o) have similar (within the error) Cu-isotope composition (Table 7; Fig. 8B), which falls
within those of the Mn-nodules [from +0.05 to +0.60%.; Albaréde (2004)] and Fe-Mn-crusts
[from +0.12 to +0.58%o; Little et al. (2014b)] investigated previously, and is heavier than that of
the terrestrial igneous rocks [0%o. (Albarede, 2004); 0.06-0.07%o for bulk silicate Earth (Moynier



et al., 2017)] (Fig. 9B). A slight decrease in 8®°Cu of Mn-micronodules is observed upward the
sediment cores (Table 7).

The range of Zn-isotope composition of the Mn-micronodules (8%°Znjc = +0.61 —
+0.90%o) is slightly wider than that of the Mn-nodules (5°°Znuc = +0.75 — +0.87%o) although the
Zn-isotope composition of the paired micronodules-nodules is quite similar (Table 7; Fig. 8C).
They both are within the range of the Zn-isotope composition of the Mn-nodules [from +0.53 to
+1.16%0; Maréchal et al. (2000)] and at the lighter end of the Zn-isotope composition of the Fe-
Mn-crusts [from +0.80 to +1.23%o; Little et al. (2014b)] studied so far, and are heavier than that
of the terrestrial igneous rocks [0.2 — 0.3%. (Albaréde, 2004; Cher: ~t al., 2013); 0.15%o for bulk
silicate Earth (Moynier et al., 2017)] (Fig. 9C). °°Zn of the M-m cronodules does not show a

visible change (within the error) upward the sediment cores ("abl : 7).
5. Discussion
5.1. Mineralogy of Mn-micronodules

Previous works on the mineralogy of the Mn-micronodules (Kidd and Armannson, 1979;
Lallier-Verges and Clinard, 1983; Popre . al., 1984; Stoffers et al., 1984; Dekov et al., 2003; Ito
et al., 2005; Liao et al., 2019; Li t ar., 2020) reported that the main minerals that compose the
Mn-micronodules are todorol-itc and 6-MnO,. Birnessite and buserite were reported rarely.
Mineralogical determinatirns in most of these works were based on conventional powder XRD
only, which casts sorv.. du:'h* on the precision of these determinations. Therefore, we put a little
effort on the precise min=ralogy of the studied Mn-micronodules.

Our XRD and IR spectroscopy analyses showed clearly that the studied Mn-micronodules
and Mn-nodules are dominantly composed of phyllomanganates (10 A and 7 A vernadites) and
vernadite (6-MnQOy). The vernadite and an X-ray amorphous FeEOOH were inferred on the basis of
the EPMA analyses of the layer growth structures. Vernadite intergrown epitaxially with X-ray
amorphous FeOOH is typical for the layer growth structures with low Mn/Fe ratios
(Wegorzewski and Kuhn, 2014; Wegorzewski et al., 2015). The low intensity and broadness of
the 10 A and 7 A peaks at the XRD patterns indicated high distortion of the Mn-octahedral layers
as well as very low stacking order of the phyllomanganates (Bodei et al., 2007).



Presence of todorokite in the studied Mn- micronodules and nodules is not supported by
our XRD and IR studies. The chemical composition of the Mn-micronodules supports the XRD-
IR based conclusion that there is no todorokite. In general, the todorokite-rich Mn-nodules
incorporate much lower amounts of Ni and higher amounts of Cu than the phyllomanganate-rich
Mn-nodules (Atkins et al., 2014; Heller et al., 2018; Wegorzewski et al., 2020). This suggests
that the studied Mn- micronodules and nodules (Tables 3, 5) are composed of phyllomanganates.
Furthermore, the Mg concentrations of the Mn- micronodules and nodules (Tables 3, 5) are too
low for being todorokite-rich. In principle, the Mn-nodules may contain minor amounts of
“defected” todorokite (Bodei et al., 2007) rather than todorokitc ‘Wegorzewski et al., 2015;
2020). According to the recent studies (Wegorzewski et al., 2120 todorokite appears to be a
typical transformation product of 10 A phyllomanganates after being buried in the sediment

column (down to 5 — 10 m) at prevailing suboxic-conditiz~s /r a long period of time.

5.2. Origin of Mn-micronodules

5.2.1. Trace elements constraints

The Mn/Fe ratio and trace eleme:.* content of the seafloor Fe-Mn-oxyhydroxide deposits
have been employed to relate the caro:..s to their mode of formation (Bonatti et al., 1972,
Halbach et al., 1988; Wegorze.'ski and Kuhn, 2014; Josso et al., 2017). The triangular
discrimination diagram of Bcraw' et al. (1972) that considers the contents of Fe, Mn and the
essential trace elements Ci*. NI =2ad Co in the Fe-Mn-deposits has been widely used. This simple
and easily understanca'e rerchemical approach motivated many scientists to improve and make
it more precise. Thus, H=ibach et al. (1988) proposed a similar diagram recently improved by
Wegorzewski and Kuhn (2014), whereas Josso et al. (2017) involved additionally in this
conception both the high field strength (HFSE) and rare earth elements.

Employing the diagrams of Wegorzewski and Kuhn (2014) and Josso et al. (2017) (Fig.
10A, B) we can see that the studied Mn-micronodules are diagenetic precipitates (Fig. 10A) that
are a result of suboxic diagenesis (Fig. 10B). This conclusion seems to be in contradiction with
the current redox state of the pore waters in the sediments from where the Mn-micronodules were
collected (0-5, and 5-10 cm) (Fig. 7). Although the dissolved O, vertical distribution across the
studied sediment shows that below 1 cm depth [O2] (~60-30 pmol/L) is 3-6 times lower than that



of the bottom seawater (177 pumol/L) (Fig. 7) the dissolved O, concentrations are still well above
the suboxic value ([O2] < 5 pmol/L; Hein and Koschinsky, 2014) [see Tostevin and Poulton
(2019) for suboxic sediment characteristics]. Dissolved Mn?* concentrations in the studied pore
waters (0.55 pg/kg = 0.01 pumol/L; Table 6) are similar to those in the upper oxic zone in the
sediments east of the area of our studies (<0.1 pmol/L; Mewes et al., 2014) and much lower than
those in the suboxic zone in the same sediments (0.1 - 50 umol/L; Mewes et al., 2014). This
means that the pore waters in the sediments from which the studied Mn-micronodules were
collected are currently oxic although depleted in O, in respect to the bottom seawater (Fig. 7).
The suboxic diagenetic origin of the Mn-micronodules may .= explained with temporal
fluctuation of the oxic-suboxic front in the sediment. Vol. et al. (2020) found that the
deoxygenation in the NE Pacific during the LGP resulted in ~om ression of the oxic zone in the
sediments and precipitation of upward diffusing pore "*a.r Mn®* in the upper 5 cm of the
sediment. The increasing [O-] in the bottom seawater ah.~ (ne LGP has led to a deepening of the
oxic-suboxic front in the sediment (Volz et al, ".020). We may speculate that in the past
(presumably, during the LGP) the oxic-subrvic front in the studied sediments was close to the
seawater/sediment boundary. This might no v resulted in suboxic reduction of both solid-phase
Mn** (and release of the trace elements adsorbed on it) and solid phases of the trace elements
(e.g., Ni, Cu, Mo, etc.) from the sediia~.ni, and the upward diffusion of the reduced species (e.g.,
Mn?*). Recent deepening of the c:ic-saboxic front might have led to re-oxidation of Mn®* back
to Mn* in the pore waters o1 the upper sediment layer (0-10 cm) and Mn-micronodule
precipitation.

The studied Mr.-~au'les are diagenetic-hydrogenetic formations according to the diagram
of Wegorzewski and K'an (2014) (Fig. 10A) whereas the diagram of Josso et al. (2017)
classifies them as diagenetic (Fig. 10B). The Mn-nodule standard Nod-A-1 (Atlantic Mn-nodule)
is hydrogenetic according to both the Wegorzewski and Kuhn (2014) (Fig. 10A) and Bonatti et
al. (1972) (not presented here) diagrams, but hydrogenetic-diagenetic according to the diagram of
Josso et al. (2017) (Fig. 10B). The later little deviation makes us assuming that the hydrogenetic
and diagenetic fields in the diagram of Josso et al. (2017) (Fig. 10B) need slight refinement. We
replaced the original name of the Diagenetic (oxic diagenesis) field (Josso et al., 2017) with
Diagenetic only (Fig. 10B) considering that the term oxic diagenesis is not correct (Wegorzewski
and Kuhn, 2014; Kuhn et al., 2017b). We have also replaced the metal-rich-hydrothermal trend



(Josso et al., 2017) with the more precise transition metal-rich hydrothermal (Fig. 10B). Thus, we
consider that the studied Mn-nodules are rather diagenetic-hydrogenetic than pure diagenetic
formations. Mn-nodule standard Nod-P-1 (Pacific Mn-nodule) plots close to our Mn-nodule
samples (Fig. 10A, B), which seems reasonable in view of the fact that Nod-P-1 Mn-nodules
were collected from the same Clarion-Clipperton zone (Flanagan and Gottfried, 1980) and close
to the area of collection of the studied Mn-nodules (Fig. 1). Therefore, we would classify the
Nod-P-1 as diagenetic-hydrogenetic Mn-nodules standard.

Both genetic parts of the Mn-nodules, hydrogenetic (upper) and diagenetic (lower), are
exposed in an oxic environment: dissolved oxygen concentratio»s of 177 pmol/L and 118
pumol/L, respectively (Fig. 7). The diagenetic part of the Mn-no.lule: is enveloped in a dissolved
oxygen halo (~0.5 cm thick) within which [O,] sharply decre »ses from 118 to 52 umol/L (Fig. 7).
It seems likely that the dissolved elements in the sedime~* o e waters are essentially oxidized in
this oxygen halo and accreted to the Mn-nodules.

Chemistry of the individual layer growth -tructures (see 4.4 and Table 5) confirms the
genetic conclusions based on the bulk chemi_try of the Mn-micronodules. Previous studies
(Wegorzewski and Kuhn, 2014) inferred :hut the layer type 2 growth structures within Mn-
nodules were suboxic-diagenetic preci.‘tates. Our data (sub-section 4.4, Table 5, Fig. 10A)
clearly confirms that the layer type 2 {Fou. sub-types 2a and 2b) growth structures are diagenetic
precipitates, which are a result o7 subuxic diagenesis. Although, the layer type 1 shows Mn/Fe
ratio up to 6 (Table 5) it migt* Lo considered as hydrogenetic growth structure according to the
previous work (Wegorzewski >rJ Kuhn, 2014). The heterogeneity and porosity (on a fine scale)
of the material that c..moc~27, these layers seem to be responsible for the slightly higher Mn/Fe
ratios and overall lower t~(als than those typical for the hydrogenetic precipitates (Wegorzewski
and Kuhn, 2014). Chemistry of the layer type 1 (sub-section 4.4, Table 5, Fig. 10A) growth
structures suggests that they are mixed diagenetic-hydrogenetic and pure hydrogenetic

precipitates. However, these growth structures are rare.

5.2.2. REE constraints

A recent study on the seafloor Fe-Mn-deposits proposed two diagrams for discrimination
among the genetic deposit types (Bau et al., 2014). The diagrams are based on the geochemical
relationships controlling the REE and Y. According to this discrimination approach the



hydrogenetic Fe-Mn-deposits are characterized by positive Ce anomaly (Ce/Ce*>1) and high Nd
concentrations (>100 mg/kg). Thus, the USGS standard for Atlantic Mn-nodule (Nod-A-1)
appears to be a hydrogenetic deposit (Bau et al., 2014). Our REE data (Table 4; Fig. 6H) as well
as the ternary diagram approach (see sub-section 5.2.1) confirm that the Mn-nodule standard
Nod-A-1 is hydrogenetic. The USGS standard for Pacific Mn-nodule (Nod-P-1) seems to be
diagenetic-hydrogenetic (weak positive Ce anomaly, Nd ~ 100 mg/kg; Bau et al., 2014) and our
data are in good agreement with that (Table 4; Fig. 6G). Following the REE criteria of Bau et al.
(2014) our Mn-nodules are diagenetic-hydrogenetic deposits (weak positive or no Ce anomaly,
Nd>100 mg/kg; Table 4, Figs 4A, C, E), which is supported by the >rnary diagram approach (see
5.2.1).

Following our geochemical interpretations, the Mn micronodules are diagenetic
precipitates, which are a result of suboxic diagenesis (s~ b.2.1). According to the classification
of Bau et al. (2014) the diagenetic Mn-nodules should i.~ve Nd concentrations between 10 and
100 mg/kg, and negative (or no) Ce anomaly. Th': sturdied Mn-micronodules do have Nd = 10 —
100 mg/kg (Table 4), but they show positiva Co anomaly (Table 4; Fig. 6B, D, F), which is in
contradiction with the criteria of Bau e. 2. (2014). The positive Ce anomaly in the REE
distribution pattern of the Mn-micronou.les can be explained following the interpretation of the
negative Ce anomaly in the diagencti. vin-nodules by Bau et al. (2014). Mn-oxide particles
scattered in the sediment are prin:ary Lrecipitates in open seawater characterized by positive Ce
anomaly (Bau and Koschinsky 2209). Bau et al. (2014) suppose that the suboxic diagenesis has
reduced and quantitativelv re-mvbilized Mn?* and REE®", but not entire Ce** from the sediment
solid phases into por. "va~re. This has resulted in Mn-rich pore waters with deficiency of Ce.
This Ce deficit could no* 'ave been compensated by later preferential scavenging of Ce from the
pore waters during the diagenetic Mn-nodule growth and therefore, these nodules have negative
Ce anomaly (Bau et al., 2014). If we assume that during the suboxic diagenesis Ce*" (seawater-
derived) in the sediment is reduced, quantitatively re-mobilized and then scavenged by the Mn-
micronodules from pore waters the diagenetically forming Mn-micronodules will acquire positive
Ce anomaly. We may speculate that because a major part of Ce** dissolved in pore waters has
been effectively sequestered by the Mn-micronodules dispersed within the sediment the
remaining pore fluid would have had Ce deficit, which will then be recorded in the big slowly
growing diagenetic Mn-nodules. The negative Ce anomaly detected in the pore waters (Table 6;



calculated relative to La and Nd instead of La and Pr because of lack of Pr concentration data)
may be interpreted from this point of view.

In other words, the model of Bau et al. (2014) is correct with the little detail we added here
about the intermediate role of the Mn-micronodules: suboxic quantitative re-mobilization of
seawater-derived Ce in the sediment and its sequestration by Mn-micronodules that leaves behind
pore water with Ce deficit, which feeds the diagenetic Mn-nodules.

5.3. Source of elements to the Mn-micronodules

The three patterns of vertical distribution of the elemente' co icentrations in the sediment
pore waters, (1) stable with no substantial fluctuations (M, F3 and probably P and Zn), (2)
upward decrease (Si, S, Mg, Ca, and Cr) and (3) upwarec inc,~ase (Na, K, Rb, Li, Mo, Cd, B, Ni,
V, Cu, Ba, Co, U, and Sr) (Fig. 7), are likely a result or ~ifferences in the redox remobilization
(dissolution) and immobilization (reprecipita.ic.;, scavenging) of the elements. The
remobilization and immobilization of elem~n. in the pore waters depend on a number of
environmental controls: e.g., Eh, pH, T, ion ~rvities, etc. These controls, excluding dissolved O,
concentration (a measure for the Eh), w-re not investigated in the course of this study because
our focus was not on the pore waters, hu: on the Mn-micronodules. Therefore, the interpretation
of the pore water chemistry (the aso.is for different behaviour of the elements in it) is beyond
the scope of this work. We ca~ 1> general, infer that the mild oxic conditions in the pore waters
([02] < 60 pmol/L below 1 e~ repth; Fig. 7) may be responsible for the remobilization of some
elements (Na, K, Rb, . 1~ Cd, B, Ni, V, Cu, Ba, Co, U, and Sr) from the sediment and their
upward flux towards the <.awater/sediment boundary.

We will comment on the pore waters in the studied sediment as possible source of elements
to both the bottom seawater and Mn-micronodules.

We have not studied the chemistry of the bottom seawater at the area of investigation and
therefore, we will use the chemical composition of the North Pacific deep seawater (see the
references in the figure caption to Figure 7) in our approach. Comparing the chemistry of the
North Pacific deep seawater with that of the studied pore waters (Fig. 7) we can suppose that
there is a diffusion flux of Mn, Fe, Si, Ca, Na, K, Rb, Li, Mo, Cd, Ni, V, Cu, Ba, Co, P, Zn, Cr,

and Sr dissolved in the pore waters towards the bottom seawater. l.e., the pore waters of the



studied sediments are a source of these elements to seawater. Concentrations of S and Mg in the
pore waters are close to those in the deep seawater (Fig. 7) which suggests that most probably
there is no flux of these elements either from the sediment to the seawater or from the seawater to
the sediment. Concentrations of U and B in the bottom seawater are higher than those in the pore
waters which means that the bottom seawater may be a source of these elements to the pore
waters.

Concentrations of Mn, Si, S, Mg, Na, Li, Mo, Cd, B, Ni, Cu, Ba, U, P, Zn, and Cr in the
Mn-micronodules co-vary with those in the pore waters (Fig. 7). This suggests that the pore
waters are likely source of these elements in the Mn-micronodulc. It is challenging to explain
the reverse correlation of the concentrations of Fe, V, Co, ~a, 3r, K, and Rb in the Mn-
micronodules with those in the pore waters. It seems reasona.le t1) assume that the concentrations
of Fe, V, Co, Sr, K, and Rb in the Mn-micronodules ic ~ yvonction of the micronodule age: the
older Mn-micronodules (deeper in the sediment) have had (nore time to scavenge higher amount
of elements than the younger Mn-micronodules (3" the sediment surface) notwithstanding the
increased concentrations of these elements in the source pore waters towards the sediment

surface.

5.4. Fe-Cu-Zn-isotope composition of Mn-.aicronodules

Studied Mn-micronodulcs a = suboxic diagenetic precipitations formed within the sediment
whereas their paired Mn-nndui~< are hydrogenetic-diagenetic formations formed at the sediment-
seawater boundary (..° I 2,. A detailed study of the Mn-nodules from the same Clarion-
Clipperton zone showec *aey were composed of alternating diagenetic and hydrogenetic layers
(Wegorzewski and Kuhn, 2014). Hence, our bulk Mn-nodule samples likely average the
diagenetic and hydrogenetic influence on the nodule Fe-isotope composition.

Although the Fe-isotope composition of seawater ranges from -1.35 to +0.80%o (Lacan et
al., 2008; Conway and John, 2014a; Chever et al., 2015; Fitzsimmons et al., 2016; Abadie et al.,
2017) the bottom seawater, which is directly responsible for the hydrogenetic precipitation of Fe
has &°°Fe ~ 0.5%. (Horner et al., 2015; Fitzsimmons et al., 2016; Abadie et al., 2017). Can
hydrogenetic precipitation of Fe-oxyhydroxides from deep seawater (§°°Fe ~ 0.5%o) account for
the observed negative 8°°Fe of the Mn-micronodules and nodules (Fig. 8A; Table 7) if we



consider the identified Fe isotope fractionation during hydrogenetic precipitation of Fe? The
estimated Fe isotopic fractionation factor between pure hydrogenetic Fe-oxyhydroxide
precipitates (Fe-Mn crusts) and seawater is A%**Ferevn.sw = 8°° > *Feremn - 8°° *Fesw = -0.77%o
(Horner et al., 2015). If we consider that the deep seawater responsible for hydrogenetic
precipitation of Fe-oxyhydroxides on the seafloor has mean 8*°Fesy = 0.5%o (Horner et al., 2015;
Fitzsimmons et al.,, 2016; Abadie et al., 2017) then, the hydrogenetic Fe-oxyhydroxide
precipitates on the seafloor will have 5°°Fe = -0.27%o. This 8°°Fe is close to the Fe-isotope
composition of the studied Mn-micronodules and nodules (Table 7) and implies that the
hydrogenetic processes may have played a substantial role in their 1v mation.

However, our mineralogical and geochemical studies sugjest that the studied Mn-
micronodules have suboxic diagenetic genesis whereas he Mn-nodules are hydrogenetic-
diagenetic formations. Can the diagenetic processes in t:» scdiment be major control on the Fe-
isotope composition of both the micronodules and noadu'cs? It was found that the oxic clastic
sediments have 8°°Fe = 0.09%o (Beard and Johnsrn 2004). The reduction of the sedimentary Fe
(presumably with §°°Fe = 0.09%o) fraction>*as Fe-1sotopes and produces an isotopically light
dissolved Fe flux (5°°Fe = -3.91%o to +0.01%0) that may further be transferred to the seawater
column (Johnson et al., 2002; Severman. et al., 2002; Welch et al., 2003; Severmann et al., 2010;
John et al., 2012; Klar et al., 2017). Th . ecipitation of the Mn- micronodules and nodules from
the dissolved negative Fe isotot: pocl (8°°Fe = -3.91%. to +0.00%0) in the sediment during
diagenetic processes or during hyrogenetic precipitation will result in negative 5°°Fe values of
both the Mn- micronodules &> nodules (Fig. 8A; Table 7). This suggests that the diagenetic
processes may have .mp~rtant control on the Fe-isotope composition of the studied Mn-
micronodules and nodul=<. The slightly lighter Fe-isotope composition of the Mn-nodules (lying
on the sediment) than that of the paired Mn-micronodules (within the sediment) (Fig. 8A; Table
7) may also be explained with diagenetic processes: the pore waters near the sediment-seawater
boundary have Fe-isotope composition lighter than that of the deeper pore waters (Severmann et
al., 2010; Klar et al., 2017). The decrease of §°°Fe of the Mn-micronodules from facies 0 upward
the sediment cores (towards the seawater-sediment interface) (Fig. 8A; Table 7) supports this

interpretation.



Overall, the Fe-isotope composition of the Mn- micronodules and nodules does not give an
unambiguous answer about their origin. It can equally be a result of either hydrogenetic or
diagenetic nature.

8%°Cu of the studied Mn- micronodules and nodules, as well as that of the Mn-nodules and
Fe-Mn-crusts studied so far (Fig. 9B) is lower than that of the dissolved Cu in the deep (below
800 m) ocean [+0.66 £ 0.07%o; Vance et al. (2008), Takano et al. (2014), Thompson and Ellwood
(2014), Moynier et al. (2017), Little et al. (2018)]. Lighter Cu-isotope composition of
hydrogenetic Fe-Mn-crusts [6°Cu = +0.12 — +0.58%o; Little et al. (2014b)] and hydrogenetic-
diagenetic Mn-nodules [6®°Cu = +0.05 — +0.60%0; Albaréde (20C4)] than that of seawater is
consistent with preferential scavenging of ®*Cu and gradual a.-un ulation of ®Cu in seawater
(Albaréde, 2004; Little et al., 2014a; Takano et al., 201*; hichi et al., 2018). Preferential
scavenging of ®*Cu from seawater [8®°Cu = +0.66%o; \/2nc. et al. (2008)] on the Mn- and Fe-
oxyhydroxides explains the Cu-isotope composition of v~ studied hydrogenetic-diagenetic Mn-
nodules (8%°Cu = +0.21 — +0.35%o; Table 7). Hcwrver, which are the processes leading to the
identical Cu-isotope composition of the tr''v Jiagenetic Mn-micronodules (8%°Cu = +0.20 —
+0.35%o; Table 7)? Obviously, the Mn-mic. "r.odules and the diagenetic layers in the Mn-nodules
have received their Cu from the dissolved Cu pool in the pore waters. Unfortunately, we are not
aware of any data for the Cu-isotcpr «umposition of the pore waters in marine sediments.
Therefore, our interpretations wil! be Lreliminary and speculative. The chemical composition of
the pore waters is mostly cont-oncd by the interaction between the sediment particles and water:
dissolution/precipitation, adscrrlion/desorption, etc. Thus, the Cu-isotope composition of the
pore waters will broz..>* u~n2nd on the isotope composition of the sediment particles. Sediment
particles of the sedimert, are of two major types: detrital (lithogenic) and biogenic (organic
matter-related). Average lithogenic Cu isotope composition is +0.08%o0 (Moynier et al., 2017),
whereas the organic matter-related (bioauthigenic) Cu in the sediments has 8%°Cu = +0.28%o
(Little et al., 2017). If we assume that no Cu-isotope fractionation occurs upon dissolution or
desorption of any of these two sediment components, no binary mixing of dissolved both
lithogenic Cu (+0.08%o) and bioauthigenic Cu (+0.28%o) (in any proportions) can explain the Cu-
isotope composition of the micronodules (+0.20 — +0.35%o) keeping in mind that scavenging of
Cugq On the Mn-Fe-oxyhydroxides will drive the source 8®°Cu to lower values (preferentially
retaining lighter ®*Cu). Thus, the Cuaq released from the sediment particles to the pore waters



needs to be heavier than Cu in the source particles. In fact, it was found that abiotic oxidation of
Cu’-containing minerals releases isotopically heavier Cuaq2+ than the source mineral (e.g., Mathur
et al., 2005). This will provide the heavy Cu (8%°Cu > +0.28%o) necessary for the Cu-isotope
composition (+0.20 — +0.35%o) of the diagenetic Mn-micronodules. The slight decrease of §°°Cu
of the Mn-micronodules upward the sediment cores (Table 7) seems to be a result of the
progressive depletion of the heavy diagenetic upward flux in ®Cu. This would mean that the
benthic Cu flux from the sediment to bottom seawater must be heavy. Indeed, Takano et al.
(2014) reported values of the Cu-isotope composition of the benthic input (8%°Cu = +0.58%o)
close to that of the deep seawater (8%°Cu = +0.66%o).

It is known that the speciation of Cu dissolved in seawate. is ( rganically controlled (Coale
and Bruland, 1988; Moffett and Dupont, 2007). The major net o1 Cu dissolved in the pore waters
of costal marine sediments is as organic complexes and = \/e.» small fraction of it is as inorganic
species (Skrabal et al., 2000). The organic complexatior, =« Cu was found to be associated with
Cu isotope fractionation: Cu-binding ligands fre’erentially complex the heavy Cu isotope
(Pokrovsky et al, 2008; Bigalke et al., 2010h: N /arrete et al., 2011; Ryan et al., 2014; Sherman,
2013; Sherman et al., 2015; Sherman and L*t*.e, 2020). We are not aware of any investigation of
Cu isotope fractionation in the pore wate.< of abyssal plain sediments, but in view of the previous
studies we may suppose that Cu orgcn.c vomplexation plays an essential role in the Cu isotope
fractionation in the pore waters ana eventually, in the Cu isotope composition of the Mn-
micronodules.

It was found (Little ot ~!, 2014b) that the Zn-isotope composition of the Fe-Mn-crusts
[hydrogenetic deposi’s, 6°7.ymc = +0.80 — +1.23%o (Little et al., 2014b)] and Mn-nodules
[hydrogenetic and hydrn-enetic-diagenetic deposits; 5°°Znuc = +0.53 — +1.16%0 (Maréchal et
al., 2000)] is heavier than that of the seawater [8%°Znyuc = +0.46 — +0.51%; Little et al. (2014b),
Lemaitre et al. (2020)]. Zn-isotope composition of the studied Mn-micronodules (5°°Znvc =
+0.61 — +0.90%o; Table 7) and Mn-nodules (8°®Znyuc = +0.75 — +0.87%o; Table 7) is also heavier
than that of the seawater. Little et al. (2014b) explain the heavier Zn-isotope composition of the
hydrogenetic Fe-Mn-deposits relative to that of seawater with equilibrium isotope partitioning
between dissolved and adsorbed Zn when Zny is either free or inorganically-speciated. In such a

case the heavy °°Zn adsorbs more readily than the light ®*Zn due to preferential sorption of heavy



Zn isotopes on Fe-Mn-oxyhydroxides surfaces (e.g., Bryan et al., 2015). This mechanism
explains the Zn-isotope composition of the studied hydrogenetic-diagenetic Mn-nodules.

Diagenetic Mn-micronodules receive their Zn content from the pore waters. Therefore, the
Zn-isotope composition of the Mn-micronodules seems to be controlled by the processes of Zn
isotope fractionation in the pore water (in the sediment). Conway and John (2014b) found that the
continental margin sediments are a source of isotopically light Zn (8°°Znywc = -0.5 — -0.8%o) to
the ocean. The light Zn isotope flux is supposed to be released from degrading phytoplankton
material [with light Zn-isotope composition; e.g., Kobberich et al. (2019)] within the sediments.
Although the studied Mn- micronodules and nodules are withir. ~nd on top, respectively, of
abyssal plain sediments we can suppose that in a similar way (e. ., C onway and John, 2014b) the
decay of the buried organic matter in the sediment releases li *ht ..n and creates a light Zn isotope
pool (8%°Znymc < 0%o) in the pore waters. Substantial Zr iso. pe fractionation is necessary in the
pore water (with presumably 8°°Znwc < 0%o) in order to .~ach the Zn-isotope composition of the
Mn-micronodules (8%°Znyc = +0.61 — +0.90%0). \* e may speculate again that if the dissolved
Zny in the pore waters is either free or ir~rgonically-speciated then, the heavy %Zn will be
adsorbed preferentially on the Mn-Fe-oxyh, ¥ oxides than the light ®*Zn (e.g., Bryan et al., 2015).
This will result in heavy Zn-isotope coi."nosition of the Mn-micronodules and diagenetic layers
of the Mn-nodules.

Major part of the Zn dissc! 7ed :n seawater (up to 98%) is also (like Cu) complexed to
organic ligands (Wells et al., 2952 Bruland, 1999; John et al., 2007). The organic complexation
of Zn also results in Zn isuione fractionation: heavy Zn isotope enrichment of the organic
complexes (Jouvin et ' . 207J; Markovic et al., 2017). We do not know of any study on the Zn
isotope fractionation in r.arine sediment pore waters, but are challenged to speculate that the
organic complexation of Zn might play an important role in the Zn isotope fractionation in
sediment pore waters and Zn isotope composition of the Mn-micronodules.

Fe-Cu-Zn-isotope composition of the Mn-nodule standard Nod-P-1 (Pacific Mn-nodule)
(Table 7) agrees well with that measured previously [6°°Fe = -0.51 + 0.09%o (Marcus et al.,
2015); 8°°Cu = 0.35 — 0.46 (+ 0.05 — 0.08)%o (Jochum et al., 2005; Chapman et al., 2006; Pontér
et al., 2021); 5%zn = 0.63 — 0.87 (£ 0.02 — 0.09)%0 (Chapman et al., 2006; Bigalke et al., 2010a;
Gagnevin et al., 2012; Chen et al., 2016; Druce et al., 2020)] and falls within the range of the
isotope composition of the studied Mn-nodules (Fig. 9A, B, C) confirming the same



hydrogenetic-diagenetic nature of the studied and standard nodules. However, its Fe- and Zn-
isotope compositions are lighter than that of the Mn-nodule standard Nod-A-1 (Atlantic Mn-
nodule) [6°°Fe = -0.42 — -0.37 (+0.06 — 0.08)%o (Dideriksen et al., 2006; Ellwood et al., 2015;
Marcus et al., 2015); §°°Zn = 0.96 — 1.01 (+ 0.01 — 0.03)%o (Chen et al., 2016; Druce et al.,
2020)] whereas its Cu-isotope composition does not differ (within the uncertainty) from that of
the Nod-A-1 standard [6°°Cu = 0.42 + 0.07%. (Pontér et al., 2021)]. These differences and
similarity in the Fe-Cu-Zn-isotope composition of the hydrogenetic-diagenetic (Nod-P-1) and
hydrogenetic (Nod-A-1) Mn-nodules are challenging to be investigated, but not straightforward
to be explained and fall beyond the scope of this work.

5.5. Can Mn-micronodules be potential resource for valuable elerents?

Mn-micronodules are ubiquitous in marine sedin.~nts from almost all seafloor settings:
from mid-ocean ridges to abyssal deeps excluding th: continental margins. Combining their wide
global occurrence with narrow stratigraphic aictribution [they are mostly concentrated in the
uppermost ~1 m of the sediment cover (Sv.’nov et al., 1991a; Pattan, 1993; Chauhan and Rao,
1999; Dubinin and Sval’nov, 2000b)] ad easy extraction (magnetic or electro-magnetic) from
the lose sediment makes them possibl 2 4t uctive resource for valuable chemical elements.

In order to estimate the pot:atia: of Mn-micronodules as a resource for valuable elements
we made a compilation of all chemistry data we are aware of (Table 8). We have not included in
this data set some of the ~la “=2@ with unclear analytical approach (we could not estimate the
quality of the data) ac .'ei. 2< the data received with both electron microprobe and laser ablation
ICP-MS (these two aprroaches give the chemical composition at single points and are not
representative for the Mn-micronodules as a whole). The compilation (Table 8) shows that the
chemical data for Mn-micronodules are scarce. Most of the works report the concentrations of
Mn, Fe, some transition metals (Cu, Ni, Co) and REE only. Very few works give the
concentrations of wide spectrum of elements. With such a poor data base it is not possible to give
a meaningful estimation of the resource potential of the Mn-micronodules in global aspect
[locally, Yasukawa et al. (2020) estimated it for the area of the Minamitorishima Island, Pacific

Ocean]. In order to get a rough idea about the economic potential of the Mn-micronodules we



have compared their chemistry with that of their big and fairly well studied counterparts, Mn-
nodules (Table 8).

Although the concentrations of different elements are variable in the Mn-micronodules
from different settings we can see that they, in general, are poorer in most elements than the Mn-
nodules (e.g., twice poorer in REE) (Table 8). Manganese, Ni, Cu, Zn, and Mo appear to be the
main elements of potential economic interest that are in the Mn-micronodules in concentrations
higher than those in the Mn-nodules. In a future more precise estimation of the economic
potential of the Mn-micronodules (more studies are necessary) these elements have to receive

particular attention.

6. Summary

Mn-micronodules in the sediments of the Clarion-C':pperton zone in the Pacific Ocean are
composed of 10 A and 7 A phyllomanganates, ar d vernadite (5-MnQ,). Their internal structure
shows fine concentric growth layers, which b~ve ‘7arying chemistry and reflectivity. According to
that three different layer growth structures "v_re distinguished: (1) layer type 1 with low Mn/Fe
ratio (2.6 — 6), low Ni+Cu content (1.11  1.88 wt.%), high Co content (0.14 - 0.5 wt.%), and low
reflectivity; (2) layer type 2a with high M.i/Fe ratio (34 - 699), high Ni+Cu content (1.44 - 5.45
wt.%), low Co content (<0.07 wt.4), axd high reflectivity; (3) layer type 2b with medium Mn/Fe
ratio (8 - 95), medium to high 1:i+Cu content (1.93 - 4.17 wt.%), high Co content (up to 0.5
wt.%), and low reflectivitv

Interpreting the cheirieory of the studied Mn-micronodules and Mn-nodules (Fe, Mn, Ni,
Cu, HFSE and REE co~entrations) we inferred that: (1) the Mn-micronodules are diagenetic
precipitates, which are a result of suboxic diagenesis; and (2) the Mn-nodules are diagenetic-
hydrogenetic formations. Fine scale investigations revealed that the most common growth
structures (layer type 2) within the Mn-micronodules are suboxic-diagenetic, whereas the rare
growth structures (layer type 1) are mixed diagenetic-hydrogenetic and hydrogenetic precipitates.
However, the current redox state of the pore waters in the sediments where the Mn-micronodules
have formed is oxic (although approaching suboxic values). Thus, the suboxic diagenetic origin
of the Mn-micronodules may be explained with temporal fluctuation of the oxic-suboxic front in
the sediment. We assume that during the LGP the oxic-suboxic front in the sediments had been



close to the seawater/sediment boundary. This might have resulted in suboxic reduction of solid-
phase Mn*" and other elements in the sediment and the upward diffusion of the reduced species.
Recent deepening of the oxic-suboxic front might have led to re-oxidation of Mn®* in the pore
waters of the upper sediment layer and Mn-micronodule precipitation.

The positive Ce anomaly and Nd content (10 - 100 mg/kg) of the Mn-micronodules
contradict the REE criteria for diagenetic Mn-oxide deposition according to the previous
research. We explain these features with suboxic quantitative re-mobilization of seawater-derived
Ce in the sediment and its sequestration by Mn-micronodules that results in Ce-deficient pore
water. This Ce deficiency is recorded in the diagenetic Mn-nodules.

The pore waters of the studied sediments are the most prbal le source of Mn, Si, S, Mg,
Na, Li, Mo, Cd, B, Ni, Cu, Ba, U, P, Zn, and Cr in the Mn-r.icrc nodules. They are also a source
of Mn, Fe, Si, Ca, Na, K, Rb, Li, Mo, Cd, Ni, V, Cu, 22. Co, P, Zn, Cr, and Sr to the bottom
seawater. The bottom seawater in turn is a source of U arn' & to the pore waters.

Investigation of the Fe-Cu-Zn isotope co nrosition of the Mn-micronodules and Mn-
nodules provided additional information on the geochemical processes occurring in the sediment
and leading to micronodule and nodule pio~’pitation. The measured Fe-isotope composition of
the Mn- micronodules and nodules c.n be explained by either hydrogenetic or diagenetic
precipitation of the Fe-oxyhydroxid2 cu.aponent. However, relying on the inferred suboxic
diagenetic origin of the Mn-micrc1o0aduies (based on our mineralogical and geochemical studies)
we would suggest rather a ma,or diagenetic than hydrogenetic control on their Fe-isotope
composition following: (1) re. v tion of the sedimentary Fe (8°°Fe = 0.09%o), (2) fractionation of
Fe-isotopes leading tc on w>topically light (8°°Fe = -3.91%o to +0.00%o) dissolved Fe pool in the
sediment (and flux to th= seawater column), followed by (3) Fe-oxyhydroxide precipitation with
preferential uptake of *°Fe leading to (still) light Fe isotope composition of both the Mn-
micronodules and diagenetic layers of the Mn-nodules (5°°Fe = -0.63 to -0.27%.). Lighter Fe
isotopes of the Mn-nodules (-0.63%o - -0.39%o) than that of the Mn-micronodules (-0.43%o - -
0.27%o) supports the influence of the diagenetic processes on the fractionation of Fe isotopes.

Preferential scavenging of the light ®*Cu from seawater (5°°Cu = +0.66%o) on the Mn- and
Fe-oxyhydroxides accounts for the Cu-isotope composition of the studied hydrogenetic-
diagenetic Mn-nodules (5°°Cu = +0.21 — +0.35%o) lighter than that of seawater (8°°Cu = 0.7 —
0.9%0). The diagenetic Mn-micronodules have Cu-isotope composition (8°°Cu = +0.20 —



+0.35%o) identical to that of the hydrogenetic-diagenetic Mn-nodules. The oxidative dissolution
of the sedimentary components (5°°Cu = +0.08 — +0.28%o) releases isotopically heavy Cuaq”"
(8°°Cu > +0.28%o) in the pore waters. This diagenetic Cu-isotope pool is subsequently recorded
in the diagenetic Mn-micronodules (considering preferential scavenging of the light ®3Cu) and
appears to be similar to that of the hydrogenetic Cu-isotope pool (bottom seawater).

The heavier Zn-isotope composition of the studied hydrogenetic-diagenetic Mn-nodules
(6°°Znymc = +0.75 — +0.87%o) relative to that of the seawater (8°°Znjuc = +0.46 — +0.51%o) is
interpreted to be a result of equilibrium isotope partitioning between dissolved and adsorbed Zn
when Zny, is either free or inorganically-speciated. In such a case, the heavy %Zn adsorbs more
readily than the light ®Zn due to preferential sorption of heavy Zn isotopes on Fe-Mn-
oxyhydroxides surfaces. Preferential adsorption of ®®Zn fron the light Zn isotope pool (8%°Znuc
< 0%o) of the pore waters (Zn,q is either free or innry~nically-speciated) on the Mn-Fe-
oxyhydroxides has resulted in heavy Zn-isotope compos;*ion of the Mn-micronodules (8%°Znjuc
=+0.61 — +0.90%o) and diagenetic layers of the M 1-r.odules.

In general, the chemical data for Mn-mi~rorodules are scarce and it is not possible to give a
meaningful estimation of their resource nr(ential with such a limited database. The Mn-
micronodules are poorer in most elemen.- than the Mn-nodules and only Mn, Ni, Cu, Zn, and Mo
are in concentrations higher than thos. 'n .. Mn-nodules.
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Figure captions

Fig. 1. Bathymetric map of the studied area with distribution of the Mn-nodule facies and location of the studied

sediment cores. Inset map shows the location of the studied area (red rectangle) in the Pacific Ocean.

Fig. 2. Photographs of the Mn-nodule facies at the seafloor (taken by DSV Nautile) and corresponding Mn-nodules
(insets). (A) facies 0 and a Mn-nodule from facies 0 (spherical; sample NODKGS51 0-5¢cm); (B) facies A and a Mn-
nodule from facies A (spherical; sample EBS07); (C) facies B and a Mn-nodule from facies B (flat, upper surface;
sample NODKGS53 0-7 cm); (D) facies C and a Mn-nodule from facies C (flat, ellipsoidal, upper surface; sample
NODKGS63 0-5¢cm).

Fig. 3. SEM photomicrographs of: (A) elongated botryoidal Mn-micron~. 'le. (SEl; sample NODKGS58 0-5¢cm);
(B) isometric Mn-micronodule (SEI; sample NODKGS58 0-5cm); (C L, F ) cross sections of Mn-micronodules

showing their internal structure and layer types (BEI; sample NODV.C<6. 9-5 cm).

Fig. 4. XRD patterns of two selected Mn-micronodule sampl.5 ~fter drying at 30°C (black patterns) and after heating
at 105°C for 24h (red patterns). [a.u.] = arbitrary units; Fsu = .~!“spar; Qz = quartz.

Fig. 5. IR spectra of five selected Mn-micronodule s. nples compared with the IR spectra of a phyllomangante-rich
Mn-nodule and a todorokite-rich Mn-nodule froi.> Wegorzewski et al. (2020). The black arrows mark the IR bands
that are characteristic for Mn-oxides: phyllor 1a".g..”ate (400 — 515 cm™) and todorokite (~760cm™). Quarzt (Qz) and

other minor impurities (1200 — 900 cm™ wei. detected.

Fig. 6. NASC-normalized (McLennan, 1989) REE distribution patterns of Mn-nodules and Mn-micronodules from
facies 0 (A and B, respectivelyy, = (L and D, respectively) and C (E and F, respectively), and of Pacific (Nod-P-1)
and Atlantic (Nod-A-1) . nou!c standards (G and H, respectively) and North Pacific Deep Water [x15000000;
Alibo and Nozaki (1999)] (G)

Fig. 7. Vertical distributions of the elemental concentrations in the pore waters along the sediment cores
NODKGS63 (O,; black closed circles = profile close to a Mn-nodule, red closed squares = profile beneath the Mn-
nodule) and NODKGS65 (the other elements; black closed circles). Blue stars, elemental concentrations in the North
Pacific deep seawater: O,, our data; Mn from Landing and Bruland (1980); Fe, and Co from Martin et al. (1989); S,
Mg, Na, and K from Millero (1974); Ca from de Villiers (1998); Rb from Spencer et al. (1970); Li from Stoffyn-Egli
and MacKenzie (1984); Mo from Sohrin et al. (1987); Cd, Ni, Cu, and Zn from Bruland (1980); B from Uppstrom
(1974); V from Collier (1984); Ba from Chan et al. (1976); U from Chen et al. (1986); Cr from Jeandel and Minster

(1987); Sr from de Villiers (1999). Concentrations of the same elements in the Mn-micronodules collected from the



same core (NODKGS65) are shown on the same plots with red vertical bars covering the sediment layers from which

the Mn-micronodules were extracted (0-5 cm and 5-10 cm). Concentration scales are given in red on top of each plot.

Fig. 8. Fe-Cu-Zn isotope composition of Mn-micronodules and Mn-nodules from this study. (A) Fe-isotope
composition; (B) Cu-isotope composition; (C) Zn-isotope composition. Colored dots represent the isotope
composition of the Mn-nodules laying at the sediment surface, and colored vertical bars show the isotope
composition of the Mn-micronodules for the depth range where they were collected (i.e., 0-5 cm depth and 5-10 cm
depth, except for NODKGS53, 0-7 cm depth).

Fig. 9. Fe-Cu-Zn-isotope composition (range) of seafloor Fe-Mn-oxyhydroxide deposits. (A) Fe-isotope composition
of Fe-Mn-crusts (Zhu et al., 2000; Chu et al., 2003; Levasseur et al., 2004; Hor, ~r et al., 2015) and Mn-nodules
(Beard and Johnson, 1999; Levasseur et al., 2004; Marcus et al., 2015); (B) C -isc iope composition of Fe-Mn-crusts
(Little et al., 2014b) and Mn-nodules (Albaréde, 2004); (C) Zn-isotope com, osition of Fe-Mn-crusts (Little et al.,
2014b) and Mn-nodules (Maréchal et al., 2000). Isotope composition « € terrestrial igneous rocks: 5°°Fe (Beard and
Johnson, 2004), 8®*Cu (Albaréde, 2004), and 5%Zn (Albaréde, 20C 1. Fi r data of this study see Table 7. Red crosses

= isotope composition of Mn-nodule standard Nod-P-1.

Fig. 10. Ternary discriminative diagrams for genetic ~:~ssi.*cation of the seafloor Fe-Mn-oxyhydroxide deposits and
positions of the studied Mn-micronodules ana ™ -nodules: (A) Fe-Mn-(Ni+Cu)*10 diagram according to
Wegorzewski and Kuhn (2014) (based on Hal.~ch et al., 1988) showing the geochemical relationships between the
diagenetic (A), diagenetic-hydrogenetic (AB® a Y hydrogenetic (B) nodule types; (B) diagram of Josso et al. (2017)

with some refinement.

Appendixes

Appendixes 1 — 2: XRD patter s of Mn-micronodule samples after drying at 30°C (black patterns) and after heating
at 105°C for 24h (grey patterns). [a.u.] = arbitrary units; Fsp = feldspar; Qz = quartz.

Appendix 3: XRD patterns of Mn-micronodule samples after drying at 30°C. [a.u.] = arbitrary units; Fsp = feldspar;
Qz = quartz.

Appendix 4: IR spectra of five Mn-micronodule samples compared with the IR spectra of a phyllomangante-rich
Mn-nodule and a todorokite-rich Mn-nodule from Wegorzewski et al. (2020) as well as with the IR spectra of two
Mn-nodule standards (Nod-P-1 and Nod-A-1). The black arrows mark the IR bands that are characteristic for Mn-
oxides: phyllomanganate (400 — 515 cm™) and todorokite (~760cm™). Quarzt (Qz) and other minor impurities (1200

—900 cm™) were detected.



Table 1. Investigated box cores.

Box core # Latitude Longitude Depth Mn-nodule  Nodule density Remarks
(N) (W) (m)  facies coverage
(kg/m?)

NODKGS44 14°03.99° 130°05.64° 5033 0 0 deepest
NODKGS48 14°03.11° 130°05.16° 5017 O 0 deepest
NODKGS49 14°04.00° 130°05.24" 5032 0 0 deepest
NODKGS50 14°03.36° 130°04.80° 5035 O 0 deepest
NODKGS51 14°03.41° 130°05.48" 5010 O 0 deepest
NODKGS52 14°02.99° 130°05.24" 5027 0 0 deepest
NODKGS53 14°02.34" 130°08.29" 4957 B 22.4 shallowest
NODKGS54 14°02.82° 130°08.10° 4905 B 1t.1 shallowest
NODKGS55 14°03.05° 130°08.00° 4910 B 10.0 shallowest
NODKGS56 14°03.18" 130°08.64° 4838 B 5 shallowest
NODKGS57 14°03.24" 130°07.80" 4938 B .6.7 shallowest
NODKGS58 14°03.24" 130°08.16° 4900 B 12.3 shallowest
NODKGS60 14°03.67° 130°06.25° 5000 C 9.8 middle

depth
NODKGS63 14°04.28" 130°07.06" 4978 C 18.4 middle

depth
NODKGS65 14°03.71° 130°06.80" 4969 C 18.3 middle

depth

Table 2. Mineralogy (XRD, IR) of the s.'died Mn-micronodules and Mn-nodules.

Mineralogy

Sample 1D Description / \hodule
__‘aries

NODKGS44 0- Mn-

5cm? micronodu;i: s 0
NODKGS44 5- Mn-

10cm? micrornacles 0
NODKGS48 0- Mn-

5cm? mic, “nodules 0
NODKGS48 5- Mn-

10cm? micronodules 0
NODKGS49 0- Mn-

5cm micronodules 0
NODKGS49 5- Mn-

10cm micronodules 0
NODKGS51 0- Mn-

5cm micronodules 0
NODKGS51 5- Mn-

10cm micronodules 0
NODKGS52 0- Mn-

5cm? micronodules 0
NODKGS52 5- Mn-

10cm? micronodules 0

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar



NODKGS53
NODKGS53 0-7
cm
NODKGS54 0-
5cm?
NODKGS54 5-
10cm
NODKGS55 0-
5cm
NODKGS55 5-
10cm
NODKGS56 0-
5cm
NODKGS56 5-
10cm?
NODKGS57 0-
5cm?
NODKGS57 5-
10cm
NODKGS58 0-
5cm
NODKGS58 5-
10cm
NODKGS60 0-
5cm?
NODKGS60 5-
10cm

NODKGS63
NODKGS63 0-
5cm?
NODKGS65 0-
5cm
NODKGS65 5-
10cm

Mn-nodule
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodules
Mn-
micronodulec

Mn-nodule
Mn-
micronoa dles
Mn-
micrcaodules
Mn-
micronodules

O O O O O O

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, cuartz

10 A and 7 /x nhyllomanganates,
vernadite qu. 'tz

10 A ar+ R phyllomanganates,
vernac ite, 1juartz

10 £.ana 7 A phyllomanganates,
vearncdiee, quartz, feldspar

10 & and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz, feldspar

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

10 A and 7 A phyllomanganates,
vernadite, quartz

 samples analysed by both XRD and IR

Table 3. Chemical composition (ICP-MS) of the studied Mn-micronodules and Mn-nodules.

Sample ID Description Mn- Mn Fe Mn/F  Si Al Ca Mg Na K Ti P S Li Be B
nodule  (wt. e (mg/k
facies %) 9)
NODKGS4Mn- 0 410 22 17.9 19 19 16 23 11 11 02 00 00 104 0.9 103
80-5cm  micronodul 9 6 0 8 0 6 5 0 7 7 7
es
NODKGS4Mn- 0 378 21 17.6  15. 17 14 21 11 10 01 00 00 46.4 08 66.7
85-10cm  micronodul 5 1 3 8 0 9 3 8 7 5 8
es
NODKGS4 Mn-nodule 0 274 46 5.90 08 13 07 21 08 01 01 01 181 16 939
4 4 7 0 0 3 6 8 2 1 0
NODKGS4Mn- 0 445 24 180 98 19 18 23 10 11 02 00 00 953 1.0 650

90-5cm  micronodul

7

6



es
NODKGS4Mn-
95-10cm  micronodul
es
NODKGS5Mn-
00-5cm  micronodul
es
NODKGS5Mn-
05-10cm  micronodul
es
NODKGS5Mn-nodule
1
NODKGS5Mn-
10-5cm  micronodul
es
NODKGS5Mn-
15-10cm micronodul
es
NODKGS5Mn-
20-5cm  micronodul
es
NODKGS5Mn-
25-10cm  micronodul
es

NODKGS5Mn-nodule

3

NODKGS5Mn-

30-7cm  micronodul
es

NODKGS5Mn-nodule

4

NODKGS5Mn-

40-5cm  micronodul
es

NODKGS5Mn-

45-10cm  micronodul
es

NODKGS5Mn-nodule

5

NODKGS5Mn-

50-5cm  micronodul
es

NODKGS5Mn-

55-10cm micronodul
es

NODKGS5Mn-nodule

6

NODKGS5Mn-

6 0-5cm  micronodul
es

NODKGS5Mn-

6 5-10cm  micronodul
es

NODKGS5Mn-nodule

7

NODKGS5Mn-

7 0-5cm  micronodul
es

NODKGS5Mn-

7 5-10cm  micronodul
es

NODKGS5Mn-nodule

8

NODKGS5Mn-

8 0-5cm  micronodul
es

NODKGS5Mn-

85-10cm micronodul
es

36.8

314

44.6

25.9

43.1

41.5

39.4

353

29.3

33.2

29.3

37.0

31.8

28.4

37.0

354

36.3

27.6

35.2

425

26.6

38.2

39.7

17.7

177

18.9

541

18.1

16.3

18.2

16.7

5.07

11.5

4.89

113

11.4

427

11.0

10.7

9.95

9.82

4.44

12.3

12.4

4.85

10.6

10.7

43.4

80.1

87.0

155

70.1

80.1

67.9

70.7

133

112

183

54.6

87.0

121

76.8

89.5

132

77.9

72.7

109

62.7

127

119

74.4

74.9

55.3

71.2

76.8

90.3

106

85.9

63.5

71.9

94.6

86.1

101

107

89.8

107

102

104

106

89.7

65.0

104

61.2

109

98.9

101

81.2



NODKGS6 Mn-nodule Cc 267
0

NODKGS6Mn- C 388
00-5cm  micronodul
es
NODKGS6Mn- C 408
05-10cm  micronodul
es
NODKGS6 Mn-nodule Cc 314
3
NODKGS6Mn- C 37.2
30-5cm  micronodul
es
NODKGS6Mn- C 39.3
50-5cm  micronodul
es
NODKGS6Mn- C 37.9
55-10cm micronodul
es
Average
Mn-nodule 0 266
Mn- 0 395
micronodul
es
B 28.7
Mn-nodule
Mn- B 366
micronodul
es
Cc 291
Mn-nodule
Mn- 38.8
micronodul
es c
averag  28.2
Mn-nodule e
Mn- 38.2
micronodul averag
es e
Nod-P-1, Mn-nodule, 34.1
split #4-25 standard
(average)
Nod-P-1, Mn-nodule, 33.7
split9-3  standard
(average)
Nod-P-1  Mn-nodule, ACKG)
(reference)?standard
Nod-A-1, Mn-nodule, T4
split #16-7 standard
(average)
Nod-A-1, Mn-nodule, 19.3
split 62-16 standard
(average)
Nod-A-1  Mn-nodule, 18.3
(reference)®standard

5.94

19.7

20.0

5.88

15.1

17.4

16.1

5.65

17.7

4.77

111

591

17.5

5.28

14.7

5.98

5.03

1.65

1.95

1.63

165

208

252

240

163

175

167

168

74

133

83

203

193

159

101

149

144

140

73.1

71.8

76.1

84.7

58.7

54.7

99.7

64.4

74.4

67.3

92.1

76.5

101.

90.6

92.2

63.9

95.8

80.0

104

103

95.0

117

103

120

# data from Axelsson et al. (2002)

Table 3 (continued)

Cr

Zr

Sample ID Description Mn- Sc
nodule  (mg/k
facies 9)

NODKGS4Mn- 0 <7

8 0-5cm  micronodul

es
NODKGS4Mn- 0 <7
8 5-10cm micronodul

es

12.

8

12.

4

70.6

73.6

942

826



NODKGS4Mn-nodule
4
NODKGS4Mn-
90-5cm  micronodul
es
NODKGS4Mn-
95-10cm  micronodul
es
NODKGS5Mn-
00-5cm  micronodul
es
NODKGS5Mn-
05-10cm micronodul
es
NODKGS5Mn-nodule
1
NODKGS5Mn-
10-5cm  micronodul
es
NODKGS5Mn-
15-10cm micronodul
es
NODKGS5Mn-
20-5cm  micronodul
es
NODKGS5Mn-
25-10cm  micronodul
es

NODKGS5Mn-nodule

3

NODKGS5Mn-

30-7cm  micronodul
es

NODKGS5Mn-nodule

4

NODKGS5Mn-

40-5cm  micronodul
es

NODKGS5Mn-

45-10cm micronodul
es

NODKGS5Mn-nodule
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705
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709

741
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720
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730

706

681

893
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es

NODKGS5Mn- B 769 46 17. 249 1548 1665 262 - 68 33 629 380 118 16. 774
8 5-10cm  micronodul 3 2 7 1 8 4 9 1 8
es
NODKGS6Mn-nodule C <7 44 10. 201 1100 1549 174 28 61. 22. 465 579 188 13. 717
0 6 8 4 2 2 5 3 9 3 8
NODKGS6Mn- C <7 34 15, 116 1293 1876 251 - 45, 27. 460 285 727 11. 892
00-5cm  micronodul 9 2 1 0 4 0 5 9 5
es
NODKGS6Mn- C <7 35 15, 106 1251 1813 261 - 39, 30. 468 261 632 93 904
05-10cm  micronodul 8 0 1 3 7 7 2 5 2
es
NODKGS6Mn-nodule C 102 50 98 222 1306 1136 206 48 80. 21. 576 911 308 20. 746
3 9 8 6 6 6 0 1 5 0 9
NODKGS6Mn- C <7 38 16. 150 1375 1752 261 - b2, 31. 477 300 812 10. 757
30-5cm  micronodul 8 4 5 8 0 7 8 0 7
es
NODKGS6Mn- C <7 37 15. 128 1504 1856 288 - 4k 30. 454 293 748 10. 817
50-5cm  micronodul 8 4 2 0 2 7 ] 9 2
es
NODKGS6Mn- C 100 38 17. 133 1388 1840 256 - '4. 32, 485 290 754 10. 787
55-10cm micronodul 5 2 3 3 0 7 5 3 4
es
Average
Mn-nodule 0 <7 44 12, 213 1084 1417 17 2 63. 21. 486 440 190. 13. 723
2 7 4 0 0 4 6 9 8 6
Mn- 0 <7 42 13. 149 1400 2026 5.° - B0. 25. 559 298 753 10. 898
micronodul 5 7 9 1 2 3 9 9 8
es
B 110 51 11. 249 1388 :(37. 190 50 83 21. 639 110. 335 24, 742
Mn-nodule 9 2 7 9 - 8 8 7 9 1 7
Mn- B 74 42 16, 219 T 1610 244 - 64, 30. 536 359 111. 14. 734
micronodul 8 0 0 ¢ 7 3 9 7 2 9
es
C 102 47 10. 212 1.” 1342 190 38 71. 21. 520 745 248. 17. 731
Mn-nodule 7 4 n 4 9 3 2 7 1 3
Mn- 100 37 15, 126 1362 1827 264 - 46. 30. 469 286 734 10. 831
micronodul 2 8 C 5 6 0 0 5 4
es C
avera 109 48 1. 2.6 1255 1368 186 39 74. 22. 566 834 268 19. 740
Mn-nodule ge 8 4 8 3 0 4 2 1 3
Mn- 779 41 15, 174 1414 1812 273 - b5 28, 532 321 90 12. 816
micronodul avera q 1 7 8 2 8 9 8 5
es ge
Nod-P-1, Mn-nodule, < 4s 13, 227 1380 1204 212 - 11 26. 681 965 286 22. 702
split #4-25 standard 3 2 6 1 4 6 9 6 3
(average)
Nod-P-1, Mn-nodule, 111 48 13. 220 1286 1083 192 - 10 25. 661 894 268 22. 705
split9-3  standard 4 8 5 2 5 2 1 5 3
(average)
Nod-P-1  Mn-nodule, 970 51 13. 229 1350 1120 202 - 88 23 670 90 280 21. 675
(reference) standard 0 3 0 0 0 0 5 7 3
Nod-A-1, Mn-nodule, <7 57 18. 298 6122 1034 812 - 36 10. 152 115 299 42. 358
split #16-7 standard 8 0 8 3 2 5 2
(average)
Nod-A-1, Mn-nodule, 11.7 58 18. 289 5630 950 701 - 32 99 145 113 298 45 391
split 62-16 standard 0 0 8 9 1 7
(average)
Nod-A-1  Mn-nodule, 124 66 20. 318 6450 1130 800 - 31 10. 163 120 310 43. 390
(reference) standard 0 9 0 0 6 0 1
Table 3 (continued)
Sample ID Description Mn- Cd Sn Sbh Te Ba Hf Ta W Tl Pb  Bi Th U Au Pt
nodule  (mg/k
facies 9)
NODKGS4 Mn- 0 133 07 61. 12 156 11 02 77. 67. 41 42 770 26 <0.03 0.05
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es
NODKGS5 Mn-nodule B 167 03 40. 33 201 42 02 63. 19 47 64 215 38 - 01

8 4 3 5 8 9 9 6 0 9 7 0
NODKGS5 Mn- B 121 11 45 15 18 20 03 57. 89 51 74 158 28 <0.03 0.07
80-5cm  micronodul 7 7 7 2 2 2 2 6 9 6 3 0 3
es
NODKGS5 Mn- B 114 11 47, 18 199 19 03 60. 73. 52 75 158 26 <0.03 0.07
85-10cm  micronodul 6 2 1 6 3 1 8 4 5 2 6 0 0
es
NODKGS6 Mn-nodule C 170 02 45 22 166 26 02 43, 152 34 32 125 33 - 0.07
0 5 8 5 5 5 5 6 0 1 5 0
NODKGS6 Mn- C 110 08 59. 10 148 11 02 69. 68 35 39 750 20 <0.03 0.04
00-5cm  micronodul 6 8 4 6 9 5 9 0 4 1 6 0 1
es
NODKGS6 Mn- C 107 07 5. 09 142 10 02 80 62, 31 33 6.64 19 <0.03 0.04
05-10cm  micronodul 8 6 6 8 8 2 9 3 9 5 0 0 3
es
NODKGS6 Mn-nodule C 198 03 47. 31 173 44 03 68 220 41 67 278 40 - 010
3 7 7 5 2 6 1 3 0 3 1 5
NODKGS6 Mn- C 11.0 09 51 1.0 165 13 02 54, 31, 37 43 862 22 <0.03 0.05
30-5cm  micronodul 2 1 4 6 1 4 7 R 7 0 9 0 6
es
NODKGS6 Mn- C 11.3 0.9 58 1.0 148 12 02 5t 7. 34 39 177 21 <0.03 0.05
50-5cm  micronodul 0 0 2 5 0 3 6 6 9 7 1 0 5
es
NODKGS6 Mn- C 10.9 0.8 55 1.0 165 12 N2 L 64. 34 37 769 21 <003 0.04
55-10cm  micronodul 8 1 2 6 4 Pl 7 3 4 7 0 0 9
es
Average
Mn-nodule 0 169 02 43, 22 198 )3 36, 116 32 27 964 32 - 0.06
6 2 1 8 2 2 3 4 2 2
Mn- 0 12.6 0.8 57 11 79 1.1 02 68. 61. 41 43 809 25 <0.03 0.05
micronodul 7 6 8 { 4 1 7 2 2 5 3 0
es
B 17.6 0.3 43 37 5 48 03 67. 231 49 71 253 4.2 - 013
Mn-nodule 8 8 0 0 8 2 6 6 9 3 0
Mn- B 11.3 1.0 46. lo 178 18 02 59. 80. 48 6.8 144 25 <0.03 0.07
micronodul 9 3 * 0 0 9 9 6 2 4 0 6 0
es
C 184 03 4u. 7 169 35 02 56 186 37 49 201 36 - 0.09
Mn-nodule 1 7 0 8 5 8 0 9 7 8 8
Mn- 11.0 o0¢ be 1.0 154 12 02 64. 70. 34 38 765 20 <003 0.05
micronodul 7 1 2 2 0 3 6 1 9 6 9 0
es C
averag 179 03 45 29 207 38 03 56 188 41 52 194 38 - 010
Mn-nodule e 2 0 4 6 3 0 6 4 3
Mn- T 0.9 52. 1.3 166 14 02 64. 71. 42 53 106 24 <0.03 0.06
micronodul averag 6 7 3 4 3 5 2 1 9 1 7 6 0
es e
Nod-P-1, Mn-nodule, 23.1 2.2 54, 51 258 42 04 59. 238 50 6.1 170 42 <0.03 0.11
split #4-25 standard 8 6 8 7 5 0 7 7 4 4 0 5
(average)
Nod-P-1, Mn-nodule, 204 23 48. 44 326 39 03 62. 225 46 51 156 40 <0.03 0.10
split9-3  standard 1 6 2 4 6 8 0 5 4 4 0 7
(average)
Nod-P-1  Mn-nodule, 22.6 19 49 48 269 42 03 57. 210 47 58 167 40 <0.00 0.12
(reference) standard 0 4 0 0 0 3 8 5 0 0 9 0
Nod-A-1, Mn-nodule, 8.07 29 34 33. 141 6.0 07 80. 109 88 11. 231 7.1 0.030 0.50
split #16-7 standard 3 1 6 1 0 3 7 8 5 4 5
(average)
Nod-A-1, Mn-nodule, 7.58 29 30 27. 151 59 038 88. 119 81 97 226 6.7 0036 049
split 62-16 standard 4 7 7 0 6 0 5 1 3 6 5
(average)
Nod-A-1  Mn-nodule, 75 3 33 3. 153 58 07 87 120 86 10. 251 7 <000 052
(reference) standard 8 9 0 0 6 0 2 9 0

Table 4. REE concentrations (ICP-MS) of the studied Mn-micronodules and Mn-nodules.

Sample Descripti Mn-  La C Pr N S E G T D Ho Er T Y L XR (Ce/C (EUE Lanasc/L




ID on nodule (mg/ d m u d b y m b u EE e U’  Unasc
facies kg)

NODKG Mn- 0 1
S48 0- micronod 6 13 58 15 3. 13 2. 11 1. 4 0. 5 0.
5cm ules 40.4 3 .6 3 1 9 3 12 3 9% 94 71 06 69 334 1.50 1.21 0.88
NODKG Mn- 0 1
S48 5-  micronod 5 12 54 14 3. 12 1. 10 1. 4. 0. 4 0.
10cm  ules 36.2 3 9 0 4 54 5 95 5 76 69 66 79 65 312 1.52 1.16 0.84
NODKG Mn- 0 1
S44 nodule 4 18 76 18 4. 16 2. 14 2. 6. 0. 5 O

58.4 6 7 3 5 51 7 63 0 44 12 79 17 68 371 0.96 1.13 1.29
NODKG Mn- 0 1
S49 0- micronod 9 15 64 16 4. 14 2. 12 2. 5 0. 6. 0.
5cm ules 43.5 5 1 0 8 04 6 32 2 18 80 80 26 75 383 1.64 1.13 0.87
NODKG Mn- 0 1
S49 5-  micronod 5 12 52 14 3 12 1. 10 1. 4 0. 5 0.
10cm  ules 35.8 4 4 8 .0 48 2 9% 0 79 79 65 65 63 311 1.57 1.17 0.85
NODKG Mn- 0 1
S50 0-  micronod 3 11 47 12 3 10 1. 8 1. 3. 0. d 0.
5¢cm ules 309 2 0 6 4 02 8 70 8 56 8 57 94 55 270 153 1.14 0.85
NODKGMn- 0 1
S50 5-  micronod 8 14 64 16 3. 14 2. 11 2 5 0. /. 0.
10cm  ules 414 5 .8 0 5 098 2 21 8 06 32 . 71 71 367 1.60 1.14 0.87
NODKGMn- 0 1
S51 nodule 5 20 8 20 5 19 3. 18 3 8 1. 8 1

65.0 3 .6 8 9 18 5 21 0 3r 7 23 76 24 414 0.90 1.12 0.79
NODKGMn- 0 1
S510- micronod 8 14 62 16 3. 13 2. 11 .. o 0. 4. 0.
5cm ules 419 4 A4 0 2 92 9 22 6 U8 9 76 86 72 364 1.61 1.14 0.87
NODKGMn- 0 1
S515- micronod 7 13 57 15 3. 13 2. "L 1 5. 0. 4. 0.
10cm  ules 39.5 6 A4 5 2 72 0 13 296 00 71 61 68 344 1.64 1.16 0.87
NODKGMn- 0 1
S520- micronod 6 13 5 14 3. 12 2. 10 1. 4. 0. 4 0.
5¢cm ules 37.3 1 0 0 .7 64 *R 01 4 8 93 68 75 65 323 156 1.16 0.86
NODKGMn- 0 1
S52 5-  micronod 5 12 54 14 . 12 1. 10 1. 4. 0. 5. 0.
10cm  ules 35.7 9 .6 0 1 19 2 91 1 77 56 65 23 63 316 1.61 117 0.86
NODKGMn- B 3
S53 nodule 2 34 14 3 . 33 5. 31 5 14 2. 14 2.

113 0 9 ? 4 o2 9 50 1 55 8 07 .7 06 764 1.10 1.09 0.82
NODKGMn- B 2
S53 0-7 micronod 1 14 62 16 3. 14 2. 11 2. 5. 0. 5. 0.
cm ules 41.0 3 5 .3 88 6 32 8 08 24 73 47 70 394 1.87 1.10 0.88
NODKGMn- B 3
S54 nodule 6 3. 15 39 9. 37 6. 34 6. 16 2. 16 2.

121 8 .6 8 7 44 7 16 5 00 1 26 0 25 854 1.16 1.07 0.80
NODKGMn- B N
S54 0- micronod 3 15 67 17 4. 15 2. 12 2. 5. 0. 5. 0.
5cm ules 45.6 N 7 17 19 2 39 1 22 71 80 06 74 431 1.90 112 0.92
NODKGMn- B 2
S54 5-  micronod 1 13 58 15 3. 13 2. 11 1. 4. 0. 4 0.
10cm  ules 402 8 8 7 5 70 5 08 .0 94 8 69 60 66 389 199 1.13 0.92
NODKGMn- B 3
S55 nodule 8 42 16 41 10 40 6. 36 6. 16 2. 16 2.

133 6 .0 9 9 1 5 61 4 33 8 40 7 37 910 1.12 1.08 0.84
NODKGMn- B 2
S55 0- micronod 4 16 69 18 4. 16 2. 13 2 6. 0. 5. 0.
5cm ules 47.4 7 .6 9 5 31 1 50 1 39 09 84 22 82 451 1.89 1.10 0.86
NODKGMn- B 2
S555-  micronod 5 15 67 17 4, 15 2. 12 2 5. 0. 4, 0.
10cm  ules 46.5 6 .8 9 5 27 6 43 8 24 72 81 49 77 453 2.03 1.13 0.90
NODKGMn- B 3
S56 nodule 2 37 15 37 9. 36 5. 32 5 15 2. 15 2.

122 8 5 0 5 12 8 95 4 83 7 22 8 24 802 1.05 1.08 0.82
NODKGMn- B 2
S56 0- micronod 6 17 73 18 4. 16 2. 13 2. 6. 0. 3 0.
5cm ules 505 7 3 4 9 57 9 66 9 50 35 92 87 86 479 194 112 0.88
NODKGMn- B473 2 15 63 16 4. 15 2. 12 2. 5 0. 6. 0. 472 223 1.13 0.91
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0.88
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25 standard 8
Nod-P-1,Mn- 3
split 9-3 nodule, 0 32 13 3 7. 30 4 26 5 13 1. 12 1.
standard 109 9 1 o 7 67 8 80 7 02 3 8 9 78 717 113 108 0.91
Nod-P-1 Mn- 3
(referencnodule, 0 31 13 31 7. 30 4 27 5 13 1. 12 1.
e) standard 105 5 .0 0 O 60 4 9 1 00 6 9 9 80 707 116 1.09 0.88
Nod-A- Mn- 7
1, split nodule, 2 24 98 21 5 26 3. 23 4 14 2. 13 2. 107
#16-7  standard 7mm 1 3 3 7 13 1 97 2 92 0 04 2 06 1 302 09 0.81
Nod-A- Mn- 7
1, split nodule, 0 23 94 20 5 24 3. 22 4. 13 1. 13 1. 103
62-16 standard 07 2 4 7 8 14 9 77 5 76 7 9% 1 97 9 305 098 0.81
Nod-A-1Mn- 7
(referencnodule, 2 25 98 21 5 25 23 5 14 2. 13 2. 107
e)° standard 115 0 0 0 9 20 4 4 8 00 4 00 9 10 6 292 096 0.82
 Cel/Ce*=2Cesn/(Lasn+Prsy)
b Eu/Eu*=2Eugy/(Smsn+Gdsy)
¢ data from Axelsson et al. (2002)
Table 5. Electron microprobe data for Mn-micronodules from sample NODKGS63 0-5 cm.
Layer Layer Mn Fe Mn/ Co Ni Cu Ni+ Si Al Ce M 71 Na K P S VvV M Ba
type descrip (wt. Fe Cu g (mg/k o
tion %) (A" 9)
1 low avera 22.2 5. 415 0. 0. 0. 144 4. 1. 15 1. 06 0. 04 0. 02 49 65 104
(hydrogen ge (n? 78 22 71 68 08 w . 62 8 46 7 15 5 6 7
etic) =13)
reflecti  std.d 3.61 1. 099 O 0. 0. 022 0. L. 03 0. 02 0. 01 0. 01 164 23 473
vity, ev. 35 05 15 22 97 48 0 18 1 23 8 03 3 1
high medi 229 5 419 0. 0. 0. 1.3 = 1. 15 1. 07 0. 05 0. 02 414 58 888
an 52 22 72 60 35 58 7 63 5 44 0 15 4 7
porosit 146 2. 256 0. 0. 0 1 . 1. 08 1. 03 0. 02 0. 00 269 41 521
y min 80 14 37 74 86 01 4 27 3 14 2 08 5 1
27.0 8. 59 O 0. 1. 1.88 6. 221 1 10 1. 09 0. 05 823 11 207
max 31 30 91 33 78 7 98 3 04 2 19 2 96 3
2a dense 39.9 0. 104 O. 1. 2. 342 2. 1. 13 2. 00 1. 14 0. 00 282 11 400
(suboxic- avera 56 02 24 18 47 01 4 09 5 21 9 08 8 41
diagenetic ge (n
) = 26)
growth  std.d 2.05 0. 127 *© 8 0. 1.06 1. 0. 01 0. 00 O 02 0. 00 158 19 137
ev. 27 02 70 57 90 66 3 44 4 40 1 03 8 2
structur  medi  39.9 0. 623 ° 0. 2. 339 2. 0. 13 2. 00 1. 15 0. 00 322 10 377
es an 62 02 98 38 18 88 3 19 5 25 2 08 6 94
with 346 0. .°7 9 0 1. 144 0. 0. 1.0 0. 00 0. 1.0 0. 00 <DL° 90 <D
high min 00 00 41 03 04 10 9 38 0 17 3 02 0 3 L
reflecti 44.1 . e, 0. 2. 3. 545 10 3. 16 2. 01 2. 17 0. 05 498 17 731
vity max 18 07 88 00 4 74 2 59 3 19 7 14 1 04
2b porous Y o 39 0. 1. 1. 311 3 1. 09 1. 02 0. 08 0. 01 35 88 620
(suboxic- avera 34 11 33 25 87 51 5 74 0 71 9 07 5 1
diagenetic ge (n
) =73)
growth  std.d 7.03 0. 248 0. 0. 0. 0.61 2. 0. 02 0. 01 0. 03 0. 01 126 29 284
ev. 71 10 48 41 23 74 9 38 1 27 6 02 3 8
structur  medi 236 1. 198 0. 1. 1. 305 3 1. 09 1. 02 0. 08 0. 00 357 8 579
es an 25 09 19 3 80 49 5 82 0 67 9 06 9 5
with 120 0. 825 0. 0 0 193 0. 0. 05 0. 00 O 02 0. 00 <DL 32 <D
low min 08 00 52 46 14 10 3 92 3 17 5 02 0 7 L
reflecti 39.5 3. 955 0. 2. 2. 417 10 3. 23 2. 05 2. 17 0. 05 749 18 165
vity max 15 50 40 20 4 74 8 50 4 19 1 12 1 77 2
2 n = number of analyses
<DL = below detection limits
Table 6. Chemical composition (ICP-MS) of the pore waters from the sediment core NODKGS65.
Sample Na K Ca Mg S Si B Sr Fe M Al Li Ba M V Zn C Ni  Co
ID? (a/k (mg/ Mg/ n 0 u
9) kg) kg)
Detectio 0.00 0.00 0.000 0.000 0.00 0. 0.00 0. 1. 0 0 0 O0 0 0 1. o0 02 O
n limits® 40 03 02 05 01 0.007 01 08 022 06 19 62 46 37 06 09 01 74 09 7 01
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(0-1)
NODK
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0.45

0.45
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0.44
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0.44

0.44

0.44

0.43

0.43

0.44

0.43

0.44

0.45

0.44

0.43

0.44

0.44

0.43

0.43
0.44

0.42

0.43

0.44

0.44

0.44

0.45

0.45

0.45

0.45

0.45

0.44

0.45

0.45

0.45

0.44

0.45

0.44

0.45

0.45

0.45

0.45

0.44

0.45
0.44

1.34

1.35

1.37

1.38

1.38

1.39

1.39

1.43

1.40

1.42

1.42

1.42

141

1.43

141

" 40

14°

1.43

1.43

1.42

1.42

141

1.43
1.38

0.93

0.93

0.95

0.95

0.93

0.96

0.95

0.96

0.95

0.97

0.96

0.97

0.96

0.96

0.95

0.94

0.96

0.95

0.96

0.96

0.95

0.96

0.96
0.94

5.93

6.64

8.05

8.36

8.25

8.41

8.40

8.72

8.60

8.67

8 9

8.87

9.68

9.59

9.84

10.6

10.5

10.0
9.99

8.08

791

7.93

7.95

7.92

7.84

7.96

7.95

7.84

7.80

7.84

7.82

07

7.89

8.04

7.81

7.71

791

7.99

7.88

7.93

8.03

7.98
8.01

4.76

1.54
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3.24

3.31

1.66

0.54

3.06

0.37

3.16
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1.65
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2.36
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2.55

5.54

5.41

3.26

3.22
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19

13

13
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GS65 40 46 5 9 3 7 02 54 4 25 L 03

(28-30)

NODK

GS65 4. 00 8 14 19 13 30 8 2. 8 0. 03 O

(30-32) 124 045 043 143 093 122 39 810 1.08 58 51 3 9 4 7 04 51 39 89 8 01

NODK

GS65 4. 0. 1 19 13 29 7. 2. 14 1. <D o

(32-34) 126 044 045 142 097 101 42 784 193 47 - 0 7 2 0 53 68 .0 04 L 03

NODK

GS65 4. 0. 100 19 13 29 7. 2. 9. 1. <D o

(34-36) 123 045 045 141 095 110 42 7.84 516 43 - 9 9 4 7 63 80 93 26 L 04

NODK

GS65 4. 0. 2 19 13 31 7. 2. 13 1. <D o

(36-38) 120 044 045 138 095 11.0 42 7.88 421 54 - 6 6 7 0 53 8 4 58 L 03

NODK

GS65 4. 0. 10 20 14 30 7. 3 8 1. <D o

(38-40) 124 046 044 137 093 124 42 7.75 148 51 - 9 1 2 6 73 05 80 27 L 02

SW-XR-2 38 3. 8 77 13 17 .+ 60 19 97 19 11 57

(average) 10.3 038 040 125 086 3 86 746 284 7 0 6 4 2 1 8 6 4 4 151 2

SW-XR-2

(reference 38 3. 8 77 13 17 11 60 19 97 19 11 57

) 104 038 040 126 08 5 89 7.46 285 8 3 6 5 0 8 8 4 4 151 3

NASS-5 < < <

(average) 3. D ™M w 10 5 9 1 D 0 <D D
947 035 035 110 0.76 - 55 658 <DL - L 5 1 0 42 19 23 L 34 L L

NASS-5

(reference 00 3. 2. 1. 17 16 10 4. 9. 1. 0. 0. 03 O

) - - 037 118 081 7 67 695 140 54 2, .° 9 6 9 53 28 70 37 2 09

IAPSO 1.7 4, r. 47 54 20 12 98 12 1. 10 2. 59 0.

(average) 124 045 045 1.42 098 0 75 850 197 '9 8 A 8 9 2 1 55 8 65 7 13

IAPSO

(reference 18 11

) 102 039 041 127 0.90 - - 740 - - - 2 - -0 - - - - -

# numbers in parentheses = depth in core in cm

b Ce/Ce*=2Cegn/(Lasn+Ndsy)

¢ long-term averages obtained over multiple sessions of pore “aters analyses. For each session the detection limits were obtained after measuring
repeated blank solutions intercalated with pore water samples (. “lank for 5 samples).

“ pelow detection limits

Table 6 (continued)

Sample ID Cr(ug/kg) U Ti Ge La Ce Nd (CelCe*)°
Detection limits 0.01 v.03 0.0006 0.05 0.01 0.01 0.01 0.002

NODKGS65 (0-1) 0.63 0.26 2.63 0.10 0.04 0.02 0.01 0.01 0.39
NODKGS65 (1-2) 008 0.26 2.54 <DL 0.03 0.01 0.01 0.01 0.27
NODKGS65 (2-3) C41 0.26 2.56 - 0.03 0.02 0.01 0.01 0.35
NODKGS65 (3-4) 043 0.25 2.59 - 0.05 0.02 0.01 0.01 0.36
NODKGS65 (5-6) .49 0.22 2.45 - 0.05 0.02 0.01 0.01 0.33
NODKGS65 (6-7) 0.47 0.21 2.48 - 0.04 0.01 0.01 - -
NODKGS65 (7-8) 0.59 0.24 2.52 0.27 0.05 0.02 0.02 0.01 0.80
NODKGS65 (8-9) 0.80 0.24 2.51 <DL 0.04 0.02 0.01 0.01 0.46
NODKGS65 (9-10) 0.59 0.20 2.51 - 0.05 0.02 0.01 0.01 0.35
NODKGS65 (10-11) 0.71 0.26 253 - 0.05 0.02 0.01 0.01 0.26
NODKGS65 (11-12) 0.52 0.20 247 - 0.05 0.02 0.01 0.01 0.42
NODKGS65 (12-13) 0.62 0.21 2.50 - 0.04 0.02 0.01 - -
NODKGS65 (13-14) 0.59 0.20 2.58 - 0.02 0.02 0.03 0.01 1.24
NODKGS65 (14-15) 0.56 0.21 2.57 <DL 0.05 0.02 0.01 0.01 0.33
NODKGS65 (15-16) 0.57 0.20 2.55 - 0.04 0.02 0.01 0.01 0.34
NODKGS65 (16-17) 0.57 0.18 2.58 0.21 0.05 0.01 0.01 - -
NODKGS65 (17-18) 0.82 0.19 2.56 <DL 0.04 0.01 0.01 0.01 0.25
NODKGS65 (18-19) 0.62 0.21 257 <DL 0.04 0.03 0.02 0.01 0.59
NODKGS65 (19-20) 0.64 0.21 2.60 - 0.02 0.02 0.01 0.01 0.31
NODKGS65 (20-22) 0.72 0.19 2.60 0.17 0.04 0.02 0.01 0.01 0.31
NODKGS65 (22-24) 0.73 0.18 2.35 0.07 0.04 0.02 0.01 - -
NODKGS65 (24-26) 0.71 0.20 2.52 - 0.04 0.02 0.01 - -
NODKGS65 (26-28) 0.74 0.17 2.63 - 0.05 0.02 0.01 - -
NODKGS65 (28-30) 0.75 0.19 2.60 - 0.04 0.02 0.01 0.01 0.28
NODKGS65 (30-32) 0.64 0.19 2.64 0.05 0.07 0.01 - - -
NODKGS65 (32-34) 0.62 0.16 2.51 - 0.04 0.02 0.01 - -



NODKGS65 (34-36) 0.75 0.19 2.49 - 0.04 0.02 0.01 - -
NODKGS65 (36-38) 0.61 0.17 2.49 - 0.05 0.02 0.01 - -
NODKGS65 (38-40) 0.67 0.18 2.32 <DL 0.04 0.02 0.01 - -
SW-XR-2 (average) 3.15 2.09 4.89 95.9 1.96 2.92 19.2 19.2 -
SW-XR-2 (reference) 3.16 2.09 4.87 96.2 197 291 19.1 19.1 -
NASS-5 (average) 0.11 <DL 2.63 <DL <DL <DL <DL <DL -
NASS-5 (reference) 0.10 0.02 3.09 0.31 - 0.02 0.00 0.03 -
IAPSO (average) 0.34 0.28 3.34 0.23 0.02 0.03 0.01 0.01 -
IAPSO (reference) - - - - - - - - -
Table 7. Fe-Cu-Zn-isotope composition (MC-ICP-MS) of the studied Mn-micronodules and Mn-nodules.
Sample DescriptionMn- 5" Fer 2sd & °'Fe, 25 o5 Fer o0°%CUs 25 0°0Z 25  8°%Zns 25  8°°Zns 25
ID nodul w14 RMM-14 d  mms RM976 d Nimc d M3168a d M3168a d

e (%o)

facie

S
NODKG Mn- 0 -0.63 0.0 -0.92 0. -0.29 0.21 0. 0.7\ 0. 1.66 0. 1.65 0.
S44 nodule 4 09 03 6 06 11
NODKG Mn- 0 -0.40 0.0 -0.60 0. -0.19 0.31 0. 0 %4 0. 1.74 0. 1.72 0.
S49 0-  micronod 4 09 03 J6 06 11
5cm ules
NODKG Mn- 0 -034 00 -0.49 0. -0.15 0.30 0. 0.1 0. 151 0. 1.49 0.
S49 5-  micronod 4 09 07 06 06 11
10cm  ules
NODKG Mn- 0 -053 0.0 -0.77 0. -0.23 0.26 3 0.75 0. 1.65 0. 1.59 0.
S51 nodule 4 09 03 06 06 11
NODKG Mn- 0 -0.39 0.0 -0.54 0. -0.15 0.24 B 0.77 0. 1.67 0. 1.65 0.
S510- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- 0 -0.32 0.0 -0.42 0. -0.10 0.2° 0. 0.73 0. 1.63 0. 154 0.
S515- micronod 4 09 03 06 06 11
10cm  ules
NODKG Mn- B -0.48 0.0 -0.71 0. L2 0.35 0. 0.85 0. 1.75 0. 1.70 0.
S53 nodule 4 on 03 06 06 11
NODKG Mn- B -0.43 0.0 -0.65 0. -0.22 0.24 0. 0.83 0. 1.73 0. 1.72 0.
S53 0-7 micronod 4 re 03 06 06 11
cm ules
NODKG Mn- B -0.39 00 -0.62 C -0.23 0.30 0. 0.86 0. 1.76 0. 1.75 0.
S54 nodule 4 A 03 06 06 11
NODKG Mn- B -0.33 0.0 =040 0. -0.15 0.30 0. 0.84 0. 1.74 0. 1.67 0.
S54 0- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- B -0.34 0.0 -L. 19 0. -0.16 0.34 0. 0.82 0. 1.72 0. 1.68 0.
S54 5-  micronod 4 09 03 06 06 11
10cm  ules
NODKG Mn- B .3 u" -0.67 0. -0.21 0.33 0. 0.87 0. 1.77 0. 1.71 0.
S55 nodule 4 09 03 06 06 11
NODKG Mn- B -039 0) -0.55 0. -0.16 0.29 0. 0.90 0. 1.80 0. 1.72 0.
S550- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- B -0.40 0.0 -0.59 0. -0.19 0.32 0. 0.88 0. 1.78 0. 1.69 0.
S555-  micronod 4 09 03 06 06 11
10cm  ules
NODKG Mn- B -044 0.0 -0.70 0. -0.26 0.32 0. 0.86 0. 1.76 0. 1.72 0.
S56 nodule 4 09 03 06 06 11
NODKG Mn- B -0.40 0.0 -0.55 0. -0.15 0.31 0. 0.75 0. 1.65 0. 1.65 0.
S56 0- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- B -0.37 0.0 -0.53 0. -0.17 0.35 0. 0.88 0. 1.78 0. 1.72 0.
S56 5-  micronod 4 09 03 06 06 11
10cm  ules
NODKG Mn- B -055 0.0 -0.75 0. -0.21 0.33 0. 0.84 0. 1.74 0. 1.69 0.
S57 nodule 4 09 03 06 06 11
NODKG Mn- B -037 0.0 -0.50 0. -0.13 0.27 0. 0.86 0. 1.76 0. 1.72 0.
S570-  micronod 4 09 03 06 06 04
5cm ules
NODKG Mn- B -036 0.0 -0.52 0. -0.16 0.28 0. 0.84 0. 1.74 0. 1.72 0.
S57 5-  micronod 4 09 03 06 06 04



10cm  ules
NODKG Mn- B -0.48 0.0 -0.67 0. -0.19 0.32 0. 0.86 0. 1.76 0. 171 0.
S58 nodule 4 09 03 06 06 11
NODKG Mn- B -043 0.0 -0.59 0. -0.16 0.20 0. 0.73 0. 1.63 0. 1.99 0.
S580- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- B -0.39 0.0 -0.58 0. -0.19 0.35 0. 0.81 0. 171 0. 147 0.
S585-  micronod 4 09 03 06 06 11
10cm  ules
NODKG Mn- Cc -059 00 -0.89 0. -0.30 0.29 0. 0.80 0. 1.70 0. 1.67 0.
S60 nodule 4 09 03 06 06 11
NODKG Mn- Cc -031 00 -0.43 0. -0.13 0.26 0. 0.84 0. 174 0. 1.67 0.
S600- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- c -0.27 00 -0.37 0. -0.10 0.23 0. 0.77 0. 1.67 0. 1.66 0.
S605-  micronod 4 09 03 06 06 11
10cm  ules
NODKG Mn- C -041 00 -0.50 0. -0.09 0.33 0. 0.84 0. 174 0. 1.68 0.
S63 nodule 6 09 03 (e 06 11
NODKG Mn- CcC -035 00 -0.52 0. -0.17 0.25 0. (85 0. 1.75 0. 1.68 0.
S630- micronod 4 09 03 06 06 11
5cm ules
NODKG Mn- Cc -0.33 00 -0.42 0. -0.09 0.21 0 0.73 0. 1.69 0. 1.65 0.
S650- micronod 4 09 c- 06 06 11
5cm ules
NODKG Mn- CcC -035 00 -0.51 0. -0.17 0.26 0. 0.85 0. 1.75 0. 1.68 0.
S655-  micronod 6 09 02 06 06 11
10cm  ules
Nod-P-1, Mn- -0.55 0.0 -0.78 0. -0.23 .30 0. 0.82 0. 1.72 0. 1.69 0.
split 9-3 nodule, 4 09 03 06 06 04
standard
Nod-P-1, Mn- -0.59 0.0 -0.83 0. 0.24 0.38 0. 0.81 0. 171 0. 171 0.
split 9-3 nodule, 4 09 03 06 06 11
standard
Nod-P-1, Mn- -0.59 0.0 -0.83 0. -0.24 0.37 0. 0.83 0. 1.73 0. 1.67 0.
split 9-3 nodule, 4 09 03 06 06 11
standard
Nod-P-1, Mn- -0.57 0.0 -0.86 C -0.30 0.31 0. 0.80 0. 1.70 0. 1.67 0.
split #4- nodule, 6 9 03 06 06 11
25 standard
Nod-P-1, Mn- -0.61 0.0 .88 0. -0.28 0.31 0. 0.83 0. 1.73 0. 1.68 0.
split #4- nodule, 4 09 03 06 06 11
25 standard N
Table 8. Average chemical composition of “An-mi ~onodules and Mn-nodules of the ocean.
Mn- Mn- Mn ndule standard Mn-nodule standard Mn-micronodules Mn- Mn-micronodules Mn-micronodules
micronodules nodules 1. A-P-. Nod-A-1 micronodules
Location CCZ Cccz CC. Atlantic Ocean ccz ccz Central Pacific ~ Equatorial North
Basin Pacific
Reference this study this study this study this study Dubinin and Dubinin et al., Ito et al., 2005 Dubinin and Sval'nov,
Sval'nov, 2003 2008 2000a
Mn (wt.%) 38.2 28.2 29.6 18.3 24.1 29.9 28.3 33.0
Fe 2.69 5.33 5.89 11.2 3.17 4.35 2.62 0.81
Si 14.7 - 5.85 1.74 - - - -
Al 2.04 2.24 2.46 2.08 1.72 1.56 3.74 0.73
Ca 1.55 1.64 2.24 11.4 - - 1.65 -
Mg 2.09 1.73 2.03 2.83 2.90
Na 1.17 2.53 171 0.87 0.63
K 1.09 0.93 1 0.49 - - 3.48
Ti 0.24 0.27 0.27 0.3 0.47 0.47 0.21 -
P 0.07 0.19 0.21 0.59 0.10 0.09 0.07 0.14
S 0.06 0.11 0.1 0.34 - - - -
Li (mg/kg) 101 159 140 76.1 48.7
Be 1.07 2.02 2.3 5.6 2.20
B 80 95.8 95 120 -
Sc 7.79 10.9 9.7 124 5.31
\% 416 488 510 660 104
Cr 15.1 114 133 20.9 - - 34.7 -
Co 1747 2288 2290 3180 1625 2871 1620 420
Ni 14148 12553 13500 6450 13163 19212 38800 13980
Cu 18122 13680 11200 1130 14963 8191 9250 11020



Zn 2738 1864 2020 800 - - 1410 -
Se - 3.9 - - - - - -
As 55.9 74.2 88.5 310 - - 41.1 -
Rb 28.8 221 23.7 10.6 - - 27.3 -
Sr 532 566 670 1630 - - 270 -
Y 32.1 83.4 90 120 - - 37.1 -
Zr 90 268 280 310 - - 63.7 -
Nb 125 19.3 21.3 43.1 - - 7.02 -
Mo 816 740 675 390 528 826 125 -
Cd 11.7 17.9 22.6 7.5 - - 4.08 -
Sn 0.96 0.32 1.9 3 - - 0.41 -
Sh 52.7 45 49.4 338 - - 5.56 -
Te 1.33 2.94 4.8 30.9 - - 1.91 -
Ba 1664 2076 2690 1530 - - 408 -
Hf 1.43 3.83 4.2 5.8 - - 1.80 -
Ta 0.25 0.3 0.33 0.76 - - 0.49 -
w 64.2 56 57.8 87 68.3 106 124 -
TI 71.1 188 210 120 - - 46.1 -
Pb 429 416 475 860 - - 79.3 -
Bi 531 5.24 5.8 10.2 - - 3.36 -
Th 10.67 19.4 16.7 25.1 115 5.61 4.25 -
U 2.46 3.83 4 7 - - 2.04 -
Au <0.030 - <0.009 <0.009 - - - -
Pt 0.06 0.1 0.12 0.52 - - - -
La 41.2 99 105 115 39.1 38.0 27.7 41.9
Ce 196 262 305 720 197 517 194 97.0
Pr 14.2 30.6 31 25 13. 8.55 7.69 10.4
Nd 60.8 124 130 98 8.5 35.0 28.4 43.2
Sm 16 30.7 31 219 .70 7.93 6.55 9.79
Eu 3.89 7.44 7.6 52 50 2.04 241 2.45
Gd 14 29.6 30.4 254 1.5 8.34 7.55 11.0
Th 2.2 4.79 4.9 4 197 1.47 1.24 1.62
Dy 115 26.6 27.1 23.8 7 8.88 6.60 10.5
Ho 2.03 4.77 5 5 1.88 1.85 1.38 2.10
Er 521 12.8 13.6 14.4 4.88 5.47 4.23 6.07
Tm 0.73 1.79 1.9 2 0.71 0.84 0.67 0.88
Yb 5.15 12.6 12.9 13.C 4.61 5.70 3.40 5.81
Lu 0.7 1.78 1.8 - 0.67 0.91 0.65 0.88
Table 8 (continued).

Mn-micronodules Mn-micronodules Mn- Mn-mic. "nodules ~ Mn- Mn- Mn- Mn-micronodules

micronodules micronodules micronodules micronodules

Location Equatorial North  Equatorial South  Guatemala Basin . i Basin Peru Basin East Pacific Rise East Pacific ~ Southwest Pacific

Pacific Pacific Rise Basin
ReferenceStoffers et al., 1984 Stoffers et al., 1984 Dubinin and L winin and Stoffersetal.,  Stoffersetal.,  Dekovetal.  Dubininand Sval'nov,

Sval'nov, ™5 “val'nov, 2000a 1984 1984 2003 2000b

Mn 23.9 27.1 o 33.9 26.7 8.57 7.61 16.4
(Wt.%)
Fe 5.10 9.60 .84 2.79 6.09 16.5 13.0 14.8
Si - - - - - - 0.46 -
Al - - 0.51 0.80 - - 0.38 3.07
Ca - - - - - 2.67 3.05
Mg - - - - - 0.62 -
Na - - - - - - 0.45 -
K - - - - - - 0.12 -
Ti - - - - - - 0.15 0.52
P - - 0.06 0.12 - - 0.84 0.77
S - - - - - - - -
Li - - - - - - 7.61 -
(mg/kg)
Be - - - - - - 1.14 -
B - - - - - - 110 -
Sc - - - - - - 297 -
\ - - - - - - 453 -
Cr - - - - - - 13.0 -
Co 1700 800 265 160 800 200 212 3371
Ni 7300 6350 4286 13800 7800 800 706 4843
Cu 9900 6800 2871 10300 6900 900 799 1529
Zn 1500 1500 - - 2000 900 387 -
Se - - - - - - 0.90 -
As - - - - - - - -
Rb - - - - - - 1.65 -
Sr - - - - - - 1172 -
Y - - - - - - 69.7 -
Zr - - - - - - 66.1 -
Nb - - - - - - 2.72 -
Mo - - - - - - 73.2 439
Cd - - - - - - 5.78 -
Sn - - - - - - 7.31 -
Sh - - - - - - 3.93 -



Te - - - - - - 1.44 -
Ba 4800 1950 - - 4433 900 846 -
Hf - - - - - - 0.85 -
Ta - - - - - - 0.04 -
w - - - - - - 6.16 455
Tl - - - - - - 20.2 -
Pb - - - - 267 100 99.8 -
Bi - - - - - - 0.46 -
Th - - - - - - 0.78 9.01
U - - - - - - 5.05 -
Au - - - - - - - -
Pt - - - - - - - -
La - - 222 28.8 - - 69.8 115
Ce - - 50.8 102 - - 38.4 478
Pr - - 5.38 7.05 - - 11.0 29.1
Nd - - 22.9 333 - - 46.6 124
Sm - - 5.00 7.57 - - 9.28 28.1
Eu - - 1.18 1.78 - - 2.63 6.69
Gd - - 5.08 8.13 - - 11.9 30.2
Th - - 0.82 1.20 - - 1.78 4.40
Dy - - 5.02 7.81 - - 114 275
Ho - - 112 1.60 - - 247 5.82
Er - - 3.39 4.35 - - 7.21 16.5
m - - 0.49 0.66 - - 1.05 2.15
Yb - - 3.22 4.13 - - 6.59 14.1
Lu - - 0.51 0.64 - - 1.08 2.12
Table 8 (continued).

Mn-micronodules  Mn-micronodules Mn-micronodules  Mn-micronodules M. ™icronodules  Mn-nodules Mn-nodules
Location Southwest Pacific western North Pacific Angola Basin Mid-Atlantic L. tran indian ccz Peru Basin

Basin
ReferenceStoffers et al., 1984 Yasukawa et al., 2020 Dubinin et al., Dekov etal. 2003  "atanetal., 1994 Hein and Koschinsky, Hein and Koschinsky,

2013 2014 2014

Mn 17.9 18.6 8.82 26.7 28.1 34.2
(wt.%) 20.3
Fe 9.92 4.67 8.15 75.9 4.00 5.92 6.12
Si - - - 0.59 - - 4.82
Al - 3.74 2.2 0.84 2.96 231 15
Ca - 2.06 - 1.80 174 1.72 1.82
Mg - 1.93 1.16 1.95 1.88 1.71
Na - 1.08 - 0.83 0.91 1.98 2.65
K - 1.32 - 0.33 0.98 1.01 0.81
Ti - 0.33 - 0.07 0.38 0.28 0.16
P - 0.42 0.2 - 0.17 0.22 0.15
S - - - - - - -
Li - 62.7 12.8 - 129 311
(mg/kg) -
Be - - 2.13 1.30 - - 1.4
B - - 57.3 - - -
Sc - 7 - 3.20 - 11 7.58
\Y% - 230 288 183 126 429 431
Cr - 26.1 - 333 - - 16
Co 1667 lo.. 2327 420 927 2011 475
Ni 6767 1. 553 7393 549 8525 13159 13008
Cu 3133 884 2376 3963 7275 10631 5988
Zn 1067 1058 1126 1224 1049 1385 1845
Se - - - - - - 0.5
As - 48.6 85.7 - - - 65
Rb - 36.4 31.3 4.33 - 23.6 12.2
Sr - 374 514 561 455 633 687
Y - 168 75.8 29.5 71.0 92 69
Zr - 109 - 44.8 - 286 325
Nb - 10.4 - 1.00 - 18.9 13.2
Mo - 338 223 76.7 249 587 547
Cd - - 18.7 2.18 - - 18.8
Sn - - - 0.45 - - 0.9
Sh - - - 3.38 - - 61
Te - - - - - 35 1.7
Ba 1533 710 974 1507 1637 3752 3158
Hf - 1.54 - 0.78 - 4.28 4.74
Ta - 0.29 - 0.03 - 0.31 0.23
w - - 34.6 1.98 - 61 75
TI - - 39.1 22.8 - - 129
Pb 500 176 595 173 469 311 121
Bi - - 9.27 0.45 - - 3.25
Th - 5.36 36.1 10.9 - 14 6.9
U - 2.52 4.18 10.2 - 3.96 4.39
Au - - - - - - -
Pt - - - - - - 0.04
La - 95.9 77.3 49.3 72.7 108 68



Ce - 212 826 204 384 255 110
Pr - 255 20.4 13.7 - 32 141
Nd - 116 75.9 53.9 86.8 135 63
Sm - 26.1 17.7 11.9 275 32.7 14
Eu - 6.40 411 3.18 6.93 7.83 3.87
Gd - 29.0 17.9 11.7 25.2 31 15.6
Tb - 4.43 2.74 1.78 - 4.78 2.52
Dy - 27.6 15.9 9.53 18.9 275 15.8
Ho - 5.54 3.14 1.67 3.68 5.12 3.42
Er - 16.0 8.37 4.44 10.6 141 9.8
Tm - 2.24 1.16 0.62 - 2.02 1.49
Yb - 141 7.17 3.73 10.3 131 10.3
Lu - 2.10 1.20 0.58 3.65 1.95 1.61
Table 8 (continued).

Mn-nodules
Location Indian Ocean
Reference Hein and Koschinsky, 2014
Mn (wt.%) 24.4
Fe 7.10
Si 9.2
Al 2.8
Ca 1.63
Mg 1.9
Na 1.8
K 11
Ti 0.4
P 0.17
S -
Li (mg/kg) 97
Be -
B -
Sc -
V -
Cr -
Co 1100
Ni 11000
Cu 10400
Zn 1200
Se -
As -
Rb -
Sr 679
Y 102
Zr -
Nb -
Mo 570
Cd -
Sn -
Sb -
Te -
Ba 1570
Hf -
Ta -
W -
TI -
Pb 712
Bi -
Th -
U -
Au 0.003
Pt 0.075
La 128
Ce 452
Pr 33
Nd 144
Sm 321
Eu 7.78
Gd 31
Tb 5
Dy 26.2
Ho 4.87
Er 124
Tm 2
Yb 11.6
Lu 1.92
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