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XV. LOCAL VARIABILITY OF MANGANESE NODULE
CHEMISTRY AND ITS RELATIONSHIP TO
MINERALOGY IN THE GH80-5 AREA

Akira Usui and Tsunekazu Mochizuki

Introduction

Compositional variation of manganese nodules on various scales are of economic
and scientific interests. Earlier investigations in nodule chemistry have revealed
significant regional variation in the Pacific and Indian Oceans, and found several
abundant and high-grade nodule provinces (HORN er al., 1972; FRAZER and WILSON,
1979). During the recent detailed investigations, local small-scale variability in nodule
morphology and chemistry has been also found (ANDREws and FRIEDRICH, 1979;
HaLsachH and Ozkara, 1979; Mizuno, 1981). However, the patterns of variations
in nodule morphology. bulk chemistry and mineralogy on the small scales have not
been perfectly understood. In the GH80-5 areca. variation patterns of nodule physical
characteristics were well defined on the basis of on-site observations, in-laboratory
mincralogical analyses (Usut, Chapter IX in this cruise report; Usur Chapter XIV
in this cruise report). This article demonstrates the relationships of chemical com-
position to mineral composition and microstructure based on the quantitative mineral
and chemical analysis.

Samples

Chemical analyses were made on one hundred and forty five powder samples
taken from defined parts of manganese nodules. The analyzed parts were prescribed
according to external and internal morphology: samples from nodule tops, bottoms,
outer laver, inner parts, and entire nodules were prepared. This description of
analysed parts proved important in understanding the relationship between mineral
and chemical compositions as compared with previous bulk analyses. More than one
samples were selected from each station us representatives of the stations.

All analysis data of chemical and mincral compositions are recorded on diskette
files and processed using a personal computer. Analysis numbcrs are common to those
in Table X1V-3 (Usui, Chapter XIV in this cruise report).

Analytical methods

Air-dried samples were ground into powder under 100 mesh. The powder sam-
ples were subjected to X-ray diffraction semi-quantitative analysis (Usul, Chapter
X1V in this cruise report), and 0.1 g of them were prepared for chemical analysis.
The samples were melt with sodium carbonate and boric uacid, and the fusion was
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dissolved with dilute (1:9) hydrochloric acid. Lanthanum chloride was added to the
solution to prevent the interference of other components. Mn, Fe, Cu, Ni, Co, Si and
Al were determined by atomic absorption spectroscopy. Water contents were deter-
mined as H,O+ and H,O—. by the Penfield Method and by drying in ovens at
110°C 3 hours, respectively. Details of analytical technique and procedure have been
reported by FuJiNuki et al. (1977) and TErasHIMA (1978).

Results and discussion

Concentrations of seven metal elements and water contents (H,O+ ) normalized
to 110°C dried powder samples are listed in Table XV-1 with nodule morphology
and analyzed parts. The water content (H.O—) is loss of heating at [10°C nor-
malized to air-dried samples.

When converted to oxides (MnO,. Co.O; etc.) the analyses of nodules sum to
between 67 to 91 wt.% with the average of 83 wt.%. The nodules of the GH80-5
area are characteristic of a great differentiation in chemical composition, as most
distinctly represented by Mn/Fe ratio. The ratio shows more than 10-fold variation
ranging from (.88 to 10.9. This range is comparable to or even greater than that of
regional variations for nodules in the world oceans. It must be noted that the samples
for analyses were taken from restricted parts therefore they do not represent the bulk
chemical characteristics of nodules. Variations of nodule composition are expected to
be smaller if all analyscs were made on entire nodule samples.

Nodule morphology and chemical composition

RaaB (1972) has first noted that chemical compositions are occasionally different
between nodule tops and bottoms when their surface morphology is different.

The data of chemical compositions of GH80-5 area show significant differences
with analyzed parts of nodules (Table XV-2. Bottom rough surfaces and entirely
rough-surface nodules are very similar in composition. Top smooth surfaces and inter-
nal older nodules which often occur with rough-surface nodules are similar in compo-
sition. Significant compositional differences are recognized between the two groups. The
differences arc most distinct in Cu plus Ni and Fe concentrations. Rough-surface
nodules (Types r and s-r+r: see in Figure IV-1) and bottom gritty surfaces of
smooth-surface nodule (s+r and s+s-r) are enriched in Cu and Ni and depleted in
Fe. while smooth surfaces are, in contrast, enriched in Fe and depleted in Cu and Ni.

These chemical features in relation to morphology are in good accordance with
mineral composition. Usui et al. (1978) concluded with microscopical and micro-
probe analyses that gritty surface is composed of the 10 A manganate phase and
smooth surface of the 3—MnQO, phase. The results of comparative study of chemistry
and mineralogy on GH80-5 nodules strongly support this interpretation. Samples of
high Cu, Ni and Mn and low Fe encountered in rough surface nodules and gritty
bottoms of smooth surface nodules are always enriched in 10 A manganate. On the
other hand., samples of high Fe and low Cu, Ni and Mn are enriched in §—MnO..
Samples of outer layers of surrounding older nodules are slightly biased to 10 A
manganate feature, which is also well agreeable to the mineralogical study that the
layers are often composed of alternated layers of the 10 A manganate and §—MnO.,
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Table XV-2 Difference of chemical and mineral compositions with analyzed parts of nodules
Type: all n=145
Part: all
Mn Fe Cu Ni Co Si Al H4+ H- T D Q Ph  Pc
Mean 23.16 9.82 0.73 0.78 0.23 6.41 2.79 10.7 19.9 31.0 6.9 24.0 1.7 0.6
S.D. 4.27 4.46 0.39 0.36 0.08 1.54 0.80 1.1 2.4 233 4.3 7.8 2.6 1.8
Max. 33.32 19.35 1.58 1.60 0.61 16.68 6.72 14.5 25.2 86.0 16.0 66.0 15.0 13.0
Min. 8.63 2.73 0.15 0.19 0.08 3.4 1.29 6.9 14.0 0.0 4.5 6.0 0.0 0.0
Type: t n=34
Part: entire
Mn Fe Cu Ni Co Si Al H+ H- T D Q Ph Pc
Mean 26.47 5.78 1.09 1.06 0.16 6.75 3.09 9.8 17.8 53.2 3.1 29.7 1.3 0.2
S.D. 2.29 1.16 0.14 0.13 0.03 0.84 0.53 0.7 1.2 8.9 2.6 5.6 1.6 0.7
Max. 32.68 8.84 1.32 1.24 0.23 8.60 4.18 11.4 20.6 78.0 8.2 47.0 6.0 3.0
Min. 22.07 3.50 0.74 0.75 0.12 4.76 1.7l 8.3 16.3 36.0 4.5 17.0 0.0 0.0
Type: s+s-r, s+r1 n=13
Part: bottom
Mn Fe Cu Ni Co Si Al H+4 H- T D Q Ph Pc
Mean 26.20 7.77 0.98 1.09 0.19 5.79 2.60 10.6 19.7 45.7 4.4 23.9 0.5 0.0
S.D. 3.63 3.94 0.36 0.30 0.06 1.43 0.62 1.5 1.6 21.3 3.7 4.6 1.6 0.0
Max. 33.32 13.60 1.58 1.53 0.29 9.64 3.93 11.9 21.8 77.0 8.7 32.0 6.0 0.0
Min. 20.47 2.80 0.54 0.69 0.08 4.65 1.71 6.9 16.8 20.0 1.2 14.0 0.0 0.0
Type: s, s+s.r, s+r n=16
part: top
Mn Fe Cu Ni Co Si Al H+ H- T D Q Ph  Pc
Mean 21.46 14.82 0.36 0.53 0.30 S5.64 2.12 11.4 21.7 14.5 9.3 2.1 0.6 0.0
S.D. 2.28 2.49 0.19 0.21 0.05 1.29 0.42 7.3 1.6 8.5 1.7 5.2 1.9 0.0
Max. 27.05 17.75 0.84 1.08 0.40 9.68 3.41 12.5 24.1 34.0 13.0 32.0 8.0 0.0
Min. 17.06 9.36 0.16 0.38 0.22 4.24 1.62 9.9 17.9 4,0 6.0 11.0 0.0 0.0
Type: s, s+ser n=9
Part: outermost
Mn Fe Cu Ni Co Si Al H+ H- T D Q Ph Pc
Mean 20.56 14.55 0.41 0.53 0.30 5.74 2.15 1.5 22.1 15.4 8.6 20.5 0.0 0.0
S.D. 2.73 2.91 0.23 0.25 0.07 0.53 0.24 1.3 1.6 9.7 2.0 4.5 0.0 0.0
Max. 24.36 18.65 0.94 1.00 0.42 6.90 2.36 14.5 24.6 33.0 12.0 27.0 0.0 0.0
Min. 14.76 9.80 0.21 0.21 0.19 5.14 1.59 9.8 19.2 4,0 4.7 11.0 0.0 0.0
Type: s, s+s-r n=17
Part: innermost
Mn Fe Cu Ni Co Si Al H+ H-— T D Q Ph Pc
Mean 19.11 13.80 0.31 0.40 0.28 6.52 2.62 11.0 22.1 4.4 11.8 16.5 2.8 1.4
S.D. 2.89 2.03 0.10 0.11 0.12 1.47 0.71 1.3 1.6 5.3 1.3 4.4 2.3 2.0
Max. 24.87 16.88 0.55 0.66 0.61 8.84 4.08 13.1 24.6 20.0 14.0 29.0 7.0 7.0
Min. 13.62 9.19 0.15 4.08 1.29 8.7 8.0 10.0 0.0 0.0

1) Nodule types:

0.15 0.22

see in Fig. I)ai

n: number of data.

19.4

0.0

2) H+: loss of heating in Penfield tubes, H—: loss of heating at 110°C 3 hours. Concen-
trations of metal elements and H+ are normalized to 110°C dried sample and H— to

air-dried ones.

3) Mineral amounts are listed as relative abundance.
within one mineral but not significant to other minerals. T: Xray-intensity at 10 A
reflection, D: 3-MnO; calculated from those at 10 and 2.4 A reflections, Q: quartz,
Ph: phillipsite, Pc: plagioclase.
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phases.

Relationship between chemical and mineral compositions

It has been noted that the compositions of minor metal elements in manganese
nodules are usually correlated to those of major elements, Mn and Fe (CALVERT
and PrICE, 1977; CroNaN, 1977), and are closely related to mineral composition
(BUrRNS and FUERSTEAU, 1966; SoreM, 1977, Usul, 1979).

If the following assumptions are accepted, the inter-element relationships of these
nodules are rcasonably interpreted on mineralogical basis;

1) Manganese nodules consists of three extreme components of invariable chemi-
cal composition, 10 A manganate phase, ~MnQ. phase and aluminosilicate
minerals.

2) 10 A manganate is stoichiometric transition metal(s)-manganatc. The ratio
of Ni plus Cu to Mn is constant.

3) §-MnO. is cryptocrystalline mixture of manganese and iron oxides and con-
tains no Cu or Ni. The ratio Mn to Fe is 1.0.

4) Amounts of the two ferromanganese components are independently variable:
amounts of aluminosilicate fraction are also variable but do not exceeds
around 20 wt.% as oxides.

Under these assumptions, plots for Mn, Fe. Cu plus Ni, Fe/Mn and intensity of
at 10 A reflection (Fig. XV—1A to 1J) are compatibly explainable. In these plots,
solid symbols represent bottom gritty surface or rough surface nodules with dominant
10 A manganate, and open symbols dominant $—~MnQO,. Major elements Mn and Fe
are consequently weakly correlated and of scattered pattern (Fig. XV-1E). The
plots of open and solid symbols fall in the characteristic region in the figure, which
reflects the difference in chemical composition of two major mineral constituents.

It is deduced from the assumptions that ratio Fe/Mn is of linear dependence of
ratio of amounts of the §-MnQO, phase to the sum of §~MnQO., and 10 A manganate
phases. Figures XV—IA and 1B represent the relationship of major elements and
mineral composition. The ratio Fe/Mn is expected to vary proportionally to the
relative amount of the §-MnO, phase. The ratios, Mn/Fe and Mn/(Mn+ Fe) often
used may not have linear relationship to mineral amount.

The correlation plot of Cu plus Ni versus Mn concentrations shows a considerably
dispersed pattern (correlation coefficient r= +0.83) and some (more than 10%)
of manganese are not responsible to the concentration of Cu plus Ni (Fig. XV-1C).
However, the correlation plot of Cu plus Ni versus 10 A reflection intensity shows
strong linear dependency of Cu plus Ni to 10 A manganate abundance (r= +0.92),
and the regression line cross the axes near the zero point (Fig. XV—1D). This is an
evidence for mineralogical control of the minor metal elements.

It is reasonable on the assumptions that Cu plus Ni concentration is strongly and
positively correlated with Fe/Mn (Fig. XV-1F). In Figure XV-1C, Cu plus Ni
ceases around 15% Mn in Mn-axis. The amount of Mn less than around 15% is
attributable to the 5—MnQO, phase, while high concentration of Cu plus Ni and excess
Mn is attributable to the 10 A manganate and §—~MnO, phases. Likewise higher con-
centrations of Mn than 15 to 20% is attributable to both in Figure XV-1B.
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Correlation plots of chemical composition with mineralogical parameters. Symbols
denote analysed parts in nodules. X-ray intensity is measured from peak height
on diffractograms (full scale: 2 kcps), showing relative abundance of 10 A manga-
nate. The regression lines are drawn through all data points by means of the least
square method assuming horizontal components have no error. r: correlation
coeflicient.
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Co in nodules has been considered to be incorporated to iron compounds sub-
stituting Fe3* sites or in manganese compounds substituting Mn*" (BurNns, 1976).
Anyway it seems reasonable to attribute the concentration of Co to the §-MnO.,
phase (Fig. XV-1G).

Water content (H.O+ ) is not strongly correlated to Fe or other components (Fig.
XV-1H). Water content (H.O-) is well correlated to Fe concentrations, controlled
by the physical characteristics of ferric hydroxides as noted by HaLBacH and OzkARA
(1979).

Deviations from the deduced trends are probably due to variability of minor
aluminosilicate components and another irregularity in crystal chemistry of two
minerals components.

Plot of Si versus Al show fairly good positive correlation, with the regression line
crossing axes near the zero point (Fig. XV-1I). The mean of Si/Al atomic ratio of
these nodule samples is around 2.3 ranging from 1.9 to 2.5. It is similar but slightly
low as compared with reported ratios for marine phillipsites (2.4 to 2.8: BoLEs. 1977).
The correlation between Si and quartz is relatively weak (r=0.52). Quartz or amor-
phous silica such as biogenic tests may not be dominant component of silica in the
manganese nodules. It is suggested that aluminosilicates e.g. phillipsite are the most
important constituent for silica in manganese nodules of this area.

The strongest positive correlation (r= +0.95) in Figure XV-1J is not explainable
simply by the variation of mineral abundance.

Table XV-3 shows correlation matrix for 15 components combining chemical
composition with mineral composition. Figure XV—-2 is the result of cluster analysis
in which the correlation between groups were recalculated by simple arithmetic
averaging. It reveals well-grouped three classes: 1) Mn—Cu-Ni and 10 A manganate,
2) Fe-Co-H.O= and $—MnO., and 3) Si-Al. phillipsite. plagioclase. montmorillonite
and quartz. The correlation coefficients are generally negative between the three groups

Table XV-3 Correlation matrix for chemical and mineral analyses (n=145).

Mn Cu Ni T Si Al Qtz Ph Pc Mmt Fe Co H— H+ D*
Mn 1
Cu 079 1
Ni 08 095 1
T 084 091 091 1
Si —0.38 0.00 —-0.11 —0.10 1
Al —-0.12 036 023 014 083 1

Qtz 0.19 045 040 053 052 047 1

Ph  —-034 0.00 —0.15 —020 0.62 066 016 I

Pc  —044 —0.18 —0.27 —0.24 —0.64 052 034 048 I

Mmt —-0.25 —0.02 —0.04 —0.02 060 045 040 026 051 1

Fe  —0.65 —091 —0.84 —0.89 —0.14 —0.42 —0.60 —0.09 —0.01 —0.15 |

Co —028 —0.65 —0.57 —0.62 —0.33 —0.51 —0.59 —0.14 —0.22 —0.26 0.79 |

H— —044 —0.79 —0.69 —0.72 —0.35 —0.61 —0.61 —0.24 —0.11 —0.18 0.84 0.76 1

H+ —0.43.—043 —0.44 —0.48 —0.23 —0.25 —045 0.00 —0.07 —0.21 0.45 0.29 0.23 1
D* —0.81 —0.84 —0.86 —0.95 0.16 —0.08 —0.43 0.24 0.30 0.07 0.80 0.55 0.66 0.41

" Significance levels: coefficient |r]>0.163 at 95%, |r[>0.213 at 99%, and |r|>0.315 at 99.9%.
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Fig. XV-2 Dendrogram drawn on the basis of cluster analysis using correlation coefficients
as similarity parameters. Symbols with small triangle denote mineral abundances;
tm: 10 A manganate, dm: §-MnQO., ph: phillipsite, pc: plagioclase. mmt: mont-
morillonite, qz: quartz.

and positive within each group. The results are again in good accordance with the
above-mentioned assumptions.

Figure XV-3 summarizes the relationship between morphology, chemistry and
mineralogy. 10 A manganate rich samples and 8—-MnO, rich samples are clearly differ-
entiated on the line combing the two extreme chemical compositions. The figure
suggests a possibility of estimation of the concentration of Cu plus Ni from Mn and
Fe concentrations. The multiple regression analysis estimates the coefficients of the
following equation:

Z=a(Mn) +b(Fe)+c (a=+0.077; b= —0.099; c= +0.70)
where Z is the estimated concentration of Cu plus Ni, (Mn) and (Fe) are analysed
concentrations in wt.%. The multiple correlation coefficient in the regression is
+0.95. The results strongly suggest significance of the estimation of Cu plus Ni from
Mn and Fe concentrations.

Bulk nodule compositions consequently seem to fall within the range combing two
constituents which are of extreme chemical compositions.

Local variations on detailed survey lines

As stated in the previous section, the common chemical characteristics to manga-
nese nodules from all of detailed survey lines is that the mineral composition princi-
pally determines their chemical composition and surface featurcs. Internal structure
and microstructure of nodules are also closely related to mineral composition as
reported by Usui (Chapter XIV in this cruise report). Local variations of several
parameters of chemistry and mineralogy are shown in Figure XV—4.

The fluctuation of silica and alumina contents is relatively small along the survey
iines. Distinct patterns of variation are not recognized with nodule morphology or
manganese mineral composition, except for slightly high concentrations of Si and Al
in internal older nodules as a result of incorporation of zeolitic rock nuclei. In con-
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Cu+Ni

NODULE TYPE AND ANALYZED PART

a top or outer layer of s, s*s-r, and s+r v bottom of s+s.r, s+r, and s-r+r
© internal older nodules of s, sts.r, and s+r ® r and s.r+r (whole nodule or outer layer)

+ other samples (inner part of r, whole of s+r etc.)

Fig. XV-3 Plot of ratios Mn/Fe/(Cu-+Ni)x 10. Open symbols related to 10 A manganate
and solid symbols related to 8—MnO. are well grouped, and the pattern of scatter-
ing suggests a possible linear regression.

trast, the compositions of miajor elements, Mn and Fe, greatly vary with nodule
morphology and internal structure. Along five survey lines, pattern of variation of
nodule internal structure is similar. Rough-surface nodules (e. g.. type r) composed
of entirely concentric 10 A manganate layers show little variation in chemical com-
position in spite of their wide localities extending several tens kilometers. The chemical
composition of internal older nodules is also fairly constant, and no clear variation
with locality is observed.

For example, the chemical characteristics of r-type nodules from the northern
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Fig. XV-4 Line profiles of chemical and mineralogical characteristics of manganese nodules.
Corresponding samples are combined by dotted or dashed lines. X(T10) is the

X-ray intensity at 10 A determined in the same measurement conditions in per-
cent of full scale of 2 kcps.

stations of St. 2037 on the line II-c is relatively invariable, though the actual amount
of 10 A manganate considerably varies. Cu plus Ni amounts around 2.0% and
Mn/Fe exceeds 4. On the other hand, smooth-surface nodules are composed of
internal older nodules and surrounding layers. Cu plus Ni is less than 0.5% and
Mn/Fe is around 1.0 in internal nodules. Surrounding layers, tops and bottoms are
more variable in composition. It seems that outermost rough 10 A manganate layers
are ubiquitously but variably distributed on most nodule surfaces, while the area
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of distribution of the §-MnO, phase is limited.

It is concluded that the variability of bulk chemistry of nodule is principally
determined by the variability of relative mineral abundance in nodules and mode of
development in each nodule. It is because the chemical composition of the two mineral
is significantly invariable despite variable mode of growth in each nodule or nodule
locality.

It is suggested that the controlling factors of local variability in morphology and
chemical composition are the past and present marine conditions in which either
mineral constituent is preferentially deposited.
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