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Abstract

The mineralogy of manganese nodules from the German license area in the eastern Clarion and
Clipperton Zone (CCZ) of the central Pacific Ocean was studied using X-ray diffraction. Their
individual nm to pum thick genetic different (hydrogenetic/diagenetic) layer growth structures
were investigated using high-resolution transmission electron microscopy. Relationships between
the mineral phases and metal content (e.g., Ni+Cu) were assessed with electron microprobe
analyzer.

The main manganese phase detected in nodules of this study was vernadite, a nanocrystalline and
turbostratic phyllomanganate with hexagonal layer symmetry. In layer growth structures of
hydrogenetic origin, Fe-vernadite dominates. Layer growth structures of suboxic-diagenetic
origin contain three vernadite forms, which are the main Ni and Cu carriers. These Mn-phases

were identified on the basis of their structural layer-to-layer distances (7 A and 10 A) and on their
1

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5122 6/30

capacity to retain these distances when heated. The first form is 7 A vernadite, which is minor
component of the nodules. The second is a thermally unstable ~10 A vernadite collapsing
between room temperature and 100 °C and the third is a thermally stable ~10 A vernadite
collapsing between 100 and 300°C. Todorokite was neither detected in bulk nodules nor in any of
the individual suboxic-diagenetic growth structures. Because the mineralogical composition of
the nodule is quite homogeneous (only different vernadite-types), it is suggested that the content
of Ni and Cu in the individual growth structures is controlled by their availability in the
environment during individual growth phases.

A profile through a CCZ nodule revealed that the thermal stability of the vernadites change from
younger (thermally unstable vernadites, collapsing <100 °C) to older growth structures (thermally
stable 10 A vernadites, collapsing > 100 °C) of the nodule accompanied with changes in type and
amount of interlayer cations (e.g., Mg, Na, Ca, K). The stability of the vernadites is probably due

to re-organization and incorporation of metals within the interlayer of the crystal structure.

Keywords: manganese nodules, phyllomanganates, vernadite, todorokite, HRTEM analysis,

cation exchange experiments

I ntroduction

Manganese nodules forming on the ocean seafloor in water depth between 4000 and 6500 m
consist of Mn-Fe (oxy)hydroxides, which contain high amounts of economically important
metals such as Ni, Cu, Zn, Co, Mo and rare earth elements (Koschinsky and Halbach 1995;

Hudson-Edwards 2000; Takahashi et al. 2007; Hein et al. 2013).
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An economically important area for Mn-nodules exploration is located within the Clarion and
Clipperton Zone (CCZ) in the central equatorial Pacific. This area has high abundance of Mn-
nodules (up to 30 kg/rnz; Riihlemann et al. 2010) that contain high concentration of Ni (1.32 +
0.21 wt%), Cu (1.21£0.11 wt%), and Co (0.15 + 0.02 wt%) (data from Wegorzewski and Kuhn
2014; Halbach et al. 1988). These nodules consist of individual genetically different layer growth
structures (LGS) such as hydrogenetic and diagenetic, which alternate concentrically around a
nucleus (Halbach et al. 1988).

Hydrogenetic LGS form due metal precipitation out of oxic near bottom sea water (Halbach et al.
1988; Koschinsky and Halbach 1995) and oxic sediment pore water (Wegorzewski and Kuhn
2014). Those LGS generally have low Mn/Fe ratios (<3) and low Ni+Cu contents (<1.5 wt% but
are enriched in Co (~0.4 wt%; Halbach et al. 1988). In contrast, metal precipitation under suboxic
conditions leads to LGS of high Mn/Fe ratios (>10; von Stackelberg 1997). LGS of suboxic-
diagenetic origin of nodules from the eastern CCZ are characterized by Ni+Cu contents varying
between 0.8 wt% and 6.5 wt%, but these nodules are low in Co (0.07£0.07 wt%; data from
Wegorzewski and Kuhn 2014; Halbach et al. 1988).

The individual LGS may consist of different Mn-Fe-oxide minerals. The most common Mn-oxide
minerals in those nodules are phyllomanganates, which are built of [MnOg] octahedral layers,
separated from each other by an interlayer space containing hydrated cations. Ordered
phyllomanganates with a layer-to-layer distance of ~7 A (e.g., birnessite) contain one plane of
water molecules within the interlayer and 10 A phyllomanganates (e.g., buserite) contain two
planes of water molecules in the interlayer space (Giovanoli et al. 1975; Burns et al. 1977;
Golden et al. 1986; Post and Veblen 1990; Drits et al. 1997; Bodei et al. 2007). These two
phyllomanganates have a nano-sized and turbostratic disordered equivalent, termed respectively 7

A and 10 A vernadite (Giovanoli et al. 1975; Giovanoli 1980; Manceau et al. 1992; Usui and

3
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Mita 1995; Drits et al. 1997; Villalobos et al. 2003; Manceau et al. 2014). In addition there is a
third vernadite variety termed Fe-vernadite (Varentsov et al. 1991).

Turbostratism (Warren 1941) is defined as the systematic occurrence, between adjacent layers
that remain parallel, of random rotation of the [MnOg] octahedral layers around c* or of random
translation of the [MnOg] sheets in the ab-plane (Giovanoli 1980; Drits and Tchoubar 1990).
X-ray diffraction patterns (XRD) of ordered phyllomanganates (birnessite, buserite) as well as 7
A and 10 A vernadites have basal reflections at ~7 A (001) and ~3.5 A (002) for the 7 A varieties
and ~10 A (001) and ~5 A (002) for the 10 A varieties, respectively (Bodei et al. 2007; Drits et
al. 2007). At higher diffraction angles disordered phyllomanganates (vernadite) show no hk
reflection contrastingly to ordered phyllomanganates (Giovanoli et al. 1975; Drits et al. 1997,
2007; Villalobos et al. 2003; Bodei et al. 2007), but at least two hk-bands (~2.45 A (10) and
~1.42 A (11); with band assignment made using y = 120°) with the first one being asymmetric
(e.g., Drits et al. 2007).

In contrast Fe-vernadite has hk-bands at ~2.45 A (10) and ~1.42 A (11) (Burns and Burns 1975,
1979; Chukhrov et al. 1979; Golden et al. 1986 Manceau et al. 1992 and references therein) and
no (001) reflection because it consists of layers of single edge-shared [MnOg] octahedra, which
are epitaxial intergrown with amorphous 6-FeOOH nanoparticles, which disrupt parallelism
between adjacent layers (Burns and Burns 1975).

In general phyllomanganates can have hexagonal or orthogonal layer symmetry (Drits et al.
1997), but in natural samples hexagonal symmetry dominates (Jones and Milne 1956; Post 1992).
The octahedral layers of hexagonal phyllomanganates can contain abundant isomorphic
substitution of Mn*" (for example by Mn’") and vacancies, thus inducing layer charge deficit
(Burns 1976, Dillard et al. 1982, Manceau et al. 1997; 2002). The negative charge deficit is

balanced by hydrated interlayer cations, which form outer-sphere complexes in the middle of the

4
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interlayer space (e.g., Na®, Ca*") or inner-sphere complexes above/below layer vacancies (e.g.,
Mn?"; Mn*", Ni?*, Cu®", Zn*", Cr*"; Post and Bish 1988; Manceau et al. 1997, Lanson et al. 2000;
Peacock and Sherman 2007a, b; Manceau et al. 2014).

Additionally to phyllomanganates, the tectomanganate todorokite is also described to occur in
diagenetic Mn-nodules (Burns and Burns 1975, 1978a, b; Burns et al. 1977; Chukhrov et al.
1979; Halbach et al. 1988; Manceau et al. 1992, 2007, 2014; Usui and Glasby 1998; Bodei et al.
2007; Drits et al. 2007). Todorokite consist of edge-sharing 3 x 3 [MnOg] octahedral triple chains
forming a 3D tunnel structure (Chukhrov et al. 1979; Turner and Buseck 1979; Turner et al.
1982; Post et al. 2003; Bodei et al. 2007; Atkins et al. 2014). The negative layer charge of
todorokite originates from substitution of Mn** by cations of lower valance (e.g., Mn**, Ni*).
This fact, in addition to an intrinsically high affinity for many trace elements, explains why
phyllomanganates have a higher layer charge and accordingly a higher potential to sorb metals
(e.g., Niup to 5 wt%) than todorokite (Ni <2 wt%; Bodei et al. 2007).

XRD pattern of todorokite have a Bragg peak at ~10 A, similar to the (001) reflection of 10 A
phyllomanganates, but also has characteristic diffractions peaks in the higher angle region (2.22
A, 1.90 A, 1.74 A and 1.54 A; JCPDS-38-0475; Peacock and Sherman 2007b; Manceau et al.
2014). Furthermore, a diffraction peak at around 2.40 A is observed, even when 10 A
phyllomanganate and todorokite are mixed on a fine scale (Manceau et al. 2014). According to
different authors, todorokite in nodules is often a transformation product of Mg-rich buserite
during late diagenetic processes or because of hydrothermal influence during nodule growth (e.g.,
Bodei et al. 2007; Atkins et al. 2014; Manceau et al. 2014).

The main topic of this paper is, beside the mineralogical characterization of bulk nodules, the
detail mineralogical investigation of the nm to um genetically different LGS in context of the

varying Ni+Cu content. The results should provide information about if the mineralogical
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composition of Mn-oxides controls the incorporation of Ni and Cu into the nodules. Furthermore,
detailed mineralogical investigation and understanding of metal association with occurring
minerals in Mn-nodules is of prime importance with regard to further efficient metallurgical

treatment.

Materials and methods

Nodule samples

The nodules that are presented in this work were collected in the German eastern license area
within the CCZ in the central Pacific Ocean during cruise SO205 in 2010 (R/V SONNE;
Riihlemann et al. 2010) and cruise BIONOD 2012 (R/V L Atalante; Rithlemann et al. 2012). The
exploration area is located between 119°30°W to 115°°W and 13°N to 11°N at a water depth of
4000 — 4500 m (Table 1, Fig. 2 in Wegorzewski and Kuhn 2014). Detailed information about the
origin of the nodules can be found in Riihlemann et al. (2010).

The analyzed nodules (09KG-B, 26KG, 29KG-C, 32KG-4, 32KG-5, 44KG-2, 62KG-A) are
typical for the German eastern license area. They have a spherical to ellipsoidal shape with
approximate diameters ranging between 4 and 8 cm. Their upper sides, which were in contact
with the near bottom sea water, are smooth and the lower sides that were buried within the upper
few cm in the sediment are rough. Bigger nodules show botryoidal growth structures on both
sides. All nodules consist of nm — um thick LGS, which are concentrically arranged around a
nucleus (e.g., rock fragments, micro nodules; Halbach et al. 1988). Figure 1 in the supplementary
represents a cross section of such a typical Mn-nodule from the German eastern license area

within the CCZ.
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Mineralogical investigations were carried out on bulk nodules as well as on individual nm — pm
thick LGS. For the detail chemical and mineralogical investigation of individual LGS, nodule
32KG-5 (Fig. 1) was chosen because of well formed LGS with high variation of the metal content
(Ni+Cu 0.8 — 6.5 wt%; Wegorzewski and Kuhn 2014). In addition, a profile was drilled along a
big nodule (44KG-2; 10 x 8 x 8 cm) to investigate chemical and mineralogical changes with age

and depth within the nodule (Supplementary Fig. 1).

Analytical methods

X-ray diffraction

The mineralogical composition of several natural bulk nodules was determined using XRD.
Drying experiments were conducted at different temperatures to get information about the
thermal stability of the Mn-phases. Nodule 26K G was grinded at room temperature (RT) in a first
step, without prior drying, and analyzed using XRD. Further XRD analyses of this nodule were
conducted after drying at 40 °C, 100 °C and 300 °C for 24 hours each. Sample 32KG-5 was dried
at 40 °C, 100 °C, 150 °C, 200 °C and 300 °C. This approach allows to distinguish between
todorokite (stable > 300 °C; Bish and Post 1989; Shen et al. 1993; Ching et al. 1999), thermally
stable 10 A phyllomanganates (stable between 100 and < 300 °C), and thermally unstable 10 A
phyllomanganates (collapsing between RT and 100 °C).

Furthermore, several additional nodules (9KG-B; 29KG-C, 32KG-4, 44KG-2, 62KG-A) were
analyzed just after drying at 40 °C and 100 °C to investigate if thermally stable and thermally
unstable 10 A phyllomanganates occur, or if diffraction pattern characteristically for todorokite

arise.

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5122 6/30

XRD patterns of bulk nodules were recorded using a PANalytical X’Pert PRO MPD ©®-0
diffractometer (Cu-Ka radiation generated at 40 kV and 30 mA), equipped with a variable
divergence slit (20 mm irradiated length), primary and secondary soller, Scientific X Celerator
detector (active length 0.59°), and a sample changer (sample diameter 28 mm). The samples were
investigated as continuous scan at a step size of 0.0167° from 2° to 85° 20 with nominal time per

step of 10 sec. Specimens were prepared using the top loading technique.

In addition to bulk samples, individual samples (mixture of several nm - pm thick LGS) of a
drilled profile through nodule 44KG-2 were analyzed using XRD. The samples were drilled with
a high precision planar drill bit (diameter of 6 mm) from nodule surface down to the core (~3
cm). The powder samples were analyzed with a Philips PW-1800 X-ray diffractometer. The
apparatus has a graphite diffracted beam monochromator (Cu-Ka) radiation generated at 40 kV
and 40 mA equipped with an automatic divergence slit. The samples were investigated from 2° to
80° 20 with a step size of 0.02° 2@ and a counting time of 5 sec per step. All samples were

analyzed twice, after drying the sample at 40 °C and at 100 °C for 24 h each.

Inductively coupled plasma optical emission spectrometry

In order to determine the chemical composition of the samples from the drill profile of nodule
44K G-2 (samples correspond to a mix of individual LGS), the samples were dried at 110 °C for
24h. Afterwards the samples were dissolved with HCI/HNOs/HF in a ratio of 3:1:1 mL. The
solutions were diluted to 50 g in 0.5 M HNOs and 0.05 M HCI. Major and minor elements (Mn,
Fe, Ni, Cu, Co, Al, K, Ca etc.) were analyzed with inductively coupled plasma optical emission
spectrometry (ICP-OES; Spectro Ciros Vision). Analytical precision and accuracy were checked
by analyses of certified standard materials such as BGR standard FeMn-1 (Kriete 2012), Mn

nodule standards NOD-P-1 (United States Geologic Survey) and JMn-1 (Geological Survey of
8
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Japan). For a detailed description of the methodology, accuracy, and precision as well as

interference refer to Alexander (2008).

Electron microprobe analysis

Chemical composition of individual growth structures within nodule 32KG-5 (Fig. 1) was
investigated using electron microprobe analysis (EMPA; CAMECA SX 100). For the analysis,
thick sections (0.2 mm) were prepared. The analyses of genetically different LGS were
performed using a 15 and 20 kV accelerating voltage and 40 nA beam current. The bright LGS
(Mn-rich) were measured with a focused (1 — 5 um) beam and the darker LGS (Fe-rich) with a
defocused (5 — 20 um) beam. The counting times for the analyzed elements were 10 s for Mn, Fe,
Ni, Cu, Na, Mg, Al, Si, K, Ca, Ti, P, S, Cl, 40 s for V, 45 s for Pb, 50 s for Co, 90 s for Zn, 100 s
for Ba, Mo and Sr, and 110 s for Ce. Rhodochrosite (Mn), hematite (Fe), cobaltite (Co), synthetic
Ni,Si (Ni), cuprite (Cu), albite (Na), kaersutite (Mg, Al, Si), biotite (K), apatite (Ca, P), rutile
(T1), willemite (Zn), barite (S, Ba), monazite (Ce), molybdenite (Mo), krokoite (Pb), celestine
(Sr), vanadium metal (V) and tugtupite (Cl) were used as standards (BGR standards). A PAP
matrix correction was applied to measurements (Pouchou and Pichoir 1991).

The hydrated, very porous Mn oxides that build up the individual LGS of Mn nodules contain a
high amount of water (approx. 20%; Hein et al. 2013). Therefore, this material is sensitive to the
high beam current causing total analytical sums < 100%. We decided to take total analytical sums

of > 80% as acceptable, all analyses <80% were omitted from further investigations.

Focused ion beam and high-resolution transmission e ectron microscopy

For structural analysis of individual LGS, high-resolution transmission electron microscopy

(HRTEM) was used. Electron transparent foils from LGS of nodule 32KG-5 were cut using the
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Focused ion beam (FIB) preparation technique. Cutting sites from LGS of interest were selected
based on EMPA and are marked in Fig. 1. The foils (15 x 10 x 0.15 pm) were sputtered from the
target material using Ga-ions with energy of 30 keV (Wirth 2009). For HRTEM analyses, foils
were taken out from their excavation sites applying the so-called lift-out technique (Giannuzzi et
al. 1997). Detailed description of the FIB techniques is given in Gianuzzi and Stevie (2005) and
Wirth (2004; 2009). HRTEM analyses were carried out with a FEI F20 X-Twin transmission
electron microscope with Schottky field emitter as an electron source at the GeoForschungs
Zentrum Potsdam (GFZ). The HRTEM is equipped with a Gatan Imaging Filter. HRTEM bright-
field and dark-field images as well as high-resolution lattice fringe images were acquired as
energy filtered images applying a 20 eV window to the zero-loss peak. The HRTEM images were
performed at 200 kV. Diffraction pattern were calculated from high-resolution lattice fringe
images (using Fast Fourier Transformation). High-angle annular dark field images were acquired

using a Fishione system.

Cation exchange experiments

For further differentiation between the two so-called 10 A manganese minerals todorokite and
phyllomanganates, cation exchange experiments (CEE) were carried out on different nodules
from the CCZ. Powdered samples were filled in centrifuge tubes with 2 mL of 1M KCI solution.
After centrifugation, the supernatant was decanted and fresh solution was added. This procedure
was performed three times. Thereafter, the samples were transferred to porous ceramic tiles and
washed three times with deionized water and analyzed via XRD. The same procedure was

subsequently carried out on the same samples with 2 mL of 1M MgCl, solution.

10
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Results
Mineralogy of bulk nodules
XRD drying experiments

Figure 2 show XRD patterns of a typical CCZ nodule (26K Q) after different drying steps (RT, 40
°C, 100 °C, and 300 °C). The XRD pattern of the RT sample shows broad but distinct reflections
at 9.9 A and 4.9 A which can be attributed to the (001) and (002) reflections of a 10 A
phyllomanganate or to diffraction maxima of todorokite (e.g., Post and Bish 1988; Manceau et al.
2014). Only a small and weak hump around 7 A can be recognized and is attributed to the (001)
reflection of a 7 A phyllomanganate. After drying the sample at 40 °C the intensity of the
reflection at 9.9 A decreased and that of the maximum at 7 A increased. After drying at 100 °C,
the 10 A peak was broadened and slightly shifted to higher diffraction angles (~9 A). After
drying at 300 °C the reflections at ~10 A and =5 A as well as =7 A disappeared completely. In
another nodule sample (32KG-5), the reflections at ~10 A and =5 A disappeared almost after
drying the sample at 150 °C and is completely collapse after drying at 200°C (Table 2).

All other bulk nodules were analyzed exclusively after drying at 40 °C and 100 °C. Their XRD
pattern showed considerable changes upon drying, the initial pattern having an intense diffraction
maximum at ~10 A (9.7 — 9.9 A) and a weak diffraction maximum at ~7 A (7.1 — 7.4 A), and the
final pattern having a very weak and broad diffraction maximum between 9 to 9.7 A and a
stronger diffraction maximum at ~7 A (7.1 — 7.3 A) as well as two maximum at ~2.45 A and
~1.42 A (Table 2). The ~2.45 A reflection is broad and asymmetrical and the ~1.42 A reflection
is symmetrical. The ratio of the two values is ~1.73 in all samples.

Finally, quartz (Qz) and minor amounts of phillipsite (Ph) were detected in the nodule samples

(Fig. 2).
11
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XRD of profile across nodule 44K G-2

Subsamples from a drilled profile across nodule 44KG-2 (bulk composition in Wegorzewski and
Kuhn 2014) were investigated using XRD (Fig. 3). All subsamples, starting at the nodule surface
down to ~30 mm (near the core) display after heating at 40 °C (XRD electronic annex 1) broad
but distinct reflections at ~10 A and weak ones at ~7 A. Two hk-bands are recognized at ~2.45 A
(10) and =~1.42 A (11). Upon heating to 100 °C, samples from the surface down to 5 mm within
the nodule revealed distinct changes in the low angle region (Fig. 3): The ~10 A peak disappeared
and the peak around ~7 A therefore increased.

After drying at 100 °C, samples from 5.2 mm to 6.8 mm drilling depth still exhibit peaks at =10
A but also increased ~7 A peaks, both reflections being broad and of quite similar intensity. The
reflection around ~10 A moved after drying to lower angle regions (9 — 9.6 A).

In samples from 6.8 mm down to ~30 mm depth within the nodule, the ~10 A peak was still
present after heating at 100 °C but became broader and changed position to slightly lower
diffraction angles (9 — 9.5 A). The =7 A peak disappeared completely (Fig. 3).

The diffraction patterns overall showed poor diffracted intensity, which is to a large extent related
to the nanometric size of the minerals analyzed. Nevertheless, the different changes within the
lower and higher angle region, which are characteristic for different Mn-phases (stable and
unstable 10 A phyllomanganates), are distinct and some conclusions about the mineralogical
changes from the surface (younger LGS) to the inner laying LGS (older LGS) of the nodule can

be drawn, especially with changes in chemical composition through the profile.

Chemical investigation of the profile through nodule 44K G-2

Chemical analysis of the profile through nodule 44KG-2 also reveals changes from the outer

surface of the nodule to its center (near core). The Mn/Fe ratio increases from 5.21 + 0.63 (upper
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10 mm) to 10.79 + 3.62 (down to 32 mm, near core; Supplementary Table 2). The content of
Ni+Cu is variable within the whole profile without a distinct trend. In contrast, an increase of
Mg, Ba and K accompanied by a decrease of Na and Ca with depth can be observed

(Supplementary Table 2 and Fig. 2).

Individual LGS (HRTEM + EMPA)

LGSof low Mn/Feratios (LGStype 1)

LGS type 1 appear as relatively dense layers with a slightly columnar growth structures (Fig. 4a,
b) of low reflectivity occurring throughout the whole nodule (32KG-5). For a detailed description
see Wegorzewski and Kuhn (2014). EMPA of those LGS show Mn/Fe ratio of 1.19 + 0.17, the
Ni+Cu content as well as the Zn concentrations are also low ranging between 0.4 and 1.0 wt%
(median 0.6 wt%) and 0.07 — 0.10 wt% (median 0.1 wt%), respectively (Supplementary Table 3).
Cobalt concentrations of these LGS range between 0.35 and 0.54 wt% (median 0.4 wt%).
According to the chemical composition (Supplementary Table 3) those LGS are of hydrogenetic
origin formed under oxic conditions within the marine environment (Halbach et al. 1981).

HRTEM images of LGS of type 1 (not shown) do not show lattice fringes and further selected
area electron diffraction (SAED) patterns do not show crystalline phases, suggesting that the
sample analyzed was amorphous or cryptocrystalline. This might indicate that Fe-vernadite,
which is epitaxially intergrown with an amorphous FeOOH phase, was analyzed. Indeed, this
phase has no 00l reflections and weak hk-bands, which might have been further weakened by a

low amount of sample exposed to the beam.

LGS of high Mn/Feratios (LGS type 2)
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LGS of type 2 occur as two different growth structures: dendritic LGS and dense LGS (Fig. 4a —
c). Both types of LGS consist of individual, platy crystals varying in size and density forming a
porous network (Fig. 4d). In contrast to LGS of type 1, type 2 LGS reveal high Mn/Fe ratios (13
— 826; Supplementary Table 3). According to the high Mn/Fe ratios, those LGS are interpreted as
suboxic-diagenetic precipitates (e.g., von Stackelberg 1997).

For further mineralogical investigation LGS of type 2 are further classified in four subtypes

according to their growth structure and their different Ni+Cu content:

Dendritic LGS with high Mn/Feratio (LGS 2.1)

EMPA of the dendritic LGS of nodule 32KG-5 (box 3 in Fig. 1 and its high resolution image in
Fig. 4a) reveal Mn/Fe ratios ranging between 13 and 57 and Ni+Cu contents of 2 — 3.8 wt% (Fig.
5; Supplementary Table 3). This dendritic LGS shows higher alkali metal content (median K +
Na: 4.45 wt%) than earth alkali metals (median Mg + Ca + Ba: 3.46 wt%; Supplementary Table
3).

In the dendritic LGS lattice fringes with distinct d-spacing of =7 A as well as of =10 A were
observed by HRTEM (similar to Fig. 4e, f; Table 3). The SAED patterns showed distinct
diffraction rings around 5 A (assigned as the (002) reflection of a 10 A vernadite), 7 A ((001)
reflection of a 7 A vernadite), 3.5 A ((002) reflection of a 7 A vernadite), and weak diffraction
rings at ~2.4 A (10), and ~1.4 A (11; Fig. 4e, f; Table 3). Note that, in SAED patterns, the 10 A
reflection (corresponding to the (001) reflection of a 10 A vernadite) is very close to the primary
electron beam, making its detection difficult. Consequently, we will rather use the (002)
reflection as a proxy for the occurrence of a 10 A phase.

Dense LGS with high Mn/Feratios (LGS 2.2 and 2.3)
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Two dense LGS of high reflectivity were analyzed. LGS type 2.2 occurs at the bottom side of the
nodule, directly below the outermost dendritic LGS (box 3 in Fig. 1 and high resolution image in
Fig. 4a) and LGS type 2.3 is located near the nodule top side which was recently in contact with
the bottom ocean water (box 1 in Fig. 1 and high resolution image in Fig. 4b). Both LGS show
Mn/Fe ratios ranging between 41 and 826 but differ in their metal content (e.g., Ni+Cu; Fig. 5).
LGS type 2.2 has Ni+Cu contents ranging between 0.8 and 2.7 wt% (median 1.1 wt%; Fig. 5;
Supplementary Table 3). In contrast LGS type 2.3 shows much higher Ni+Cu concentrations (3.8
— 5.4 wt%; median 4.6 wt%, Fig. 5; Supplementary Table 3). Both dense LGS have low Co
contents (median 0.02 wt%) and quite similar amounts of alkali and earth alkali metals (~3.8
wt%) whereby the Mg content (~1.8 wt%) is lower than the Na content (~2.9 wt%;
Supplementary Table 3).

Both dense LGS types show HRTEM images with distinct d-spacing lattice fringes of =7 A (Fig.
4f). The SAED patterns also show distinct diffraction rings around 7 A, 3.5 A, and weak ones at
~2.4 A and ~1.4 A which correspond probably to 7 A phyllomanganates (Table 3).

In contrast to the dense LGS of low Ni+Cu content (LGS 2.2), the LGS of high Ni+Cu content
(LGS type 2.3) have SAED patterns with diffraction rings also around 5 A (4.8 A), which were
interpreted here as (002) reflection of a 10 A phyllomanganate.

Additional, both dense LGS show additional lattice fringes with d-spacing of =5.5 A which are
assumed to be a completely dehydrated phyllomanganate (Post and Veblen 1990; Cygan et al.

2012).

L GSnear the core with homogeneous Mn/Feratios (LGS 2.4)

LGS of type 2.4 represents the second growth layer around the nucleus of the nodule and has

similar optical properties as LGS of type 2.2 and 2.3 (box 2 in Fig. 1 and its high resolution
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image in 4c). The Mn/Fe ratios vary between 65 and 183; the Ni+Cu contents are rather
homogenous (3.3 — 3.8 wt%, Fig. 5). Similar to all other described LGS of type 2, the Co
contents are low (0.04 + 0.01 wt%; Supplementary Table 3).

The Mg content (median 2.2 wt%) of this LGS is higher than in the other LGS of type 2 (median
<1.9 wt%) and higher than the Na content, which is the opposite in the other LGS of type 2 (LGS
types 2.1 — 2.3; Supplementary Table 3).

The SAED pattern of LGS type 2.4 shows only diffraction rings around =5 A, assumed again to
be the (002) refection of 10 A phyllomanganates. No evidence for the presence of a 7 A

phyllomanganate was found (Table 3).

The SAED patterns of all type 2 LGS of high Mn/Fe ratios reveal weak reflections around ~2.4
and =1.4 A. Similar to the bulk XRD results these reflections are characteristic for hk-bands of
phyllomanganates of hexagonal layer symmetry. The absence of these reflections in some regions
of the LGS might be explained by the small particle size (nano-range) and the low crystallinity of

natural phyllomanganates, both leading to a decrease of the maximum diffracted intensity.
Cation exchange experiments

The CEE were carried out to find out if the interlayer regions of the phyllomanganates of the
nodules studied are accessible for cation exchange of K™ and Mg*" ions (Fig. 6) as described by
Golden et al. (1986).

In samples treated with KCI, the peak position of 10 A phyllomanganate was shifted from ~10 A
to ~7 A. After treating the same samples with MgCl,, the peak position was shifted from ~7 A
back to =10 A (Fig. 6). This reaction pathway indicates cation exchange ability typical for
phyllomanganates, as discussed by Golden et al. (1986). Nodule samples with a higher ability to

exchange K™ and Mg*" ions in their interlayers (inferred from the increase of the intensity of the 7
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A reflection after the exchange with K'; samples: 09KG-B, 29KG-C and 26KG) seem to contain
higher proportions of thermally unstable phyllomanganates compared to nodules with lower

exchange capacity (62KG-A, 32KG-4, 44KG-2; 32KG-5; Table 2).

Discussion

In many publications the tectomanganate todorokite has been suggested to be the major 10 A Mn-
phase of marine ferromanganese nodules from the CCZ, even if a (turbostratic) Mn-oxide with
basal X-ray diffraction reflections at ~10 A and ~5 A has previously been described (e.g.,
Halbach et al. 1981; Turner et al. 1982; Calvert and Piper 1984; Mellin and Lei 1993). The
detection and the characterization of different Mn-minerals within nodules is difficult because of
the nanometer size of studied minerals, of their poor crystallinity, and because the different Mn-
minerals are intergrown with each other on a fine scale. Additionally the fibrous to platy habitus
of todorokite and phyllomanganates is quite similar (Giovanoli and Arrhenius 1985).

Because of that, special methods were used in this study for the differentiation of todorokite and
phyllomanganates in bulk nodules from the eastern CCZ, such as heating and cation exchange
experiments. HRTEM analyses of suboxic-diagenetic LGS were conducted to get more
information about their mineralogy in context with the high variation in Ni and Cu content.

Bulk mineralogy

The dehydration experiments distinctly show collapsing of the 10 A reflection from bulk nodules
of the German eastern license area after drying up to 300 °C (26KG) or even already at 200 °C

(32KG-5; Table 2). This is due to the release of interlayer water molecules from the
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phyllomanganate structure, as discussed in the literature (Wadsley 1950; Mellin and Lei 1993;
Shen et al. 1994).

Furthermore, the investigated CCZ nodules show variable but distinct potential to exchange
cations in their interlayers (Fig. 6). This is an indication for higher cation exchange capacity,
which is much higher for phyllomanganates than for todorokite (Crane 1981; Golden et al. 1986;
Bish and Post 1989; Cui et al. 2009).

These observations together with the absence of typical diffraction peaks for todorokite at lower
diffraction angles of the XRD patterns of presently studied nodules (between 2.4 and 1.4 A;
Atkins et al. 2014; Manceau et al. 2014), plead for todorokite being absent from the present
samples, or at least below the detection limit. Instead, the major Mn-phase is a thermally stable
10 A phyllomanganate (collapsing between 100 °C and 200 or 300 °C).

Further, all XRD patterns (before and after heating steps) show only two hk-bands at lower
diffraction angles around 2.45 A and 1.42 A, whereof the first one is asymmetric. These results
indicate that the detected phyllomanganates are turbostratically disordered 10 A and 7 A
vernadites (Manceau et al. 2014) with a hexagonal symmetry (Drits et al. 1997). This is also in a
good agreement with the almost symmetrical shape of the 1.42 A reflection, which would be split
into a double peak in case of orthogonal layer symmetry (Drits et al. 2007). All these information
can be quantitatively validated by modeling an X-ray diffraction pattern typical for this kind of
nodules (Fig. 7, Supplementary Table 1).

At this point it’s worth mentioning that there is another stable 10 A manganate oxide, which can
occur in marine manganese nodules such as asbolane (Chukhrov et al. 1982; 1983; Manceau et al.
1992), which complicates the characterization of the 10 A Mn-phase. Using XRD, asbolane can
be generally recognized by strong (002) reflection ((002) reflection shows higher intensity than

the (001) reflection) and generally a split of the two hk-bands (Manceau et al. 1992; Manceau et
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al. 2014). According to that as well as to the low Ni+Co/Mn (0.01 — 0.06) we assume that if
asbolane is present, it occurs in trace amounts.

However, the dehydration experiments revealed that already at RT some of the 10 A vernadites
dehydrate (Fig. 2). These results further suggest that the 7 A vernadites after heating at 40 °C and
100 °C are dehydration products of thermal unstable 10 A vernadites and do not represent
original 7 A vernadites as already suggested by Arrhenius and Tsai (1981), Usui et al. (1989) as
well as Mellin and Lei (1993). We interpret the 7 A vernadite to form only a minor amount
within nodules from the German eastern license area.

Samples 09KG-B, 29KG-C and 26KG mainly consist of thermally unstable 10 A vernadite due to
the collapsing of the 10 A diffraction at <100 °C and with simultaneously higher ability to
expand the layer structure and therefore exchange cations in their interlayers (Table 2; Fig. 6). In
contrast to that nodules 62KG-A, 32KG-4, 44KG-2 and 32KG-5 consist of thermally stable
(collapsing of the 10 A peak >100 °C) as well as thermally unstable 10 A vernadite (collapsing
<100 °C) in almost equal proportions (Table 2).

The different thermal stability and cation exchange ability is probably due to different amounts
and types of cations/metals (e.g., Na", K', Ca’", Mg®", Ni*", Cu’") and their way to be
incorporated in the structure (possibly as inner-sphere or as outer-sphere complexes or being
incorporated within vacancies of the [MnOg] octahedra).

Elements which form inner-sphere complexes above layer vacancies (in a triple corner-sharing
coordination — TC configuration) share 3 oxygen atoms from layer vacancies, and they are
coordinated to other water molecules and/or hydroxyl groups that point towards the interlayer
(e.g., Mn*"*" and metals such as Cu®"; Little et al. 2014; Manceau et al. 2014). Such coordination
sphere cannot accommodate a strong layer-to-layer decrease when it faces a similar complex

located on the other side of the interlayer, and when the interlayer also contains significant
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amounts of alkali (see Manceau et al. 2014, for a detailed discussion). In contrast, when the
mineral structure contains little cations sorbed in a TC configuration, but mainly elements
forming outer-sphere complexes in the center of the interlayer space (e.g., K*, Na", Ca’"), the
interlayer spacing can collapse.

Furthermore, prior dehydration experiments on synthetic phyllomanganates (birnessite like
structures) with different cations (e.g., Na', Ca’", Mg*", Zn*", Ni*") in the interlayer (Golden et al.
1986; Mellin and Lei 1993; Johnson and Post 2006) showed that the collapsing is due to the
hydration energy of the individual cations. 10 A phyllomanganates with cations of low hydration
energy such as Na' (Johnson and Post 2006) collapse already at RT and those with higher
hydration energy such as Mg*" do not dehydrate until 300 °C (Golden et al. 1986; Mellin and Lei
1993; Johnson and Post 2006). This would explain why stable and unstable phyllomanganates
were detected, and would imply that the stable 10 A variations are more likely to occur in LGS of
high Mg content (as interlayer cations) and higher metal content (forming inner-sphere
complexes).

Individual layered growth structures

HRTEM analyses of individual LGS were carried out to investigate the relation between the
different Ni+Cu concentrations (0.8 — 5.4 wt%, Supplementary Table 3) and their mineralogy.
These details were studied on suboxic-diagenetic LGS of type 2 with variable Ni+Cu contents.

According to the HRTEM analyses in context with the bulk mineralogy, all LGS of type 2 consist
of hexagonal 7 A and 10 A vernadites, as shown in a recent study of Manceau et al. (2014) that
focused on a nodule from the west Pacific Ocean. Those vernadites incorporate trace metals such
as Ni and Cu within their [MnOg] octahedral layers or additionally as inner-sphere complexes
above/below the octahedral vacancies in the case of Cu (Peacock and Sherman 2007b; Little et al.

2014; Manceau et al. 2014).
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In general the LGS of type 2 reveal predominantly 7 A vernadite when observed with HRTEM.
This result seems to be in contrast to the XRD analyses of bulk nodules with 10 A vernadite
being the major Mn-phase. But the two data can be reconciled by assuming that during the
HRTEM analysis partial dehydration of the 10 A vernadite may occur, because of the vacuum
conditions applied (Turner and Buseck 1979; Post and Veblen 1990) or because of the sample
preparation (drying samples at 40 °C and prior grinding; Usui et al. 1989).

HRTEM analysis of dense LGS type 2.2 indicates only 7 A phyllomanganates. This LGS
contains in contrast to all other suboxic-diagenetic LGS of this study (LGS type 2.1, 2.3, and 2.4)
the lowest Ni+Cu concentrations. Further, in this LGS the Mg content is lower than the Na
content. The combination of these two properties is probably responsible for the sole occurrence
of 7 A vernadites, which probably are the dehydration product of a so-called thermally unstable
10 A vernadite. Further, it could be assumed that the metals such as Ni and Cu are preferably
incorporated within the [MnOg] octahedral layers (e.g., Peacock and Sherman 2007b; Manceau et
al. 2014) instead of forming inner-sphere complexes above/below vacancies, which could rather
lead to a structure stabilization.

In contrast to that, suboxic LGS of type 2.1 and 2.3 indicate the occurrence of both 7 A as well as
10 A vernadites intergrown with each other on a fine scale when analyzed using HRTEM. The
detection of 10 A vernadites was probably caused by higher Mg and Ni+Cu contents in these two
LGS compared to LGS type 2.2. But in both LGS still the content of Mg is lower than Na similar
to LGS type 2.2, suggesting Na' is the main interlayer cation. It can be suggested that Cu is
forming partly inner-sphere complexes above/below vacancies (Little et al. 2014) resulting in
formation of more stable 10 A phyllomanganates and that Ni is completely incorporated within
the [MnOg] octahedral layers (Peacock and Sherman, 2007b; Manceau et al. 2014). According to

Peacock and Sherman (2007a, b) and Sherman and Peacock (2010), at circumneutral pH, only
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some Ni and Cu will be incorporated within the octahedral layers of phyllomanganates and will
be sorbed in a TC configuration above/below vacancy sides at lower pH (pH <4; Peacock and
Sherman 2007a; Peacock 2009). Further, more stable vernadite phases can have higher amounts
of Mn (Mn**, Mn®") within the interlayer forming TC complexes above/below the vacancy sites
of the [MnOs] octahedral sheets stabilizing the structure against collapsing. The 7 A vernadite of
these two LGS then can be either an original phase or a collapsed form of a 10 A vernadite of low
metal loading (e.g., Na as interlayer cation and metals such as Ni and Cu incorporated in the
octahedra).

In contrast, LGS of type 2.4 shows the highest Mg and lowest Na concentrations within all
suboxic LGS with simultaneous high content of Ni and Cu. This may favor the formation of a
thermally stable 10 A Mg-vernadite. The 10 A vernadite probably will be stabilized due to Mg
(high hydration energy) and Cu (plus possibly Mn*" and Mn’") forming TC complexes
above/below the vacancies of [MnQOg] octahedral layers. Already Chukhrov et al. (1979) assumed
that different stable phyllomanganate types such as buserite-I and buserite-II within manganese
nodules could be present. Buserite-I is a thermal unstable 10 A phyllomangante because of low
amounts of interlayer metals compared to buserite-Il, which is a more stable 10 A
phyllomanganate with higher metal loading (Chukhrov et al. 1979). These observations fit very
well with the different detected phyllomanganates of this study.

Furthermore, the interpretation of the profile through nodule 44KG-2 analyzed by XRD as well
as individual suboxic-diagenetic LGS analyzed by HRTEM reveals a stabilization of the 10 A
vernadite structure with respect to interlayer collapsing from the outer nodule surface into deeper
(older) nodule areas. This may indicate post depositional transformation. Inner LGS indeed show
no distinct enrichment of metals such as Ni and Cu in contrast to the younger outermost LGS but

a distinct enrichment of Mg over Na. The substitution of e.g., Na with Mg as well as a possible
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rearrangement of the metal (e.g., Ni, Cu) position (from being incorporated within the octahedra
to inner-sphere complexes due to pH changes of the environment) probably leads to the
stabilization of the mineral structure. Similar mineral distribution (stable and unstable
phyllomanganates) with depth (i.e., age) within a nodule was also observed by Smetannikova et
al. (1991).

The occurrence of phyllomanganates as the main Mn-phase (in contrast to todorokite), whatever
the metal content, indicate that the mineralogy alone does not control the incorporation of metals
into the lattice of the Mn-phases during suboxic-diagenetic growth. The amount of metals is
rather dependent on the availability of such metals according to the surrounding environmental
conditions such as the redox state, the metal flux into the sediment and the early-diagenetic
potential mobilization of the sediments. According to that, manganese nodules can act as a good
paleoceanographic archive but as assumed by Peacock (2009) this holds only true if the
incorporation of those metals (e.g., Ni and Cu) is irreversible during pH fluctuations. According
to the high porosity of Mn-nodules (up to 60%; Halbach et al. 1988) and their pore connectivity
through the whole nodule fluids from the surrounded environment can influence Mn-phases and
change their chemical composition so that chemical characteristics of especially older LGS may
be altered with time. The mobility potential of those metals in Mn-phases of marine nodules with
increasing age or changes in environmental conditions (such as pH) is not fully understood and
deserves more investigations.

The absence of todor okite

The mineralogical investigations of nodules from the eastern CCZ indicate the absence of
todorokite as major Mn-phase in nodules from the eastern German license area within the CCZ.

This conclusion is based on four observations.
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(1) The relatively low Mg contents of these nodules (<2 wt%; Wegorzewski and Kuhn 2014).
According to Bodei et al. (2007) the Mg concentration in phyllomanganate, which transform to
todorokite, ranges between 4.1 and 4.9 wt% (Table 2 in Bodei et al. 2007). Also Manceau et al.
(2014) show increased Mg concentrations up to ~4 wt% in diagenetic nodule material which
transformed from vernadite to todorokite. Mg has a hydrated diameter of 8.6 A, close to that of
the 3 x 3 tunnel structure of todorokite (Manceau et al. 2014) and is therefore a favorable
template ion (Bodei et al. 2007; Manceau et al. 2014). However, individual suboxic LGS (LGS
type 2) of nodules from this study reveal maximal 2.4 wt% Mg, which is probably too low for a
transformation of 10 A vernadite to todorokite.

(2) The transition from 10 A phyllomanganate (buserite) to tunnel-structure todorokite in
synthetic samples generally takes place under hydrothermal treatment (e.g., 155 — 160 °C, Ching
et al. 1999; Bodei et al. 2007). A similar conclusion was drawn by Usui et al. (1989). They
interpreted their mineralogical data as two series of manganates: a hydrothermal, todorokite-like
series consisting of tunnel structures with low amounts of cations and a buserite-like series
consisting of octahedral layers with a high content of stabilizing cations. The CCZ nodules were
not influenced by hydrothermal fluids and thus the formation of todorokite cannot be favored.
However, Grangeon et al. 2014 could show for the first time that a tectomanganate Mn-phase
(cryptomelane) can form from vernadite at RT, but at low pH (~3-4).

(3) According to Bodei et al. (2007), the formation of natural as well as synthetic todorokite starts
preferable with a c-ordered Mg-rich 10 A phyllomanganate. The product of the transformation
from a turbostratic 10 A vernadite is a mixture of 7 A vernadite with jianshuite/Mg-chalcophanite
and secondary poorly-crystallized todorokite (Bodei et al. 2007).

(4) Higher amounts of ions such Mn®" and Cu”*, which have a Jahn-Teller distorted coordination

sphere, promote the transformation of 10 A phyllomanganate to todorokite and stabilize
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todorokite in suboxic marine sediments (Siegel and Turner 1983; Bodei et al. 2007). Such
observation was also made by Grangeon et al. (2014) for the vernadite to cryptomelane
transformation. They assumed that such transformation with time is driven by the migration of
Mn”" with time from octahedral position to the interlayer, until sufficient interlayer Mn" in a TC
configuration is present to allow forming the walls of the tectomanganate structure. Probably the
amount of Mn’", in vernadites octahedral layers of nodules from the recent study, which would
be able to migrate from the octahedral layer to the interlayer with time, is too low for kinking of
the [MnQg] octahedral layers forming a tectomanganate.

All these facts support the occurrence of phyllomanganates in nodules from the German eastern

license area as major Mn-phases rather than todorokite.

Implications

The results of this work reveal that ferromanganese nodules from the German eastern license area
of the CCZ consist of thermally differently stable turbostratic phyllomanganates of the vernadite-
type of hexagonal symmetry rather than of todorokite.

Hydrogenetic LGS (type 1) consist of Fe-vernadite, which is epitaxially intergrown with
amorphous FeOOH phase. In contrast to that, suboxic-diagenetic LGS (type 2) consist of three
different types of vernadites:

1) 7 A vernadites forming a minor component in the nodules, mainly it is a dehydration product
of unstable turbostratic 10 A phyllomanganates already collapsing at room temperature.

2) Unstable 10 A vernadite collapsing after drying between 40 °C and 100 °C.

3) Stable 10 A vernadite collapsing between 100 °C and 200/300 °C.
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Based on the results of this study it is assumed that the different vernadite types occur because of
different incorporated cations in the interlayer which can form inner-sphere complexes (e.g.,
Mn2+/3+, Mg2+, Ni2+, Cu2+) or outer-sphere complexes (e.g., Na’, K"). Additionally, metals such
as Cu”" or even Ni*" can migrate with time from being incorporated within the octahedral layers
out of the octahedra to form inner-sphere complexes about the layer vacancies (depending on the
environment pH; Peacock and Sherman 2007a,b; Peacock 2009), which may further influence the
thermal stability of the crystal structure of phyllomanganates.

The recent work shows, that the different amounts of Ni+Cu (0.8 — 5.4 wt%) of individual
suboxic-diagenetic LGS are not due to the presence of different Mn-minerals such as todorokite
or phyllomanganate but rather depend on the mobility and enrichment of metals within different
environmental conditions.

Investigations of older and younger nodule areas furthermore reveal a distinct change of the
stability of vernadite. Young areas show more unstable vernadite phases than older ones with
both low as well as high Ni+Cu contents. This could be explained by a post-depositional
incorporation of Mg”" which substitute for e.g. Na' in the interlayer and/or re-arrangement of
metals (or Mn) position in the crystal lattice of the Mn-oxides.

Due to the low growth rates (1 to >10 mm 10° year') Mn-nodules are an important
paleoceanographic archive (Frank 2002; Han et al. 2003) to reconstruct the environment
conditions during individual growth periods. High Mn/Fe ratios of LGS of type 2 indicate a
strong Mn-Fe fractionation as it occurs under suboxic environmental conditions. If the metal
content is not depending on the mineralogy, it may be a proxy of the individual metal contents
and/or metal mobility of the environment within which the nodule have grown. However, the
stabilization of phyllomanganates could represent the pH conditions under which they formed.

Mn-phases which form at higher pH conditions (pH 7-8) incorporate Ni and Cu rather in the
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octahedral layers and are therefore of low thermal stability. Thermally more stable
phyllomanganates form probably under lower pH conditions (pH 4), where Ni and Cu build up
inner-sphere complexes, as shown by experimental analyses (Peacock and Sherman (2007a, b)
and Peacock (2009)). But if the incorporation of metals such as Ni and Cu is depending on the pH
conditions and the incorporation is reversible the metal contents may not reflect individual metal
concentrations in the environment during individual growth phases (Peacock 2009).

At this point we only can speculate why nodules from the eastern license area show
phyllomanganates with different thermal stabilities. Further extended X-ray absorption fine
structure analyses of individual LGS of these nodules have to be conducted to investigate the
local environment of Mn, Ni, Cu and other economical important metals. This task is important
for further metallurgical treatment of nodules from the German eastern exploration license area of

the CCZ.
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Figure captions

FIGURE 1 Overview of the thick section of nodule SO205-32KG-5 with marked areas (white

boxes) of high-resolution chemical and mineralogical analyses.

FIGURE 2 XRD patterns of a typical CCZ nodule (26KG) after drying at different temperatures
(RT = room temperature, 40 °C, 100 °C, 300 °C). Basal reflections of ~10 A and ~7 A of nodule
26KG change between all drying steps, an increase of the ~7 A and a simultaneous decrease of
the ~10 A peaks represent thermally different stable and unstable turbostratically disordered
phyllomanganates with a hexagonal layer symmetry (hk-bands at ~2.45 and ~1.42 A; djo; =

~1.73). The basal reflections of this CCZ nodule disappeared upon drying at 300 °C.

FIGURE 3 Three characteristic XRD patterns (after drying at 100 °C) of different depth intervals
(0 — 30 mm) within nodule SO205-44KG-2. Samples from 0 — Smm reveal only one basal peak at
~7 A, in samples from 5.2 — 6.8 mm two peaks at ~10 A and =7 A occur, and in the lower interval
only the 10 A peak is present. This shift indicates the presence of only thermally stable 10 A
phyllomanganates in the lower (older) part of the nodule, and a transition zone with both
thermally stable and unstable 10 A phyllomanganates and only thermally unstable ones close to
the surface (youngest part). Stars indicate impurities. Two hk-bands at ~2.45 A and ~1.42 A can

be distinguished.

FIGURE 4 (a) Three different layer growth structures (LGS) at the bottom side of nodule
S0205-32KG-5 (marked as area 3 in Fig. 1). Dendritic growth structures (LGS type 2.1), dense
layer growth structures (LGS type 2.2) and hydrogenetic layer growth structures (LGS type 1) are

shown. (b) Representing dense LGS type 2.3 and LGS type 1 (marked as area 1 in Fig. 1). ()
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LGS type 2.4 near the core of nodule 32KG-5 (marked as area 2 in Fig. 1). (d) HAADF image
displaying internal growth structure of dense LGS type 2.2 with very thin platy crystals forming a
fluffy network. (€) HRTEM image: Distinct 10 A lattice fringes can be distinguished which
correspond to 10 A phyllomanganate and represent the d-spacing between two [MnQs] octahedral
layers; insert the corresponding selected area electron diffraction (SAED) image. (f) HRTEM
image and insert the corresponding SAED pattern of dense LGS type 2.2 in (d) representing 7 A

lattice fringes.

FIGURE 5 Mn/Fe versus Ni+Cu content of individual layer growth structures (LGS) of type 2 of
nodule SO205-32KG-5. All individual LGS have high Mn/Fe ratios and show high variation of

the Ni+Cu content.

FIGURE 6 XRD patterns of (a) sample 29KG-C and (b) sample 62KG-A after cation exchange
experiments with KCI and MgCl solutions. Blue: original sample without treatment; green: after

KCI treatment, red: after MgCl treatment. Note the significant changes in (@).

FIGURE 7 Experimental XRD pattern from a typical nodule from German eastern license area
of the CCZ (black solid line) and calculated patterns of a turbostratic vernadite (red solid line)
and of a birnessite (blue solid line) have the same structure as the vernadite, but 1H stacking
mode (i.e. no random stacking fault). In the birnessite pattern (i.e. ordered variation), hkl Bragg
peaks are expressed, but not observed in the experimental pattern. In the vernadite (i.e.
turbostratic variation) pattern, only 00l Bragg reflections and asymmetric hk-bands are expressed,
as in the experimental pattern. The experimental pattern is thus, indexed using the vernadite

structure model. Stars indicate impurities. Inset: detailed view of the 3 A to 1.4 A region.
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Table captions

TABLE 1 Location of samples analyzed during this study.

TABLE 2 Results of XRD analyses of bulk nodules after different heating steps. Symbol +
indicates the occurrence and the intensity of the diffraction peaks (+ low intensity, +++ high

intensity).

TABLE 3 Summarized are the observed d-lattice spacings from HRTEM images and the
corresponding electron diffraction pattern of individual layer growth structures (LGS) of nodule
32KG-5. Symbol x indicates the occurrence of individual lattice fringes and the detectable

reflections within selected area electron diffraction pattern of individual LGS.

Supplementary

Figures

S1 Typical big ellipsoidal nodule (SO205 44KG-2; 10 x 10 x 6.7 cm) with botryoidal grow
structures on all sides of the nodule. The top side of the nodule, which was in contact with the
near-bottom water is smooth and the bottom side, which was stacking in the upper few cm of the

sediment, is rough.

S2 The distribution of Mg and Na along a profile through nodule 44KG-2. In the outer parts Na is

enriched over Mg, whereas in the inner parts of the nodule Mg is enriched compared to Na.
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Tables

S1 Parameters for the modeling of X-ray diffraction pattern of vernadite typical for nodules of

this study.

S2 Chemical composition of the profile trough nodule 44KG-2 (ICP-OES data; wt%)

S3 Average content of major and minor elements of individual LGS types 1 and 2 of nodule

32KG-5 from the CCZ (EMPA data, wt%)

Electronic annes 1

XRD patterns (after drying at 40 °C) of subsamples from different depth intervals (0 — 30 mm) of
the profile through nodule SO205-44KG-2. All three pattern indicate distinctly basal peaks at =10
A and broad and low in intensity at ~7 A as well as two hk-bands at ~2.45 A and ~1.42 A. Stars

indicate impurities.
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TABLE 1 Location of samples analyzed during this study.

Study area
(SA)

Sample-ID

Position

Water
depth [m]

Water depth [m]

Latitude

Longitude

80205 09 KG-B

11°18.6 N

119°14.8 W

4303

midsized discoidal

nodule wit smooth

surface and rough
bottom side

0205 29KG-C

11°354N

116°14.1 W

4203

large discoidal nodule,
smooth surface and
rough bottom side

S0205 32KG-4

11°28.6 N

116°9.2 W

4240

midsized nodule with
smooth surface and
rough bottom side

80205 32KG-5

11°28.6 N

116°9.2 W

4240

midsized nodule with
smooth surface and
rough bottom side

S0205 44KG-2

11°57.4N

116°572 W

4188

large nodule,
botryoidal growth
structures on both
sides with a smooth
surface and rough
bottom side

BIONOD 26KG

11°53.4N

117°4.4 W

4137

large discoidal nodule

80205 62 KG-A

13°10.5 N

118°6.3 W

4282

midsized nodule




TABLE 2 Results of XRD analyses of bulk nodules after different heating steps. Symbol x indicates the occurrence and the intensity of the

diffraction peaks
sample RT 40°C 100°C 150°C 200°C 300°C 400°C 500°C
S0205 |10A 74 | 104 74 [ 10A 7A | 10A 7A | 10A 7A |10A 74 |10A 74X |10A 74
09KG-B | na. n.a. +++ + + ++ n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
29KG-C | na. n.a. ++ + hump ++ n.a. na. | na. n.a. n.a. n.a. - - - -
26KG +++ | hump ++ + + ++ n.a. n.a. n.a. n.a. - - n.a. n.a n.a. n.a.
32KG-4" | na. n.a. ++ + + n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a n.a. n.a.
32KG-5 | na. n.a. ++ + + a.d. a.d. - - - - n.a. n.a n.a. n.a
44KG-2" | na. n.a. +++ + ++ ++ n.a. na. | na. n.a. n.a. n.a. - - - -
62KG-A | na. n.a. ++ hump ++ ++ n.a. n.a. n.a. n.a. n.a. n.a. - - - -

*! = analyzed in Wegorzewski and Kuhn (2014), n.a. = not analyzed, - = diffraction peaks disappear; a.g. = almost disappeared



TABLE 3 Summarized are the observed d-lattice spacings from HRTEM images and the corresponding electron diffraction pattern of individual layer growth
structures (LGS) of nodule 32KG-5. Symbol x indicates the occurrence of individual lattice fringes and the detectable reflections within selected area electron

diffraction pattern of individual LGS.
individual layer (]O(Z)IA) (IO%IA) ?O%IA) fOf)lz; ((5)()};) 7 A (001) ((7)0'?) ?Of);; 24A | 144
layers | description | yprEM) | (SAED) | HRTEM) | (SAED) | sAED) | FTRTEM)| saED) | (sAED) |(SAED)|(SAED)
dense layer
layer1 type of low ) ) ) ) ) ) ) ) )
reflectivity
dendritic
lay62r Iype Stm}(iiugl}rle of < ) ) ) < < « < < <
reflectivity
dense layer
layer type | of high
22 | reflectivity, . . X x . x X x x X
low Ni+Cu
dense layer
layer type | of high
2.3 reflectivity, ) ) X ) X X X X X X
high Ni+Cu
material of
layer type high
2.4 reflectivity, | ™2 ) ) ) X ) ) ) ) X
near core

n.a. = not analyzed
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