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XII. MINERALOGY, CHEMISTRY, AND INTERNAL
STRUCTURE OF MANGANESE NODULES
IN THE SOUTHERN PART
OF THE CENTRAL PACIFIC BASIN (GH82-4 AREA)

Akira Usui and Naoki Mita

Introduction

Earlier numerous chemical and mineralogical analyses have revealed significant
compositional variations of manganese nodule facies in the eastern and central Pacific
on regional, small scales, and microscopical scales (Andrews and Friedrich, 1979;
Halbach and Ozkara, 1979; Mizuno et al., 1980; Usui et al., 1987). However, a few
studies have been made in the west and south Pacific, although several cruises have
been carried out (Glasby et al., 1980; Exon, 1983; Usui, 1983; Cronan, 1986). The
GH82-4 area was selected after the results of Wake-Tahiti Transect survey by GSJ in
1980 (Mizuno and Nakao, 1982; Usui, 1983). The area includes a small model site (70
x 70 km ), where the five-mile grid reconnaissance survey plus followed small-scale
sampling were conducted to characterize regional and local variation patterns of
nodule chemistry, mineralogy, and their relationships to sedimentary history.

As previously reported, chemical compositional variability is generally deter-
mined by the mode of development of the two ferromanganese minerals; buserite of
early diagenetic origin and vernadite of hydrogenetic origin (Halbach et al., 1975;
Halbach and Ozkara, 1979; Usui et al., 1978; Usui, 1979a). The variation of relative
content of the two ferromanganese minerals causes a strong inter-elemental correla-
tions and close relationships between nodule chemistry and surface feature. In this
aspect, mineralogical description is most important in characterizing deep-sea
manganese nodules and in considering nodule growth history.

Samples and methods

One hundred and nineteen nodule samples were selected from 112 stations of
nodule occurrence in this area. Each sample from one station includes a half to several
entire nodules so that they may represent approximate mean bulk characteristics. De-
scribed nodules were split and polished for ore microscopy, one half was ground into
powder and divided into three parts for X-ray powder diffraction analysis (XRD),
chemical analysis, and water content determination. Nine elements, Mn, Fe, Cu, Ni,
Co, Pb, Zn, Si, and Al, were determined by atomic absorption spectroscopy (AA) ac-
cording to analytical guideline of GSJ (Terashima, 1978; Mochizuki and Terashima,
1983). Water contents were determined as H;O+ by Penfield Method and H,O— by
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drying in oven.

Mineral composition was determined by XRD and/or microscopy. XRD was ac-
complished in a constant measuring condition by using a diffractometer Type RAD-TA
(Rigaku Denki Co. Ltd.) Peak heights were measured at 10 and 2.4 A d-spacings for
quantitative estimation of mineral components; 10 and 5 A d-spacings are diagnostic
of buserite, but 2.4 A and 1.4 A reflections are responsible both to buserite and ver-
nadite (0-MnO:-). Accessory silicate minerals, phosphates, carbonates etc. were exam-
ined and estimated in comparison with ASTM and JCPDS data files.

Microscopic identification was also available in identifying ferromanganese
minerals and for description of internal microstructure. The criteria for mineral iden-
tification follows after Usui (1979a).

Mineral composition

Because of low crystallinity, fine particle size, and hydrous nature, mineralogy of
marine ferromanganese minerals is still controversial. Terminology is even com-
plicated; for instance, nodule 10 A mineral (diagnostic of 10 A d-spacing on XRD)
may be named 10 A manganite, 10 A manganate, buserite, todorokite (Burns and
Burns, 1977; Giovanoli, 1980; Burns ef a/., 1983; Ostwald, 1984). In this article,
nodule 10 A manganese mineral is called as buserite, and the other low-crystalline fer-
romanganese mineral is called vernadite. Typical X-ray diffraction patterns of the two
minerals are shown in Figure XII-1. The relative mineral contents are listed in Table
XII-1, together with chemical composition and nodule morphological type. Semi-
quantitative XRD analysis shows that only buserite and vernadite are principal fer-
romanganese minerals of GH82-4 nodules. The 7 A mineral (so-called birnessite) was
not detected from any nodules from this area. The occurrence of minerals are similar
to those of our previous studies in the northern Central Pacific Basin nodules and the
earlier works on the northeastern equatorial Pacific nodules (Cronan, 1980; Piper et
al., 1977).

As mentioned in chapter X (Usui, this volume), morphology of nodules of this
area is variable on a scale of kilometers within the detailed survey area. Surface mor-
phology (rough or smooth structures) is again closely related with mineralogy as reveal-
ed in earlier works (Usui, 1979a, 1979b; Usui, 1983; Usui et a/., 1987); that is, rough
structure consists of buserite while smooth structure of vernadite. However, bulk
chemical and mineral composition is not necessarily closely related with surface
feature, because of variable mineral composition inside the nodules in some cases.

Manganese-free accessory minerals in the nodules are quartz, plagioclase, phillip-
site, and smectite. These silicate minerals may have been incorporated into nodules, as
settling particles, as nuclei, or as inclusion of surface sediment. Quartz is most com-
mon and shows two- to three-fold variation in contents, although its contents does
not vary concordantly with nodule morphological type. Phillipsite seems to be associ-
ated with s-type nodules as brownish claystone in nuclei or inclusion. Smectite is also
associated with the claystones,

Bulk chemical characteristics
Concentrations of major and minor metal elements of manganese nodules of this
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Fig. XII-1 Schematic X-ray diffraction patterns of manganese nodule minerals, land todorokite, and
birnessite. Black bars denote the peaks responsible for buserite, the hatched for 7A
manganate, and the blank for vernadite and above two minerals.

area are within the range of typical Pacific deep-sea nodules (Hein, 1977; Frazer and
Fisk, 1981; Sorem et al., 1979; Mckelvy, 1986). The average of nickel plus copper
grade is around 2.0 wt.%, which is comparable to that of high-grade nodules from the
Northeastern Equatorial Manganese Nodule Beit. When converted to oxides (as
Mﬂ02, Fe203, CUO, NIO, C0203, Pbo;, ZnO, Si02, Aleg, H20+), the analyses of
nodules sum to between 85 to 91 wt.%. Manganese is always a major element ranging
from 8 to 33 wt.%, whereas iron is much less. It is notable that minor metal elements
are strongly correlated with either Mn or Fe. The elements, Cu, Ni, and Zn are positive-
ly correlated with Mn, but Co and Pb are correlated with Fe. A positive correlation
within Mn-Cu-Ni-Zn is related with buserite, and a correlation within Fe-Co-Pb
related with vernadite. Si and Al, mutually correlated, seem to vary independently
with the two manganese minerals.

Earlier chemical and mineralogical studies (Usui ef al., 1978; Halbach and
Ozkara, 1979; Usui, 1979a, 1979b) have concluded that the principal mineral com-
ponents of deep-sea manganese nodules are as follows; 1) buserite phase: iron-free and
nearly stoichiometric hydrous manganate mineral, containing lattice-held Cu, Ni and
Zn. The atomic ratio (Cu-+Ni+Zn)/Mn falls on around 0.16 (nearly equal to 1/6) or
slightly less. The phase forms rough microstructure as cusps or dendrites on the sur-
face or within nodules. It is precipitated as manganate (Mn**) mineral after oxidation
of dissolved manganese (Mn?*) from interstitial water of unconsolidated surface
sediments in the course of early diagenesis of the sediments. Minor essential elements
(Cu, Ni, Zn) are subsequently incorporated between sheet structure after ion ex-
change, 2) vernadite phase: poorly-crystallized mixed-layer mineral (two X-ray reflec-
tions) composed of hydrous manganese oxide and ferric oxides, which amounts similar
Mn and Fe. Minor elements, Cu, Ni and Zn are much more depleted. The mineral
forms smooth surfaces as stratified layers with occasional columnar patterns. It is
deposited from settling colloidal particles of oxides from overlying oxygenated sea
water, 3) Mn-free silicate minerals: fine particles of clay minerals, zeolites,
plagioclases, quartz, fossils, etc. in oxide layers and nuclei.
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The nodule surface feature, mineralogy, and chemical composition are therefore
closely related. In case microstructure and mineralogy do not vary on and within
nodules, the type-r nodule is high in Mn, Cu, Ni, Zn, and Mn/Fe and low in Fe, Co,
Pb., while the type-s nodules are vice versa. As shown in Table XII-2, the nodule bulk
composition is markedly related to morphological type, reflecting their mineral com-
position. All parameters except for Mn, Si and Al increase or decrease in the order of
type-r, intermediate type, and type-s.

Inter-element correlations are well explained based on mineral composition. The
two major elements, Mn and Fe, are weakly negatively correlated and of scattered pat-
tern due to variable content of non-manganese minerals (Fig. XII-2A). The plots of
Cu+Ni+Zn versus 10 A reflection intensity show a strong linear dependency to
buserite abundance (r= +0.96), and the regression line may be extrapolated to the
zero point (Fig. XII-2C). However, the plots of Cu+ Ni+Zn versus Mn shows a rela-
tively linear pattern (correlation coefficient r= +0.84), but its extrapolation suggests
some fraction of Mn is not related to Cu+Ni+Zn (Fig. XII-2B). This is also due to
preferential concentration between two minerals.

The ratio Fe/Mn must be linearly dependent of relative abundance of vernadite to
the both minerals ideally. Total Cu+ Ni+Zn is therefore expected to vary as a hyper-
bolic function of its reciprocal Mn/Fe. Figure XII-2D well supports this interpreta-
tion. Co concentrated in vernadite is positively correlated with Fe (Fig. XII-2F) prob-
ably exchanging Mn** or Fe’* sites of the mineral.

The cluster analysis (Fig. XI1I-3) based on correlation coefficient matrix (Table
XI1-3) demonstrates clearly classified three groups of components : 1) buserite, Mn,
Cu, Ni, and Zn, 2) vernadite, Fe, Co and Pb, 3) silicate minerals and Si, Al. The three
groups are again consistent with the mineralogical interpretation. In the Bonatti’s ter-
nary diagram (Bonatti et a/., 1972) the total Cu, Ni and Zn is again linearly dependent
of Mn and Fe concentrations for nodules (Fig. X1I-4A). The two intersections of an ex-
trapolated regression line and triangle axes are regarded as the ideal compositions of
the two minerals. The ratio among Cu/Ni/Zn is fairly constant and irrespective of
nodule type, minerals, or locality (Fig. XII-4B). The ratio is very similar to that found
in the GH81-4 (Usui and Terashima, 1986) to the north of this area.

The considerably high contents of Si and Al are attributable to silicate minerals in
nodule nuclei and detrital particles which are commonly observed under microscope.
The sum SiO; and ALO; mostly falls on the range between 18 and 25 wt.%, with occa-
sional abundance. Plots of Si versus Al show a strong positive correlation crossing
near the zero point (Fig. XII-2F). The mean atomic ratio Si/Al of these nodules is
around 2.7 ranging from 2.2 to 3.2. This value covers the composition for marine
phillipsite (2.4 to 2.8; Boles, 1977).

Local variation of chemistry and mineralogy

GHB82-4 nodules are characteristic of great local variability in chemical composi-
tion as most distinctly represented by a ratio Mn/Fe. The ratio varies from 0.7 to 5.5.
The wide range of variation of the two major elements is comparable to those observed
on regional scale in the world oceans. When combined with above-mentioned mineral
analyses, this variation is ascribed to contents of the two mineral components. That is,
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Fig. X11-2 Correlation plots of chemical and mineral composition. Three morphological types (smooth,
rough, intermediate)} are merged into a slightly scattered line in most of the diagrams.
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Fig. X11-3 Cluster analysis of chemical and mineral composition, showing three distinct groups related to
the buserite, vernadite, and aluminosilicate phases. The new coefficients were calculated by sim-
ple arithmetical averaging from two coefficients between components or groups.

T: buserite, Q: quartz, Pc: plagioclase, Ph: phillipsite, Mt: montmorillonite, D: vernadite.

high concentrations of Mn and low Fe for type-r nodules are reflected by high contents
of buserite, whereas high Fe and low Mn reflected by high contents of vernadite.

The small-scale variation in chemical composition of nodules is illustrated as
polygons combined with nodule morphological types in Figure X11-5, Variation of the
ratio Mn/Fe agrees generally with nodule type. The ratio and total Cu+Ni+Zn for
type-s nodules is always low. The area covered with horizontally elongated symbols
matches the area of thin or scarce development of uppermost transparent layers on
SBP records. These areas generally match topographic highs and steep scarps. In con-
trast, type-r nodules always represent high Mn/Fe ratio and Cu+Ni+Zn mainly in
basin areas. As mentioned in the previous section, this relationship is primarily deter-
mined by preferential deposition of manganese minerals controlled by sedimentary
condition.

Polished cross sections of nodules from each station were stratigraphically exam-
ined under reflecting microscope according to our earlier mineralogical criteria (Usui,
1979a). Conformable and unconformable boundaries between the phases are frequent-
ly observed within nodules. The boundaries that can be compared to sedimentary
hiatus, suggest sequential growth and breakup of nodules. Typical stratigraphy of
nodules is shown as cross sections in Figure XII-6, and summarized as follows. Pat-
terns of growth sequence are categorized as follows: Stratigraphical types (A):nodules
entirely composed of laminated texture of buserite, showing continuous deposition,
(B):nodules entirely composed of vernadite, commonly with hiatus, (C):nodules with
the youngest vernadite layers surrounding internal older buserite layers, and other
more complicated sequences in some nodules. Local variation of the internal nodule se-
quences in the detailed survey area is shown in Figure X1I-7 together with thickness of
the acoustic transparent layers. Notable is that the areal distribution of the sequence
types are well correlated with distribution of transparent layers and topography. The
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Fig. X11-6 Photographs of cross sections of manganese nodules under reflecting lights, showing typical in-

ternal mineralogical sequence in nodules. Scale bar:1 cm. Morphological type; I=irregular,
S=spheroidal, D=discoidal, P=polynucleated, s=smooth, r=rough. Sequences (A)
diagenetic nodules consisting completely of buserite (T in photos). (B) hydrogenous nodules
consisting completely of vernadite, (D in photos), left three continuous lamination without
growth hiatus, right three two growth stages divided by a marked growth hiatus. (C) nodules
with two growth stages; the younger vernadite layers surrounding the older buserite nodule.
(D) complicated growth structures of large nodules, reflecting several changes of forming condi-
tions during growth.
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sequence A develops in the basin area of moderate development of transparent layers
(0.06-0.10 seconds in thickness), although thicker transparent layers yield no nodules
in the eastern basin. The sequence B develops in the nodules of northeastern terrace
area together with sequence A. The sequence C preferentially develops in the area with
thin or scarce transparent layers, e.g., northern to western seamount area, an isolated
seamount in the southern end, and scarp slope in the west. These variation of nodule
stratigraphy suggests a quite local change of sedimentary condition in space and time,
such as induced by bottom currents. The other complicated sequences are encountered
near the areal boundaries of nodule morphological type.

The internal structure of the nodules are well related with development of upper-
most transparent layers in the detailed survey area, though more precise age data of
nodules are needed to correlate each sequence with local sedimentary history. This
study points out a possibility of nodule stratigraphy as records of change in sedimen-
tary condition, when it is described on mineralogical and microstructural criteria.

Characteristics of buried manganese nodules in sediment cores

Some manganese nodules occur within sediments in the five piston cores (max.
depth 8 meters) and four box cores (max. depth 50 cm) among 20 piston and 14 box
cores in the GH82-4 area. These nodules are found buried at depths of around 0.1 to 7
meters below the sea floor. The buried nodules are similar to the sea-floor nodules in
shape, surface feature, chemistry, and mineralogy, although their size appear smaller
ranging from several to 20 mm in diameter. The shape is variable from spherical to
polynucleated discoidal; the surfaces are smooth and rough; constituent manganese
minerals are buserite and/or vernadite. Silicate minerals are commonly incorporated.
The ranges of compositional variation is 1.7 to 6.1 for ratio Mn/Fe, 1.5 to 3.1 wt.%
for total Cu+Ni+Zn, 6.2 to 10.2 for Si content; all of which are within the range of
sea-floor nodules (Table XII-4). Inter-element correlations are also similar.

As discussed in chapter VI (Nishimura and Ikehara, this volume), most of the
nodules are within the Quaternary siliceous clay sediments above the Plio-Pleistocene
hiatus (box cores and piston cores P349, P350), and few of them are within the
Miocene siliceous ooze sediments below the hiatus (P342). These *‘fossil’’ nodules may
have ceased growing, being prevented by temporary rapid sedimentation.
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