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originates from the nearshore occurrences and not from remote
offshore areas.
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Morphological and Geochemical
Characteristics of Manganese
Nodules Collected from Three
Areas on an Equatorial Pacific
Transect by R.'V. Sonne

G, Friedrich., G. P. Glashy * T. Thijssen, and
W. L. PlUger
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Abstract Manganese nodules collected from three areas (C,
F,and G) ona N-S equatorial Pacific transect at 134 Wby R. V.
Sonne show differences in size, morphology, surface density and
composition which can best be interpreted in terms of the biogen-
ic theory of nodule formation. .

Area C flll ' N) is a zone of siliceous ooze hetween the Clari-
onand C |Pperton_ Fracture Zones and is characterized b¥ the
presence of two discrete nodule populations: larger “mature”
nodules and smaller “immature” nodules. The nodules are char-
acterized by high Mn:Fe ratios (average 5.4 and high Ni + Cu
contents (average 2.48%), large size (average nodule weight 92.6 g)
and high abundance (Igverage 49 kgim2. AreaF (7 S? IS a zone
of siliceous debris-rich calcareous ooze. The nodules are mostly
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small and are characterized by high Mn:Fe ratios (average 48)
and high Ni + Cu contents (average 2.54%6) small size (average
nodule weight 2.4.g) and low abundance (average 1.3kg/m2).
Area G (10" S) is a zone of siliceous debris-rich calcareous ooze.
The area is tectonically active and the main graben of the Mar-
guesas Fracture Zone runs through the area at 100.5. The nodules
isplay a complex morpholo%y and" are characterized by lower
Mn:Fe ratios (average 2.2) and lower Ni + Cu contents (aver.a%e
1.81%), small size (avera([;(e nodule weight 2.5 g) and intermediate
abundance (average 31 kg/m2. All three areas are characterized
by wide variations in nodule densities over limited distances. In
areas C and F, nodule morphology is dependent principally on
nodule size, there being a progressive flattening of the nodules
and development of equatorial rims with increasing nodule size.
At area G' nodule morphology is rendered more complex by three
additional factors; the in situ fragmentation of the nodules on the
seafloor resulting from lines of weakness (septuarian cracks? on
the nodule surface; the presence of angular volcanic rock frag-
ments, particularly immediately south of the main graben of the
Marquesas Fracture Zone; and the tendency towards polynucle-
ate nodule formation which is enhanced by the presence of abun-
dant nodule and volcanic rock fra?men s. Nodules containin
these volcanic rock fragments (mainly from south of the lqraben%
are characterized by lower Mn, Cu, and Ni and higher Fe con-
tents than those in which they are absent ;maml}{ from north of
the graben). The tectonics of the area theretore influence both the
“seeding” and the composition of these nodules.

From a comparison of the nodules collected from both the
northern and southern margins of the belt of equatorial high pro-
ductivity, it is concluded that the erosive bottom water conditions
existing between the Clarion and Clipperton Fracture ones since
the lower Miocene have resulted in a combination of nighly bio-
(t;enlc (S|I|ceou52 sediments with low sedimentation rates. This in
urn has permitted the development of mature nodules with hl([]]h
Mn:Fe ratios and high Ni + Cu contents (resulting from the
biogenic influence) and hI(I}h_ surface densities (resulting from the
low s,edllmentatlon.rates%. t is the combination of these two char-
acteristics which gives the nodules from the equatorial North Pa-
cific their economic potential, The higher sedimentation rates at
the southern margins of the belt of equatorial hlﬁh productivity
(due to the less erosive bottom water conditions) have resulted in
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the formation of smaller nodules with lower surface densities.
Despite their hl?h Mn:Fe ratios and Ni + Cu contents, these
nodules appear to be of lesser economic potential.

There are two principal sources of elements in nodules from the
equatorial zone: pore water and seawater. The pore water contri-
bution is a diagenetic phenomenon whose characteristics are con-
trolled by the decomposition of siliceous organisms in the sedi-
ment column rather than by the redox characteristics of the
metals involved. Tms Pore-water_ contribution leads to a faster
growth rate, enrichment of Mn, Ni, Cu, Zn, Ba, Mo, and Tl in the
nodule, and differences in sphericity and surface texture of the
underside of the nodule compared with the upper surface. The
enrichment sequence for metals in the nodules derived from pore
water relative to those derived from seawater is Cu > Ni > Zn >
Mo” Mn > TL” Ba The enrichment of the divalent metals in
the nodules from the equatorial Pacific leads to the stabilization
gand therefore formation) of todorokite rather than S - MnOz as
he principal manganese oxide phase in these nodules, although it
usually occurs in conjunction with 8 - MnOz

The relative contributions of pore water and seawater to nodule
?rowth are also a function of nodule diameter. Smaller nodules
end to be spheroidal with uniform surface texture on all sides;
with increasing size, the nodules become pro re_sswelly flatter and
have different surface texture on both sides. This reflects the fact
that the rolling characteristics of the nodules are related to ap-
?rommately the third power of nodule diameter. Smaller nodules
herefore tend to be deposited in a uniform milieu because their
rate of rolling on the seafloor is faster than their %rowth rate;
larger nodules which are more static on the seafloor have charac-
teristics that indicate deposition of elements from seawater on the
upper surface and from pore water on the lower surface. The
situation in these regions of high biological productivity is quite
different from those prevailing'in regions of low biological pro-
ductivity such as beneath the subtropical anticyclonic ?yres. Fl.e.
red clay regions) where this contribution from”a metal-enriched
pore water is much reduced. o

These data indicate that the biogenic hypothesis is central to an
understanding of manganese nodule genesis in the equatorial Pa-
cinc and in particular influences the nodule shape, surface tex-
ture, rate of growth, composition, and mineralogy. The nodule
characteristics in this region are also influenced by the hydrologi-
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cal characteristics of the bottom water, sedimentation rates, local
geological and tectonic conditions (including seeding efleets), and

topography.

Introduction

In a recent publication, Craig (1979) has shown the extreme useful-
ness of a careful examination of the distribution of a large number
of manganese nodules collected from a series of locations in the
equatorial North Pacific between the Clarion and Clipperton Frac-
ture Zones in assessing the genesis of these nodules. Such a statisti-
cal treatment of data is invaluable in comparing nodule popula-
tions from different areas quantitatively and it is clear that such an
approach is needed to replace the more traditional approach in
which individual authors consider isolated nodules from difi‘erent
locations by a range of chemical and mineralogical techniques with-
out classifying the nodules in a systematic way. The advantage of a
universally accepted nodule classification scheme is that all data, no
matter where collected and by whom, can be compared directly.
There is an overwhelming need for such an approach in future
regional surveys where precise comparisons of nodule populations
between areas are required. The use of the older, arbitrary classifi-
cation schemes for nodules such as those of Meyer (1973, Uchio
(1976), Moritani et al.(1977), Halbach and Ozkara (1979), Piper et
al.(1979a), Usui (19793, Mallik (1980), Mizuno (1981) and
Moritani and Nakao (1981) should be discontinued.

During the International Cooperative Investigations of Manga-
nese Nodule Environments (I.C.LM.E.) Project, a total of 9,529
nodules were collected by R. V. Sonne in mid-1978 from three areas
(C, Fand G) on a N-S equatorial Pacific transect at 134 W. The
nodules have been described by a modification of the Meylan and
Craig classification which was previously used by Backer et al.
%1976), Meylan et al. (1978), and Craig (1979). A series of nodules
rom each size class at each station has been chemically analyzed.
The purpose of this paper is to describe the principal morphoIoFi-
cal, mineralogical, and geochemical characteristics of the nodules
from each of these areas quantitatively and to present comments on
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their mode of formation based on these data. The data for each area
are described in turn. Preliminary results of this cruise have been
presented by Friedrich et al. (1979, 1981).A detailed comparison of
the relationshgo between the composition of nodules, micronodules,
sedilmengt)%, san pore waters for the areas is given elsewhere (Stofi'ers
et al., 1981).

Briefly, each of the study areas lies beneath the belt of equatorial
high productivity in the central Pacific %Figure 1) .Significant differ-
ences in sedimentation characteristics between the areas are, how-
ever, apparent. Although sediment characteristics in each area are
locally dependent on topography (water depth), the principal facies
encountered in each region can be summarized as follows:

Area C at 11°3" N is a zone of siliceous ooze between the Clari-
on and Clipperton Fracture Zones. This area is characterized by the
presence of lower Miocene sediments approximately 1.2 m beneath
the sediment surface; this reflects either a very slow sedimentation
rate or intensive erosion by bottom currents since the lower Mio-
cene (cf. Piper et al., 1979b; Frazer and Fisk, 1981). Van Andel et
al. (1975, p. 79) have shown that the southern erosional boundary in
this region corresponds to the Clipperton Fracture Zone. The mi-
gratlio?lgglF)’acific Bottom Water has been documented by Edmond
et al. .

bAreta Z)at & N is a zone of calcareous ooze where nodules are
absent.

Area Fat 7° Sis a zone of siliceous debris-rich calcareous ooze.

Area G at 10° S is a zone of siliceous debris-rich calcareous ooze.
I his area is tectonically active and the main grahen of the Marque-
sas Fracture Zone runs through the area at about 10° S.

In terms of bathymetry, areas F and G are characterized by the
presence of well-defined seamounts whereas area C has a more
subdued topography. Schematic maps showing the bathymetry and
sample locations of these areas are given in Figures 2-4. Van Andel
et al. (1975) have mapped the surface water productivity, carbonate
content of Holocene sediments, opal distribution of Holocene sedi-
ments, and CaCO™ and residual sedimentation rates in the equatori-
al Pacific and this publication provides an excellent background of

seelimentological characteristics of the three areas (cf. Figs 1,4
5. 3, and 3 of van Andel et al., 1975). A sediment isopach map for
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the Pacific has been compiled by Ludwig and Houtz (1979); it
shows the much thinner sediment cover at area C compared with F
and G. Berger et al. (1976) have also presented a map of the carbon-
ate distribution of the Pacific which includes the study areas. Bis-
choff and Piper (1979) provide an account of the various factors
controlling nodule genesis in the equatorial Pacific; these include
bottom current measurements, productivity and faunal studies,

0715 3km
¢+ gpaclp corer
pistor. corer
»:>0x corer
lrreefall
:I_‘lf7 Qral-
133°55 W 50° No* UG 133°35#

Figure 2. A schematic map showing the bathymetrF and station locations in larea C.
Figure 1.Schematic map showing the locations of the four study areas. Depths in meters. Positioning by satellite fixes and dead reckoning.
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sedimentation rates and stratigraphy &including the thickness of the
acoustically transParen_t Iayer% and effects of sediment redistribu-
tion on a local scale. Mizuno et al.(1980) have discussed the role of
bottom currents on nodule formation in the Central Pacific Basin.
Such factors are beyond the scope of this paper. One of the few
gre\_/lpus attempts to study sediment distributions oh an equatorial

acific transect is described by Arrhenius (1952).

Chemical analysis was carried out in samples dried at 105°C for
72 hours using methods identical (XRF and AAS? to those de-
scribed by Th|{)ssen et al.(1981) for Peru Basin nodules. Because of
the large number of samples analyzed in the course of this study
(23 samples analyzed for 12 elements), the analytical data are
presented in an Appendix for convenience.

During this investigation, it was established that marked minera-
logical changes occur when the nodules are heated to 105°C and a
phase conversion of todorokite to 6 - M n02takes place. Because of
this, X-ray diffraction analysis was carried out on samples stored

6°
0
5

Te
O.

B2° W10 05. 00* A3M05%! 50* BrH

Figure 3. Schematic map showing the bathymetry and station locations in area F. Depths in
meters. Positioning by satellite fixes and dead reckoning.

13A°15* W 13400*

*iKure 4 sehematic map showing the bathymetry and station locations in area G. Depths in
meters. Positioning by satellite fixes and dead reckoning.
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moist in plastic bags ﬁagain according to the method of Thijssen et
al., 1981E The samples selected for mlneralo?lcal analysis were

therefore not identical to those chemically analyzed.

Area C ¢

Nodule Morphology

In terms of size, there is a bimodal distribution of nodules with 65%
of the nodules occurring in the 0-10 mm size classes and 29% in the
size classes greater than 60 mm (Table 1).Only 6% of the nodules
occur in the size class 40-60 mm. This suggests that there are two
discrete nodule populations present in area C; those less than 4)
mm and those greater than 60 mm. These correspond to the young-
er or “immature” deposit and older or “mature” deposit, respec-
tivelﬁ, as defined by Craig and Andrews (1978). In terms of nodule
weight, however, 92% of the nodules are present in nodules greater
than 60 mm and only 5.6% in nodules less than 4) mm. Nodules in
the size classes greater than 60 mm are therefore dominant and this
factor must be taken into account in any consideration of the over-
all mass balance of manganese nodule formation in this area; nod-
ules less than 4) mm are of only minor significance in this e?uation.
The average nodule weights in each size class are significantly lower
than those determined by Craig _(1979% but this maﬁ reflect the
actual size distribution of nodules in each size class rather than any
dill'erence in the density of nodular material. The average weight of
nodules from area C is 92.6 g; this is an order of magnitude higher
than the corresponding figure for Aitutaki Passage nodules in the
Southwest Pacific.

Between individual locations, there are si?nificant differences in
the size distribution of the nodules; nodules less than 40 mm in size
are much more abundant at location (Loc)lg842%) and Loc 2
(81.0%) than at Loc 4(4).6%) and Loc 3(60.1%). Correspondingly,
nodules in the classes greater than 60 mm are much more abundant
at Loc 4(56.2%) and Loc 3(4).0%) than at Loc 1(15.8%) and Loc 2
(5.2%). This suggests a fundamental difference in the absolute

Morphology and Geochemistry of Manganese Nodules
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abundance of the two nodule populations between these locations.

Within individual locations, there are significant variations in the
nodule size distribution but these may reflect in part the statistical
B_roblems of sampling a scattered nodule population displaying a

imodal size distribution with samplers of limited area as well as
actual localized variations in size distribution. In terms*of nodule
shape and surface texture, this is determined principally by nodule
size and can he summarized as follows:

0-20 mm: Faceted spheroidal to ellipsoidal nodules with uni-
form surface texture ranging from smooth to botryoidal.

20-40 mm: Spheroidal or spheroidal-ellipsoidal nodules with
suppressed equatorial rims. Surface textures of nodules vary. Some
nodules show mammillated smooth surface texture on one side and
microbotryoidal on the other. Others show hotryoidal surface tex-
ture on one side, granular on the other.

40-60 mm: Spheroidal-discoidal to discoidal nodules with
equatorial rims; mammillated smooth surface texture on one side;
microbotryoidal on the other.

60-80 mm: Discoidal to discoidal-ellipsoidal nodules with
equatorial rims; mammillated smooth to microbotryoidal surface
texture on one side; microbotryoidal to cavernous botryoidal on
the other,

>80 mm: Discoidal-ellipsoidal nodules with equatorial rims;
mammillated smooth to microbotryoidal surface texture on one
side and mammillated microbotryoidal to botryoidal or cavernous
granular surface texture on the other.

A photograph showing the recovered and in situ distribution of
nodules at one station is given in Figure 5.

Sediment and biolo?ical tubes were often noted to be embedded in
the coarser surfaces of the nodules and occasionally a shark's tooth
or whale’s earhone was noted as nodule nucleus (Figure 6). One
nodule at Station (Stn) 7 had a shark’s tooth with minimal manga-
nese coatln% embedded in the smooth surface of the nodule. Thin
slivers of volcanic rock with a thin coating of manganese oxides were
recovered at Stn Land a piece of pumice at Stn 23 At Stn 26 (Loc 3.
an irregular discoidal nodule (>80 mm) with a subdued equatorial
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] showing the recovered and in situ dislribution of manganese nodules

.Inken by free-fall grab samplers at Stn 20 GB area C, Stn 37GB area F and Stn

v,harea G, The pho,tograsuhed area is somewhat larger than the sampled area.
Ihe free-fall grab area is 0.35 m X 0.38m.
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rim was recovered at a depth of 1 m in the sediment by box corer; the
surface was mammillated hotryoidal heavily embedded with sedi-
ment. The outer layer of the nodule could be easily removed to reveal
a lustrous, black, smooth, mammillated layer. This was the only
buried large nodule found at area C.

From the above morphological descriptions, it is seen that there
is an almost systematic change in the characteristics of the nodule
with increasing size. The shape chan%es from slightly distorted
spheroidal in the size range 0-20 mm, through spheroidal-discoidal
(20-60 mm) to discoidal-ellipsoidal nodules (>60 mm). There is
therefore a progressive flattening of the nodule shape with increas-
ing size Scf. Raah, 1972). The presence of equatorial rims becomes
noticeable in nodules 20-40 mm and pronounced in nodules that
are >40 mm. Surface texture is uniform in the small nodules (0-20
mm) hut differs on the upper and lower surfaces of the nodules that
are >20 mm; the difference in surface-textural characteristics in-
creases with increasing nodule size until, by the largest nodule sizes
(>80 mm), there is a marked difference between mammillated
microbotryoidal-botryoidal surface texture on one side and the
cavernous granular surface texture on the other. In the larger nod-
ules (>60 mm), there is also a difference in the degree of sphericity
of the upper and lower surfaces of the nodules. The upper surfaces
of the nodules are frequently less concave than those of the under-
surfaces, which suggests that the underside accretes at a faster rate
(perhaps by a factor of two) (from pore water) than the upper
surface (from seawater) at least in the equatorial North Pacific and
that the nodule is more deeply embedded in the sediment than it
otherwise would be. This faster rate of deposition of authigenic
elements on the underside of the nodules presumably reflects the
influence of diagenetic processes taking place within the sediment
column; it has long been supposed that the high Ni, Cu, and, to a
lesser extent, Mn contents of nodules from this “economic grade”
nodule zone in the equatorial North Pacific is due to the release of
these metals as a result of the decomposition of siliceous frustules
vitliin the sediment column. This would also be in agreement with
thed Iigh%r contents of Ni, Cu,_qnd)MTnhorF].tRe undersri]de of_theﬁe

. : - . . nodules (see section on composition). The higher growth rate in the
G s e e o e e eyl fim fom underside of equatorial North Pacific nodules has now been con:
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lirmed by Moore et al. (1981). From a study of the bottom photo-
graphs taken in area C (see pp. 183184 it is extremely difficult to
establish the precise relationship of the equatorial rim of the nod-
ules to the in situ Iposition_of the nodules at the sediment-water
interface; this ﬁrob em awaits further study (cf. Sorem et al. 1979;
Felix, 1980). The pronounced mammillated or cavernous structure
of the surfaces of the larger nodules suggests that the manganese
best accretes in mammillae (up to 15 mm in diameter) rather than
on larger uniform flat surfaces.

All these features point to the importance of the rolling charac-
teristics of the nodules on the seadoor in determining the external
morphologg of the nodules as proposed by Glashy (1977). The
smaller nodules are more mobile on the seafloor and therefore be-
come rounded with uniform surface texture. With increasing size,
the mobility of the nodules decreases. The nodules therefore be-
come static at the sediment-water interface, develop equatorial
rims, difTerent surface textures on upper and lower surfaces 1indica-
tive of deposition from sea water and pore water, respectively), and
have different de?rees of sphericity on the upper and lower surfaces
(indicative of difTering rates of growth from sea water and pore
water). Our evidence (see also Raab, 1972; Dugolinsky, 1976; Sor-
em and Banning, 1976) indicates that the smoother surface textures
generally constitute the upﬁer surfaces of the nodules. This obser-
vation is in accord with the findings of Heye (1975) that larger
growth cusp patterns of nodules are often indicative of faster
growth rates; thus the coarser surface texture on the underside of
the nodule is also a reflection of faster ?rowth rates as previously
deduced from the sphericity of nodule surfaces. Interestingly,
Heath in 1979 suggested that the burial rate of nodules on the
seafloor is independent of nodule size and attempted to prove this
by demonstrating a linear relationship between the frequency dis-
tribution of nodules and size at a given location (Heath, 1979, Fig-
ure 1J.Suqh a relationship cannot hold at area C where there is a
bimodal distribution of nodules and this hypothesis does not agree
with influence of nodule size on the rolling characteristics deduced
here. The morpholo%y of the nodule is, of course, also controlled by
the characteristics of the nuclei of the nodules; Craig and Andrews

(1978) have already differentiated small “immature” and large “ma-
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ture” nodules from the equatorial North Pacific on these grounds
and the bimodal size distribution of the nodules would support this
contention (sea above).

It should be noted that the above approach in which the mor-
phology of the nodules is related to nodule size is fundamentally
difTerent from that adopted by Karas and Greenslate (1979) (cf.,
Mizuno, 1981). By failing to take into account the variations in
shape of the nodules with size and the reasons for this, these au-
thorstrilntroduced a fundamental error into their models for nodule
growth.

Surface Density and Biological Activity

The observed surface densities of nodules (Table 2) confirm Craig’s
51979) observation of large-scale local variations in nodule density
or the equatorial North Pacific and are somewhat larger than those
recorded by him. For exami)le, at Loc 1and Loc 2 there is an
11-12-fold variation in nodule density over distances of less than 1
km and at Loc 4a variation from 0-143 kg/m2over a distance of
11 km. These variations cannot be attributed to variations in water
depth (topography) at Locs 1and 2 where the depth range is less
than 10 m or at Loc 4 where there is no systematic variation in
nodule density with water depth. The total depth range for these
four locations is 170 m, which is too small for any systematic varia-
tion in nodule density with depth to be observed, although there is a
minimum between 4800-4900 m (Figure 7). It should be noted,
however, that Craig’s (1979) data for equatorial North Pacific nod-
ules show no systematic variation in the surface density of nodules
with water depth as shown by the fact that the highest density of
nodules (143 k?/mZ) occurs at the shallowest water depth (approx
4250 m at free-fall grab (F.F.G.)/VA -17 /B) and the lowest densi-
ty (0.18 kg/m?) at the greatest depth (approx. 4960 m at F.F.G. VA
-6). This erratic distribution of density is well illustrated in Figure
1. Care must therefore be taken in interpreting the distribution of
nodule densities with water depth. Averaﬁe surface density at each
location in area C is not particularly high with a maximum at 2.1
kg/m2at Loc 4
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An interesting problem that arose in assessing the in situ abun-
dance of nodules from bottom Photographs is the apparent discrep-
ancy between the abundance ot nodules in the bottom Fhotographs
taken from the free-fall grab on contact with the seafloor and the
on-board photographs of the nodules recovered from that grab.
Often there are wide disparities in nodule distribution in what
should be identical areas (Figure 8). Nodules are often recovered
from areas which seem, from the bottom photoFraphs, to be devoid
of nodules. From such a comparison, it would appear that even
some of the larger nodules in area C are buried within the sediment
and not visible. Most nodules are indeed covered by a thin layer of
sediment on the quer surface, particularly in the depressions be-
tween mammillae F |3ure 5), similar to that previously described by
Paul (1976% (cf. Dudley, 1979). The properties of the boundary
layer in which manganese nodules occur has recently been dis-
cussed by Halbach and Ozkara (1979) and Sorem et al. (1979).

Evidence on biological activity is common. Animals are com-
monly observed in bottom photographs and include holothurians,
sponges, echinoderms, and worms, as well as free-swimming forms
such as shrimp like crustaceans and squidlike animals. The animals
are more common in areas of higher nodule coverage. Faecal trails
and burrowing and mound structures are also observed. Where
burrowing or mound building is most common, the nodules appear
to have been pushed aside by activity rather than buried by it. This
results in somewhat artificial appearing rows of nodules arrayed
between or around mounds. Where large mounds ¢ 1 m) are
observed, nodules are scarce and possibly buried.

Composition

Area C nodules are characterized by high Mn:Fe ratios averaqe
5.4 and high Ni and Cu contents (average Ni 4 Cu, 2.48%) (Table
3 which may be considered to be economic grade. Some difTerenccs
in composition are apparent between stations at individual loca-
tions and between locations but these are not particularlr well de-
fined (Table 4? and there appears to be no systematic relationship
between nodule composition and topography (cf. Loc 4. In Fener-
al, the Ni content of the nodules exceeds the Cu content, altliough
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this is not always so. Ni, Cu, SIO_,, and AlZ0nshow a tendency to
decrease and Fe and U to increase with increasing nodule size but
this is not alwa%/s apparent and many elements remain roughly
constant (Table 5). The decrease in silicate content of the nodules
with increasing size indicates that the larger nodules do not have a
large silicate core. AIthough these average values are *somewhat
suspect as the analyzed nodules in each size class are derived from
different stations and there is a considerable spread of element
concentrations within each size class, these data do show that for
the economic elements the large nodules (>60 mm) differ signifi-
cantly from the smaller nodules (<40 mm% only in the concentra-
tion of Ni and Cu which are lower in the larger nodules. Mn, Fe,
Co, and Zn show no systematic trends. The two nodule populations
can therefore be differentiated compositionallr only in terms of
their Ni and Cu contents. These findings differ from those of Craig
and Andrews (1978) who suggested that larger nodules have higher
Mn:Fe ratios and Cu contents than the smaller nodules and of
He%e (1979) who suggested that Mn, Ni, and Cu increase slightly
with nodule size. Heye was, however, dealing with nodules in the
vicinity of a seamount and may therefore have been dealing with a
mixed po%ulatlon of seamount and abyssal nodules. .

As Raah (1972) has previously shown, the highest contents of Ni,
Cu, Zn, and Mn in equatorial North Pacific nodules are found on
the underside of the nodules (i.e., in that part in contact with the
sediment); this finding suggests that the smaller nodules (0-20 mm)
recovered here (which are richer in Ni and Cu) are formed domi-
nantly within the sediment rather than by direct deposition from
seawater. The analyses here do, however, represent bulk analyses.
These variations in comPosmon with nodule size make no allow-
ance therefore for the influence of variations in nucleus size of the
nodules (i.e., proportion of lithogenous phase) on nodule composi-
tion. The fact that SiO., and A1,0, decrease and Fe and Co increase
with increasing nodule size would, however, suggest that the above
conclusion is correct and that we are not merely observing dilution
of the authigenic elements (Ni, Cu, Zn, and Mn) by silicate materi-
al. Analysis of the outer zones, inner zones, and cores of three large
nodules from Stns 21,22, and 25 (cf. Appendix) shows no evidence
of Mn, Ni, and Cu depletion and SiOzand A1) 3enrichment in the
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Table 4
Average chemical composition of nodules at each station from area C. All
analyses in percent.

Loc Stn Mn Fe Co Ni Cu Zn

1 311 36 0.23 136 150
292 48 023 136 18
286 51 021 126 116
2 278 58 0.26 129 118
272 57 024 130 107
25.6 59 0.25 138 1r
4 285 46 0.20 135 129

315 63 0.24 103 0
284 63 0.23 15 0.9
32.2 5.7 0.24 12 101
288 65 0.22 17 101
30.0 55 0.23 129 10
281 48 0.22 139 129
21 315 54 0.19 133 119

SEBRORE Boy wm

BEBR BRRBPRBREE BB BBR

2 290 60 021 130 106
3 23 314 47 026 1B 139

24 @ 60 021 131 1D

25 311 54 021 1D 100

26 288 57 019 128 15 .
Range 25632 3665 019026 103-139 0.94150 0.13-0.18
Variability (%) %8 86 368 B0 596 385

nodule cores relative to the outer zones of the nodules. This clearly
demonstrates that the cores of the larger nodules are composed
predominantly of manganese oxides, similar in composition to
those found in the outer nodule layers, and not of silicate minerals.
The cores tend to have high Ba contents which may reflect the
presence of barite (see below).

In terms of variability of element composition, the following
ranges of element values are observed between stations: Mn,
25.6-3.2%; Fe, 36-6.5%; Co, 0.19-0.26%; Ni, 1.031.3%; Cu,
0.941.50%; Zn, 0.130.18%; Ba, 0.27-0.4%%; SiO., 131-20.8%;
ALO, 49-7.6%; U, 2.67-422 p.p.m.; Ce,187-33) p.p.m. and La,
80-120 p.p.m. Fe shows the greatest percentage variability in nod-
ule composition between stations ﬁTabIe 4 as noted by Cralgi](1979)
hut there is no evidence for the low variability of Ni or the high
variability of Co as reported by that author. The plot of average
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nodule weight (total wet weight of nodule samples divided by the
number of nodules) against Mn:Fe ratios for each station which
was used by Craig (19/9) to establish “geochemical environments
represented at the extremes by hydrothermal-type and hydroge-
nous-type setting” is not particularly useful for area C FFlgure 9)
because the principal difrerence between the nodules from each
location is one of size rather than Mn:Fe ratio which has a range of
overlapping values.

Mineralogy

X-ray difTraction analysis of four nodules showed todorokite and 5-
Mn02to be the principal manganese oxide minerals and quartz and
probably feldspar and/or zeolite to be the principal silicate miner-
als present (Table 6). From the relative intensities of the peaks, it
was concluded that both todorokite and 6-MnOz were present and
it was not possible to dIStIanUISh feldspar and zeolite in the nodules
by this method. The underlined minerals in the table represent the
principal minerals F)resent. A more detailed study of the mineralogy
of equatorial North Pacific nodules has been given by Sorem and
Fewkes (1980).

Area F
Nodule Morphology

In terms of size, nodules are mostlg small,95% being in the size
range 0-20 mm and less than \% Dbeing in the size range greater
than 40 mm (Table 1).Although there is a continuous spectrum of
nodule sizes throughout the entire size range, a significant propor-
tion of the nodules is extremely small, of the order of 5 mm in
diameter. This is reflected in the low average weight of nodules in
the 0-20 mm size class %1..39) and indeed the low overall averaﬂe
weight of nodules from this area (2.49). The size distribution of the
nodules suggests that they represent one population. In spite of the
paucity of nodules in the size classes greater than 4 mm (< 1¢).
these nodules make up 3®6 of the total weight of nodules in this
area.
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Table 6
X-ray diffraction analysis of nodules from area C. The principal mineral phases
present are underlined.

Stn Size Fraction (mm) Definite Probable

7GB 20-4) Todorokiter 5-Mn02  Feldspar and/or
Quartz, Hlite Zeolite o

1 KG broken nodule Todorokite! 6Mn02  Feldspar and/or
Quartz, llite Zeolite

18GB 0-20 Todorokitej 6MnOo  Feldspar and/or
Quartz Zeolite

23 GB 0-20 Todorokite, 8Mn0"  Feldspar and/or
Quartz, Zeolite

There are variations in nodule distribution between individual
locations. At Locs 9 and 10, there are higher proportions of nodules
in the size classes greater than 20 mm (18-2 /o? than at other loca-
tions (2-9%). Higher abundance of larger nodules may therefore be
related to water depth (i.e., the carbonate compensation depth,
C.C.D.) since Locs 9 and 10 are the two deepest stations; the lower
sedimentation rate would ﬁresumably favor the growth of larger
nodules. This is confirmed by a study of the size distribution of the
nodules with depth which shows a marked increase in proportion of
nodules in the size classes greater than 20 mm at depth greater than
4700 m. Between stations at a given location, there are difTerences
in the relative abundances of the larger nodules but again the statis-
tical problems of sampling the relatively scattered populations of
larger nodules (> 20 mm) become apparent. . o

Nodule shai)e and surface texture are again determined princi-
pally by nodule size. The larger proportion of nodules in the 0-20
mm size class, however, ensures that the morphology of these small
nodules dominates. Briefly, the nodule morphologies can be sum-

marized as follows:

0-20 mm: Spheroidal nodules with botryoidal, or more rarely,
smooth surface texture. Limited number of polynucleate nodules
and manganese-encrusted sharks' teeth. _ _

20-40 mm:  Ellipsoidal to spheroidal nodules with botryoidal
or, more rarely, microbotryoidal or smooth surface texture. Occa-
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sional cylindrical or discoidal nodules. Limited number of polynu-
cleate nodules and manganese-encrusted sharks' teeth.

40-60 mm: Ellipsoidal to discoidal nodules mostly with equa-
torial rims. Surface texture ranges from botryoidal in some nodules
to smooth surface texture on one side and microbotryoidal on the
other in other nodules. Some surfaces are mammillated or
cavernous.

60-80 mm: Discoidal to ellipsoidal nodules with equatorial
rims; botryoidal to cavernous botryoidal surface texture.

>80 mm\ Discoidal to tahular-discoidal nodules with equatori-
al rims, one spheroidal nodule. Surface texture ranges from
cavernous botrfmdal to microbotryoidal surface texture. One nod-
ule has mammillated smooth surface texture on one side and hotry-
oidal on the other.

A photograph showing the recovered and in situ distribution of
nodules at one station is given in Figure 5.

Volcanic rock was also recovered at Stn 54 (Loc 10), 92 (Loc 8),
and 93 (Loc 15). At Stn 54 this consists of a large quantity of
fragmented, angular, relatively unweathered volcanic rock coated
with a thin but variable thickness of manganese. In many cases, the
manganese has developed an equatorial rim at the in situ sediment-
water interface. In the case of the larger rock material, one sample
had only a thin veneer of manganese, whereas another of compar-
able size had a thick (15 mm) manganese coating on one side of the
rock material while the other (probably under) side was devoid of
manganese. The manganese in this sample has a smooth to
microbotryoidal surface texture becomin% botryoidal at the equato-
rial rim. In the case of the smaller samples, the volcanic rock had
been almost completely replaced by manganese. At Stns 92 and 93
tlie material was angular, relatively unweathered volcanic rock with
a thin coating of manganese. At Stns 54and 93 the volcanic rock
was found together with nodules. At Stn 94 irregular manganese
encrustations were found. Biological tubes could be seen In the
surface of many nodules mainly between botryoids.

_llie above-noted changes in nodule morphology with size are
ilicrefore analogous to those observed in area C, although some
ilillcrences are encountered, ﬁarticularly in the surface texture of
" nodules. At area F though, the smaller nodules predominate.



196 G. Friedrich, G. P. Glasby, T. Thijssen, W. L. Pliiger Morphology and Geochemistry of Manganese Nodules

Surface Density and Biological Activity

Because of the small average size of the nodules, nodule densities
are low and they vary from 0.2 to 2.6 kg/m2(between locations) on
the average (Table 7). There is considerable variation in density
both between stations within a given location and between loca-
tions. Locs 12,13 and 15 have the highest nodule densities (average
2.2-2.6 kgim2), possibly because the stations are clustered in de-
pressions. At one location (Loc 10), the nodule distribution varies
50-fold (0.1-5.0 kg/m?2) over distance of 9 km. Overall, the nodule
density is dependent on the water depth (C.C.D.) as shown in Fig-
ure 7 where a sharp increase in nodule density between 4700 and
4900 m is observed which then drops at depths greater than 4900
m. Figure 7 also shows that environmental parameters other than
depth are important in controlling the surface densities of nodules
at a given location since the surface densities of nodules at a given
depth are approximately three to five times lower at area F than at
area C. On an individual traverse such as Locs 10-11(Stns 52-69),
however, this depth dependence cannot be so precisely followed. In
bottom photographs, the larger nodules at least can be seen widely
scattered at the surface of the sediment.

Evidence of biological activity (bioturbation) is again common in
area F. In some regions of highest bioturbation, nodules appear to
be absent in the bottom photograﬁhs but were actually recovered in
the free-fall grabs. This suggests that the nodules may be temporari-
ly buried t()jyextenswe bioturbation. Many of the exposed nodules
are covered by a thin layer of sediment.
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Composition

Area F nodules are again characterized by high Mn:Fe ratios (aver-
age 48) and Ni and Cu contents (average NI + Cu, 2.54%) (Table
8); the Ni and Cu concentrations are the highest of the three areas
studied. In general, the Cu content of the nodules exceeds the Ni
content but this is not always so. Although on the basis of grade
considerations alone, these nodules are potentially economic, their
low surface density would Breclude economic exploitation. Varia-
tion in nodule composition between stations at individual locations

0}

w(.%jﬁyll‘m\mlll)\\llg‘@ll(‘r‘sﬁﬁf@ll
~1

h=zCuol
>
0

0" 0" N

mn

VW wao—}:mmm&lma‘mgﬂ =g =Sla a7 = aS ay) U)Q[b wISdl'OmpN CMEIE‘SF

00780
dSSICX
Gi:mb
u (a]
0gmop

N

STT—O9

= /o5 t=o—mas -

ZOS—NS

0T —6S S TOASTS =i sTrT—on -

<EREB
=



G. Friedrich, G. /). Glasby, T. Thijssen, W. L. Pliiger

12078

Wm-rmoumc‘tmdwgrpgrm"s nacs o meﬁs M Peies

- SGEDWbSSO[}FIWISBm

[o}

o
-

(Hune

== 000000800"0"0"0"

ALD

-

(e

N

e (_,O

C

0

s=oion N () Qp
NO

LOWRNC

ro ==N—=0—
—oor—.ot.’\—r’\ooo
— W N
ONO N o
T p >4
PO (N
N £ (
PR NN N
o0O0OdOo d
(0] @© @

Morphology and Geochemistry of Manganese Nodules 199

and between locations is apparent, although not particularly
marked (Table 9). The composition does not, however, appear to be
related to water depth (topo rthy). There is some variation in
composition with nodule size ?Ta le 10), although nodules from the
size-class 0-20 and 20-40 mm at the same stations generally tend
to be very similar in composition, which suggests that they consti-
tute the same nodule ﬁopulation. As for area C, Ni and Cu decrease
in concentration with increasing nodule size (Table 10). Ba in-
creases and Si02 Al20nand U decrease with increasing nodule size
but there is no systematic trend for the other elements. The follow-
ing element ranges are observed between stations: Mn, 26.9-3.6%;
Fe, 46-9.4%: Co, 0.08-0.17%; Ni, 1.11-1.3%; Cu, 1.10-1.52%;
Zn, 0.14022%; Ba, 0.18-0.33; SiOa 11.8-21.0%; AlD 3
38-6.30; U, 2.24388 E.p.m.; Ce, 95-148 p.p.m.; and La, 75-120
p.p.m. These indicate that all elements display moderately wide
compositional ranges similar to those encountered in area C nod-
ules. Again, the ﬁlot of average nodule weight against Mn:Fe ratio
of nodules at each station as used by Craig 31.97.9) is not particularly
useful (Figure 10) because the principal variation between stations
is one of nodule size rather than Mn:Fe ratio. Indeed, there is a
considerable overlap of Mn:Fe ratios with those of area in spite
of the markedly difierent average nodule weight at each station.

Mineralogy

X-ray difTraction analyses of four nodules showed the mineralo%y
to be similar to that at area C (Table 11).In one sample from Stn /3
KG in the 0-20 mm size class, zeolite is more abundant than the
manganese oxides minerals. Unfortunately, no chemical analysis is
available for this sample.

Area G
Nodule Morphology

In terms of size, nodules are mqstli/] small,88% are in the size range
0 20 mm and less than 1%are in the size range greater than 40 mm
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Table 9 m
Average chemical composition of nodules at each station from area F. All 5 & Ohf o 0
analyses in percent.
Loc Stn Mn Fe Co Ni Cu n fT’Eé_ FPOHN
8 37 30.7 77 0.13 133 135 0.16 é
9 %] 35.3 46 0.08 125 4 0.22 . o
50 35.6 47 0.08 118 146 02 2 == 2 @@ji
1 52 3.8 68 0.2 132 138 0.17 -
53 35.4 57 011 138 147 0.19 s © Onm rf On
54 30.4 a3 0.55 118 114 0.4 R vi m
55 35.0 49 0.09 126 18 0.21 3
57 348 47 0.09 127 152 021 a ! =
59 %3 59 00 L1 138 018 - p, 182
1 6l 38 47 0.09 117 14 0.22 EA ,
e 353 66 0.10 1 120 0.16 @EN@?@
& 300 59 0B m 1 01 @
& $1 5.0 0.09 123 12 0.20 n
67 N1 5.0 0.08 01 14 0.20 S
v Y| 291 80 0.13 124 121 0.14
7 30.6 75 0.22 131 131 0.16
7 344 5.2 0.11 129 14 0.22 0 3
A 30.7 82 0.13 14 15 0.16 0 u
5 340 5.8 0.10 116 132 0.21 - =
B 7 314 70 0.22 136 135 0.17 "
77 29 67 0.13 133 137 0.16 =
B 341 5.8 0.0 12 13 0.20 =
“ a 26 8 0.10 120 136 018 N0
5) 04 62 0.11 128 138 0.19 ;
gt %78 87 0.2 01 12 0.24 _
11 73 0.13 132 134 0.18 e 0
& 81 67 00 LI D18 016 L L
3 30.2 73 0.17 18 131 0.17 Pl
e} 269 94 0.13 117 116 0.14 o @ a0 5
i3 3 01 & 0¥ L1 119 014 i S s
A 284 Q0 0.13 117 15 0.55 =
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Table 11
X-ray difTraction analysis of nodules from area F. The principal mineral phases
present are underlined.

Stn Size Fraction (mm) Definite Probable

53 GB 0-20 Todorokite®-MnO:, Feldspar/or Zeolite,
Quartz [lite

& GB 4)-6) Todorokite! S-Mn02  Quartz

B KG 0-20 Zeolite, Todorokite 8-
Mn02Illite

9 GB 0-20 Todorokite 5-MnO Feldspar and/or Illite
Quartz Illite

(Table 1).Again, the smallest nodules are of the order of 4mm in
diameter. The average weight of nodules in each size class is
comparable to that at Area F. The low overall average weight (2.5 9)
again reflects the small a\/era%e size of the recovered nodules.

In terms of the size distribution of nodules, this shows some
variation between locations with the lowest proportion of nodules
in the 0-20 mm size class being at Loc 17 (76%) and the highest at
Loc 23(99%) (Table 12). In contrast to the situation at area F, the
location (Loc 17) with the highest proportion of nodules greater
than 20 mm is the shallowest; however, only 33nodules were recov-
ered at this location and there is no apparent trend in nodule size
distribution with depth. Significant variations in the size distribu-
tion of nodules between stations at a given location were observed.

Nodule shape and surface texture are more complex than at areas
C and F. The commonest nodule type is spheroidal to ellipsoidal
with smooth surface texture disp ayln? septuarian cracks. The
shape varies with size from predominantly spheroidal in the small-
est (0-20 mm) nodules to ellipsoidal (ovoidal) in nodules greater
that 20 mm; this transition in nodule shape can take place at about
10 mm nodule diameter at some stations. The tendency of the nod-
ules to display increasing flatness with increasing size is therefore
again observed. The ovoidal nodules correspond to the kidney-
shuped nodules mentioned by Raab and Meylan (1977). Some of
the larger (40-60 mm) nodules are discoidal, sometimes fragment-
ed with surface texture on one side and microbotryoidal on the
other and displaying septuarian cracking. Because of the complexi-
ty of nodule morphology in area G, the principal nodule morpholo-
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gies at each location at area G are listed in Table 13 Stn 13 (Loc
1 1)was a dredge haul where a IarPe quantity of manganese crusts
was recovered In addition to nodules. For this reason, the material
from this station is described more fully than that at other loca-
tions. A photograph showing the recovered and in situ distribution
1 ml of nodules at one station is given in Figure 5.
1 Three principal features complicate nodule morphology at Area G:
1

o o 1 i

No nodules o
recovered

[
-
=

m 1 (1) The presence of septuarian cracks on the nodule surfaces
represent zones of weakness along which the nodule can easi-
ly fragment. This has resulted not only in an extensive
number of fragmented nodules in situ which can be seen in
bottom photographs but has also provided abundant frag-
mented nodule material that forms a source material for
Folynucleate nodule formation. In the case of some of the
arger nodules, the in situ fragmented nodule surface has
been overgrown by further layers of manganese oxides. At
many stations, a significant proportion of the nodular mate-
rial was reported under the heading “fragments: most of
this fragmentation had occurred in situ. Because of the inher-
ent weaknesses in the nodules, however, many more nodules
were crushed on transport to Aachen.

kg
nodules and
Crusts
(dredge)-
sorted

n

sample  not

,_
8
4084697

No sample
(dredge)

1

Heye (1975) has developed a model for the cracking of nodules
due to internal stresses and suggiested that “the cracking frequency
in nodules offers a giood possibility of qualitatively judging the age
diirerences in nodules.” However, the difference in fragmentation
of nodules at area G and areas C and F results from the presence of
_ septuarian cracks (or lines of weakness) on the nodule surface at
1@ area G. Fragmentation of the nodules is therefore dependent not
only on the age of the nodule but also on other growth-related

[ parameters (such as septuarian features) which vary with area and
wimse origins are not yet understood.
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<-)Ihe presence of relatively fresh angular volcanic rock frag-
ments of varying sizes that are often iron (reddish) or manga-
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nese (black) stained. Often the iron staining occurs on one
side (underside?) of the fragment and the manganese staining
on the other. The occurrence of these volcanic fragments is
probably related to the proximity of the area to the Marque-
sas Fracture Zone.

(5) The tendency for polynucleate formation. This can be be-
tween whole nodules but the process of %olynucleate nodule
formation is significantly enhanced by the presence of frag-
ments both of nodules and volcanic rock. Multiple-nuclei
polynucleate nodules can form in some cases. In addition to
the smaller fraPments of volcanic rock participating in poly-
nucleate nodule formation to form irregular polynucleate
nodules, very small fragments of this material fleck the sur-
face of some nodules. This feature is much more marked at
Loc 20, 21,and 23than at the other locations.

These three factors ifragmentation, volcanic rock occurrence,
and polgnucleate nodule formation) occur to markedly different
extents between stations and hetween locations and this results in
the more complex morphology at area G compared with areas C
and F. For example, the occurrence of volcanic rock fragments and
their influence on polynucleate nodule formation is much more
marked at Locs 20, 21,and 23 in the vicinity of the seamounts
immediately south of the main fault. This shows a clear geological
control on the “seeding” of the nodules and therefore on nodule
morphology. Other morphological variations are, however, more
diiricult to interpret. At Loc 18, for example, most stations are
characterized by the presence of abundant polynucleate nodules
”it at Stns 19 and 124the nodules are dominantly mononucleate.
ie reason for such localized variations in the relative frequency of
mono- and polynucleate nodules is more difficult to ascertain.
\gain there appears to be a minimum nodule size of about 4mm.

some stations, particularly where fragmentation and polynucle-

Jlc formation is pronounced, there appears to be a continuous size

"ihution of nodules. Biological tubes were generally absent on

" ¢ nodule surfaces but could be observed on microbotryoidal

botryoidal surfaces where they can adhere to the coarse nodule
1I,KC- The occasional shark’s tooth was also observed.
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Surface Density and Biological Activity

Because of the small average size of the nodules, nodule densities
are low and vary between locations from 0.0 to 6.6 kg/m2on aver-
age (Table 12). There is a considerable variation in density hoth
between stations within a given location and between locations; the
density ranges from 0.0 to 147 kg/m2over a distance of 11 km at
Loc 16, for example.

Again, nodule density appears to be dependent on water depth as
shown in Fig. 7, although the relationship is different from those
found at areas C and F. On an individual traverse such as Loc 16,
however, there appears to be no precise relationship between nod-
ule density and water depth. Many volcanic rock fragments were
recovered at area G, particularly at Locs 20, 21,and 23 These were
not included in the computation of nodule density. In bottom pho-
tographs, the wide variation in nodule coverage between adjacent
stations can be seen and evidence of in situ fracturing of the nod-
ules is relativelg common.

Evidence of biological activity (bioturbation) is common in area
G and occurs in hoth nodule-rich and barren areas. At some bi-
oturbated stations, nodules could not be seen in the bottom photo-
%raph but were recovered in the free-fall ?rab; these nodules were,

owever, usually relatively small. Nodules frequently had some
sediment covering on the upper surface.

Composition

Area G nodules are characterized by high Mn:Fe ratios (avera%e
2.2) and high Ni and Cu contents (average Ni + Cu, 1.81%)§Tabe
14, although these values are lower than those at areas C and F. In
general, the Ni content of the nodules exceeds the Cu content. On
the basis of grade, area G nodules would not agpear to be economic
at present. Variation in nodule composition between stations and
between locations is generally much greater than that at areas C
and F but does not appear to be related to water depth (Table 15).
There is some evidence of variation in the composition with size
class; nodules in the 40-60 and 60-80 mm sizes show slightly
higher Mn, Cu, and Zn and lower Fe contents than those from the
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Table B
Average chemical composition of nodules at each station from area G. All
analyses in percent.

Sti Co c z
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=Y F= = 0.10 : aa [Ke=1 0.18
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= = - 0.12 T Db
== £ 010 R T 020
= 2 o = o ¢ 0.79 o = 0.10
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= = s == o3 106 o = 0.14
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21 B7 297 19 011 103 0.88 0.18
2 % 255 w2 0.2 0.9L 0.8 0.13
%%) 22.6 40 011 0.2 0.8 011
jlirg 239 b3 0.22 0.9L 0.6 0.1
Range 20.435.6 69180 0.07-0.16 0.72-116 0.50-105 0.10-0.24
Variability (%) 45 B 9 6Ll 10 u

size classes less than 40 mm (Table 16). No nodules larger than 80
mm were, however, analyzed. The foIIowm%totaI element ranges
(excludlng the manganese crusts from Stn 13 DK) were observed:
Mn, 20.43.6%; Fe, 6.9—18.0%; Co, 0.07-0.16%:; N| 0.72-1.16%;
Cu, 0.50-1.05%: Zn, 0.10-0.2% Ba, 0.15-0.3%; SO_, 9.7-26.2%;
ALO, 45-10.3%6; U, 2.79-489 pﬁm Ce, 60720 pm.;
and La n. d.-203 p.p.m. Again, the plot of average nodule

Morphology and Geochemistry of Manganese Nodules
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weight against Mn:Fe ratios of nodules at each station (Figure 11)
IS not particularly useful because the principal variation between
stations is one of nodule size rather than Mn:Fe ratio. Taken to-
gether with the data from areas C and F, this suggests that this
graphical plot of Craig (1979) serves no useful purpose.

The most important factor controlling the difTerences in compo-
sition between nodules from different stations and locations at area
C results from the dilution of the ferromanganese oxide material in
the nodules by volcanic rock fragments in the nodule (see section
on morphology). Jud(ilng by the reduction of Mn content of the
nodules, this Is equivalent to the incorporation of perhaﬁs 3% and
more by weight of volcanic rock fragments in some of the nodules.
This effect is particularlﬁ marked in comparing nodules from Locs
16-18 characterized by higher Mn:Fe ratios; hlgher Ni, Cu, and Zn
contents; and lower Fe contents (Co remains about the same) with
those from Locs 20, 21,and 23immediately south of the main fault
zone where incorporation of volcanic rock fragments into the nod-
ules is more pronounced. The fact that the 40-60 mm size fraction
of the nodules has hi?her Mn, Cu, and Zn and lower Fe contents
than the smaller nodules suggests that these larger nodules have, on
average, incorporated marginally lesser amounts of these fragments
in the nodules. These volcanic rock fragments often have a reddish

color due to iron staining and this accounts for the enhancement of
the Fe contents of the nodules containing these fragments. These

chemical data therefore show quite categoricalg that the composi-
tion of area G nodules is related not only of diagenetic processes
related to the dissolution of siliceous organisms on the seafloor but
also to the “seeding” of the nodule and the relative extent of incor-
poration of iron-rich volcanic rock fragments. This latter process is
much more marked in the region south of the main fault zone. The
influence of ?eological processes in the morphology and composi-
tion of nodules in this area is therefore emphasized.

Interestingly, Craig (1979) states that “survey area VA-4 adja-
cent to a grouE of seamounts, shows a definite bulk compositional
trend toward higher Fe content and lower Mn:Fe ratios comFared
to areas without large volcanic features™ and suggests a volcanic
influence for these “hydrothermal type” deposits. However, the
nodule compositions reported at VA-4are more likely the result of
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the incorporation of volcanic fragments in the nodules (as in area
G) than the factors suggested by Craig for which there is no direct
geological evidence.

Mineralogy’

X-ray difTraction analysis of six nodules and one crust showed
todorokite and 5-MnOzto be the principal manganese oxide phases
with quartz and feldspar and/or zeolite to be the silicate minerals
(Table 17). In the manganese crust from Stn 13 GK, zeolite is more
abundant than the manganese minerals. This higher silicate content
may account in part for the low transition metal contents of these
crusts. There aﬁpears to be no difference in the mineralogy of nod-
ules from north and south of the Marquesas Fracture Zone.

Discussion

The preceding sections have described in some detail the principal
characteristics of manganese nodules from three areas (C, F, and G)
in the equatorial Pacific and established differences both within
these areas and regionally. In this section, it is relevant to try to
elucidate some of the factors controlling the observed regional dif-
ferences in nodule characteristics.

It is heredproposed that the main features of the nodules can best
be explained in terms of the influence of the biological productivity
of the overlying surface waters on nodule characteristics as previ-
ously proposed by a number of authors (7eg Greenslate, 1974,b;
Dugolinsky, 1976; Arrhenius et al., 1979; Leclaire and Perseil,
1979; Margolis et al., 1979; Callender and Bowser, 1980; Frazer
and Fisk, 1981). In this hypothesis, siliceous organisms in areas of
high biological productivity such as the equatorial high-productivi-
ty belt in the Pacific (cf. Berger, 1970, Figure 4) are assumed to sink
to the seafloor, decompose and liberate certain trace metals (nota-
bly Ni, Cu, and Mn) into the pore waters; these elements can then
ultimately be incorporated into the overlying manganese nodules,
particularly on the underside, thus causing their enrichment in the
nodules. Nodules from such areas are therefore characterized by
high concentrations of these elements relative to normal pelagic
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Table 17
X-ray diffraction analysis of nodules and crust from area G. The principal
mineral phases present are underlined.

Stn Size Fraction (mm) Definite Probable
PGB 0-20 Todorokite"5-Mn0 2 Feldspar

14Kk 20-4 Todorokite. 8MnQT  Quartz, Feldspar and/
or Zeolite
119GB 0-20 Todom|me"6MILO 2 Quartz, Feldspar and/
or Zeolite
120 GB 0-20 Todorokite, 5-MnO, Feldspar
B3 GB 0-20 Todorokite, 5-MnO. Quartz, Feldspar and/
or Zeolite
B7GK  Crust-type C Zeolite. Todorokite,
5-Mn02
¥ GB 0-20 Todorokite. Feldspar and/or
5-Mn0Oz Zeolite

nodules from red clay environments in regions of low biological
woductlwty such as beneath the tem(ferate;latltude oceanic gyres.

eath (1974 has excellentli/ reviewed the silica cycle in the ocean
(cf. Hurd, 1973 Johnson, 1974 1976; Schink et al., 1975; Schink
and Guinasso, 1977; von Rad 1979; Hein et al., 1979a; Barron and
Whitman, 1981;Kastner, 1981) and the dissolution of siliceous
tests on the seafloor. In addition, Halbach et al. (1979) and Marchig
et al. (1979) have shown that dissolution of manganese micro-
nodules in the sediment column may play a role in remobﬂmng
these transition elements m(felaglc sediments and Callender an
liowser (1980) have sug?este_ that Mn may be deposited in pelagic
sediments predominantly with terrigenous particles. With the pos-
ihle exception of Mn, however, these transition elements are ulti-
mately derived from dissolution of siliceous tests.

l.rom the brief area descriptions given in the Introduction, it can
he seen that area C is a zone of high biological productivity charac-
terifed by the presence of siliceous ooze and of low sedimentation
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rates due to the erosional influence of bottom waters. The high
blolo%lcal_productlwty favors the formation of nodules character-
ized by high Mn:Fe ratios éaverage 5.4 and Ni + Cu contents
iaverage 2.48%). The low sedimentation rate favors the growth of
arge nodules (average nodule weight 92.6 %) and moderately high
nodule abundance (average 49 kg/m2. The fact that*the strong
erosional surface can be traced back to the Lower Miocene (Van
Andel et al” 1975, Fig. 25) has led to an interesting development,
Because of the long time scale involved, an older generation of
nodules has grown, which has fragmented in situ to form the nuclei
on which the larger (>60 mm) nodules have subsequently grown;
Heye (1975) has described the methods by which such fragmenta-
tion can occur. The smaller (<40 mm) nodules found in area C
represent a discrete, younger population of nodules. The extremely
low sedimentation rates at area C would favor nodule formation
not only because of slow burial rates of the nodules but also be-
cause of the highly oxidized nature of the sediments. Bramlette
(1961) (quoted in Arrhenius, 1963 has stated that “the redox state
of the sediment is mainly determined by the duration of contact
with the oxidizing bottom water.” . . _

Area D is a region of high (calcareous) sedimentation rate just
north of the equator where nodules are absent.

Area F is an area of high productivity (characterized by the pres-
ence of siliceous debrisR and moderately high calcareous sedimenta-
tion (Van Andel et al” 1975, Figure 3). Here, the nodules are
characterized by high Mn:Fe ratios (average 48% and the highest Ni
+ Cu contents encountered (avera?e 2.54%) but, because of the
high sedimentation rates, the nodules are small (average nodule
weight 2.4.9) and nodule abundance is low (average 1.3kg/m?2).

Area G to the south of area F is more towards the margin of the
belt of high produciivity. It is therefore characterized by a lower
carbonate-free opal content of the sediment %Van Andel et al. 1975,
Figure 5) than area F. The nodules are characterized by lower
Mn:Fe ratios (average 2.2) and lower Ni + Cu contents (average
1.81%) but, because of the lower sedimentation rates, nodules are
somewhat larger (avera%e nodule weight 2.5 g) and nodule abun-
dance higher (average 31 kg/m2) than at area F. This somewhat
simple picture is complicated at area G by the complex morphology
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of the nodules, which results from the incorporation of angular
volcanic fragments into manz of the nodules, particularly in the
region immediately south of the main fault zone. While this ﬁrocess
has clearly significantly influenced the bulk composition of the nod-
ules in area G (see above), the biogenic factor remains the major
influence on the composition of the ferromanganese oxide phase of
nodules in this area. Neither area F nor G is characterized by the
erosive conditions encountered at area C (Van Andel et al., 1975,
Figure 25). Only young immature nodules are therefore present in
these two areas and the larger, mature (second generation) nodules
found at area C are absent.

Further south of these areas is the low productivity, subtropical
anticyclonic gyre beneath which lie the Southwestern Pacific and
Samoan Basins (Glashy et al., 1980). Here, nodules reach a density
in excess of 20 kg/m2 have Mn:Fe ratios of the order of unity and
Ni + Cu contents of the order of 0.4- 0.6% and lie on red clay.
These nodules may be considered to be true pelagic nodules which
are formed dominantly by the direct deposition of elements from
seawater with no influence of the effects of high biological activity
as in the equatorial Pacific.

Pautot and Melguen (1979) have suggested that the greatest
abundance of nodules is encountered in a 3)0-400-m thick layer
situated between the lysocline and the carbonate compensation
depth (C.C.D.). Whilst this relationship may af)pear to hold for
areas F and G from a comparison of data in Table 18 with those in
Figure 7, it does not hold for area C (or for area K in the Aitutaki
Passage) which lies exclusively below the C.C.D. It is felt to be an
artifact for areas F and G because these areas lie entirely above the
C.C.D. and therefore sampling beneath the C.C.D. is impossible.
Ihe lower average abundance of nodules at areas F and G com-
pared with area C is related to the higher carbonate contents of
these sediments. Although low carbonate contents (and therefore
depths below the lysocline and preferablg the C.C.D.) are essential
lor hiﬁh nodule abundance because of the requirement for nodule
growth of low sedimentation rates, the data do not support Pautot

Melguen’s assertion that highest nodule abundances are found
“hove the C.C.D. Skornyakova (1979), for example, states clearly
at the highest nodule abundances are confined to depths helow
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Table 18
Position of the lysocline and C.C.D. at areas C, F and G.
Area Lysocline C.C.D.
Q < 6;(%50
A0 5
(’; 4,26%-",300 490-5,000
Data from Melguen (Friedrich et al. 197 pp. 149206 Depths in meters.

the C.C.D.

Considering the above N-S equatorial transect, the central role
of biological productivity on nodule size, abundance, grade (and
therefore economic potential) can readily be seen. The influence of
dlaﬂenetlc effects due to the decomposition of siliceous organisms
within the sediment column is most marked at area F where the Ni
and Cu contents of the nodules are highest but the nodule density is
low because of the effects of high carbonate sedimentation. The
presence of carbonate material in area F sediments may indeed
Increase the rate of diagenesis of the siliceous ooze (Kastner et al”
1977) and therefore increase the Ni and Cu contents of the nodules.
At area G, on the margins of the high-productivity belt, the
diagenetic efleets are somewhat reduced ?Iower Ni + Cu contents)
but the nodule density is higher because the carbonate sedimenta-
tion rate is lower. Beneath the subtrowcal anticyclonic gyre (in
regions well removed from land such that terrigenous sedimenta-
tion rates are low), diagenetic effects due to the dissolution of sili-
ceous microfossils are absent and the nodules are characterized b?/
lower Ni + Cu contents (the Ni + Cu here being derived principal-
ly from direct depositions from seawater). However, the low sedi-
mentation rates (due to the absence of biogenic sedimentation) per-
mit extremelﬁ high nodule abundances. Only at area C,
characterized by bottom current erosion since the Lower Miocene,
are the effects ofdia%enetic enrichment of Ni + Cu in the nodules
compatible with high nodule abundance resulting from low sedi-
mentation rates. The correlation between high nodule abundance
and low sedimentation rate can be seen by inspection of the sedi-
ment isopach data of Ludwig and Houtz (1979) which show clearly
that abundant nodule deposits generally form when the total sedi-
ment thickness is less than 100 m. Data from area C therefore
emphasize the importance of oceanic bottom currents as well as
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biological productivity of the overlying surface waters in control-
ling nodule characteristics. Of course, the precise mode of forma-
tion of nodules at area C presented here is not incompatible with
those presented by von Stackelberg (1979) for equatorial North
Pacific nodules and many of the ideas expressed here are an exten-
sion of those first put forward by Greenslate et al. (1973. In partic-
ular, these latter authors show a relationship between nodule and
sedjment_comﬁosition in the equatorial Pacific which is quite com-
patible with the above arguments. The data presented here would
also support Menard and Frazer’s (1978) contention that nodule
IQ_rade and abundance are negatively correlated (cf. Moritani, 1979,
Frazer and Fisk, 1981) (although only under certain circumstances)
in contrast to the assumption of Archer (1976) that these two pa-
rameters are independent. The data would also suggest that nodules
from the equatorial S. Pacific (at least in the vicinity of areas F and
G) do not have any major economic potential (cf. Frazer, 1977).
Comparison of the composition of nodules from the Aitutaki
Passage (area K), a region of low biological productivity beneath
the subtrogical anticyclonic gyre, with those from the equatorial
Pacific (Table 19) including the data for Mo, Ph, and Ti gable_ 20),
and TI(Table 21)(cf. Glas ?/et al., 1978), reveals a marked difTer-
ence in composition for all elements. In particular, Mn, Ni, Cu, Zn,
Ba, Mo, and Tl are present in higher concentrations and Fe, Co,
Si02 A1D 3U, La, Ce, Pb, and Ti in lower concentrations in equa-
torial Pacific nodules. Rankin and Glasby (1979) also found a
number of other elements lower in the equatorial Pacific compared
to Southwest Pacific nodules. Of the elements analyzed, therefore,
only Mn, Ni, Cu, Zn, Ba, Mo, and Tl are enriched in the equatorial
Pacific nodules and this would sug?est that these are the only ele-
ments enriched in nodules as a result of the diagenetic effects of the
decomposition of biological organisms on the seafloor. It should be
noted, however, that barite occurs in the acid-insoluble residue of
nodule as shown by X-ray diffraction. The other elements (e.qg.,
e, Co, U, La, Ce, Pb, and Ti) would appear not to be involved in
such processes but rather be derived principally by the direct depo-
on from seawater. The lower content of these elements in equa-
“ rial Pacific nodules may in fact merely reflect the dilution of these
elements in nodules characterized by higher deposition rates of Mn,



Table 19
Average composition of nodules from areas C, f\ G and K. All analyses in percent, except where otherwise stated.

Area Location ~ No. of ~ Mn Fe Co Ni Cu In Ba Si0, ALO, U Ce La
Nos. Analyses PPm  PPm  PPm
C 16 4 291 54 023 129 1© 016 033 b1 a0 332 29 15
F 81 17 32.0 67 011 123 131 018 023 52 50 308 10 9
G 1623 9 284 18 012 00 08 0B 022 54 70 3l IS 100
Average 237 298 8 05 118 1B 016 026 56 60 339 1B B

K(Aitu)taki 2437 Bl U9 13 04 036 016 006 014 1098 84 7B na*r 12
Passage

*Not analyzed.
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Table 21
Analytical data for T1in selected nodules from difTerent stations in areas C,
and G. Analyses in ppm.

Area Loc Stn Size Fraction Tl
(mm)

C 1 2GB 20-30 &

2 8GB 20-40 B0

-9 irg

4 19GB >100 %5

Average 29

F 1 53 GB 20-40 119

59GB 8)-8 m

2 TAKAL hroken nodule B3

u $GB 5-15 8

Average 7

G 6 PGB 15-20 B3

20 B1GB 15-20 w

21 B7DK -9 230

B7DK* A crust 5-10 mm i

2 147GB 10-20 14

Average 15

*This value not included in the average.

Ni, Cu, and Zn; this is a result of the requirement that the manga-
nese oxide phase, iron oxide phase, and silicate phase must add to
100% (Glasby, 1973. The higher silicate content of the Aitutaki
Passage nodule may also merely act as a diluent for the authigenic
elements, although the h_igher contents of Fe and Ti in these nod-
ules mar be partially attributed to incorporation in the silicate min-
erals (cf. Ruppert, 1979). Fe and Ti are also higher in sediments
from the Aitutaki Passage compared with those of the equatorial
I'Kiiric; this has been attributed to the higher proportion of hasaltic
material in the sediments there (Stofi'ers et al., 1981). The difference
IMsilicate composition of equatorial Pacific and Aitutaki Passage
"»1|||Ies (Table 19) is, however, not large enough to account for
'lillcrences in the TI content of nodules by dilution with the silicate
1 "as suggested by Glashy et al. (1978{. A similar association of
to that noted above has been reported by a number of

|,1,ors (e.g., Ostwald and Frazer, 1973 Calvert and Price, 1977;
o ‘m «. 1977; Moorby and Cronan, 1981; Piper and Williamson,
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1981; Roy, 1981; Li, 1982). The ubiquity of this pattern of element
association su?gests that the relationship between the biological
productivity of the overlying surface water and nodule mineralogy
and element enrichment patterns may be fundamental to an under-
standing of nodule genesis. ,

From the above, 1t is possible to compute the approximate en-
richment sequence of elements in nodules as a result of this
diagenetic process. Comparing area F which has the maximum
Cu:Ni ratio (Mn, 3.0%; Ni, 1.234; Cu, 1.3%; Zn, 0.18%; Ba,
0.23%; Mo, 472 ppm; T 1,127 ppm) and the Aitutaki Passage (Mn,
149%; Ni, 0.3%; Cu, 0.16%; Zn, 0.06%; Ba, 0.14%; Mo, 216 ppm;
T1,76 ppm) (Tables 19 - 21), it is seen that the element-enrichment
sequence in nodules from the belt of equatorial high productivity
compared with those from a normal red clay environment is Cu 8.2
> Ni 34> Zn 30> Mo22&Mn21 > TIL7 Ba l6.

Although these figures are only intended as an illustration, they
do indicate that Cu is the element most enriched in nodules as a
result of enhanced biological activity (cf. Arrhenius et al., 1979) and
are in accord with the fmdln%s of Calvert and Price (1977), who
showed by factor analysis an element-correlation pattern Mn - Ni -
Cu -Zn - Ba- Mo - Mg in nodules. These ideas are also supported
by the work of March:? et al. (1979) on the diagenesis of radiolarian
oozes (cf. Marchig and Gundlach, 1979; 1981; 1982). The data also
indicate that the Cu:Ni ratios of the nodules are not constant but
vary from 0.44 for Aitutaki Passage nodules (area K) to 1.06 for
area F nodules where they reach a maximum. These data therefore
show that the association of Ni and Cu in nodules is not as close as

is commonly assumed. _ N

On the basis of a detailed chemical study of the composition of
plankton, sediment, and nodules from the equatorial North Pacific
using selective leaching techniques, Boylan et al. (198%have shown
that the major part of the Ni and Cu in the equatorial North Pacific
nodules had its origin in planktonic organisms (cf. Colley et al,

1979: Boyle, 1981). The decreasing Cu:Ni ratio in the sequence

plankton-sediment-nodule (Boylan et al., 1980, Table 2) would

support the idea that more Cu than Ni is available in planktonic
organisms for the enrichment in nodules from the higher productiv-
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ity belt. The flux of Cu across the sediment-water interface has
been computed by Boyle et al. (1977?, Klinkhammer (1980), and
Callender and Bowser (1980). It should be noted, however, that in
Peru Basin nodules (Thijssen et al” 1981), Ni (1.14%) exceeds Cu
?0.62%) to give a Cu:Ni ratio of 0.54 The Cu enrichment is there-
ore not alwae/s as pronounced as in the equatorial Pacific belt (cf,
Halbach et al., 1981). The data also show that Zn is also derived
partially from such diagenetic Frocesses in equatorial Pacific nodules
and this helps to explain the well-known Mn - Ni - Cu - Zn correlation
in manganese nodules (cf. Cronan, 1975). Finalli/], Arrhenius et al.

(1979) have presented some interesting ideas on how these elements
are taken up into the manganese oxide structure and, in particular, in
the way in which molyhdate ion substitutes for the manganate ion in
crystal lattice. A good theoretical explanation for the observed ele-
ment associations 1s therefore becoming available.

An interesting observation also comes from the analysis of man-
ganese crusts from areas jp(Stn 94 and G (Stn 13) (see Appendix)
which shows that the crusts contain significantly lower contents of
Mn, Ni, Cu, and Mo and hi%her contents of Fe, 5102 A1) 3Ti, and
Pb from the same areas. The data for Stn 13 crusts confirm the
conclusion of Lyle et al. (1977) that the normal authi?enic precipi-
tation of ferromanganese oxides from seawater controls the compo-
sition of manganese crusts while nodule composition is governed by
small-scale diagenetic reactions in the sediment. However, X-ray
diffraction analysis of a manganese crust from Stn 13 shows that
zeolite is the principal mineral present and that the principal man-
ganese oxide minerals are todorokite and 5-M n02as for the area G
nodules (Table 17). For the crust from Stn 94 the much higher
silicate content of the crust is the major factor in lowering the
contents of Mn, Ni, Cu, and Zn in the crusts, although the lowered
diagenetic contribution is also probably important. Differences in
the origins of the crusts and nodules are therefore emphasized.

1he above data are also generall)]/ compatible with the conclu-
sions of Piper and Williamson (1977) regarding the occurrence of
high Mn/Fe and Ni + Cu nodules in the Pacific (see also Calvert
Ui Price, 1977; Calvert et al., 1978?. These authors’ conclusions
nust, however, now be modified in light of the newly established
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relations between biological productivitK, sedimentation rate, and
nodule composition and abundance at the southern margins of the
belt of equatorial hi?h productivity in the Pacific; this is a situation
that is fundamentally different in terms of sedimentation rate but
not biological productivity from that encountered in the equatorial
North Pacific on which much of Piper and Williamson’s evidence
for the origin of high Mn/Fe and Ni + Cu nodules is based. The
above conclusions on the relationship between nodule composition,
abundance, sedimentation rate, and hiological productivity are also
supported by Jaﬁanese work in the Central Pacific Basin where
nodules with higher abundance and lower Mn/Fe and Ni + Cu
contents are found on deep-sea clay, whereas nodules with lower
abundance and higher Mn/Fe and Ni + Cu contents are found on
siliceous clays (see Mizuno and Moritani, 1977, p .14 [Figure XIV-
é], p .166 [Table XV1-3). The above data also suggest that the
istribution map for coEper for Pacific nodules produced by
Skornyakova and Andrushchenko (1974 p. 914(Figure 125]) needs
revising in view of the findings here of nodules from south of the
equator containing >1% Cu, S
An interesting corollary of the above discussion stems from the
work of Boudreau and Scott (1978, also cf. Elderfield, 1976). These
authors have suggested, on the basis of mathematical models, that
the growth of manganese nodules is dependent mainly on the diffu-
sion-controlled flux of manganese and other trace elements throu%h
the benthic boundary layer from seawater rather than from the
underlying pore water. Although this conclusion is undoubtedly
true for nodules formed in red-clay environments, it is not strictly
valid for nodules from the equatorial belt of hi%h productivity.
Here, trace metals (notably Ni, Cu, and Mn) are released for incor-
poration into the micronodules and macronodules by the in situ
decomi)psmon of siliceous frustules within the sediment. The factor
controlling the release of these metals into pore water is therefore
the decomposition of these frustules within the sediment column
and not the redox characteristics of the metals per se. The stability
field of the siliceous frustules is therefore the most important factor

in the diagenetic migration of Ni, Cu, and Mn in this tyPe of envi-

ronment. In addition, Hein et al. (1979a,b) have concluded that
authigenic smectite in equatorial Pacific sediments results from the
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reaction of dissolving biogenic debris with iron hydroxide; this may
be an additional factor in fixing iron in the sediment rather than in
the nodule phase. This type of diagenesis is therefore quite different
in character from that encountered in shallow-water, continental
margin environments such as described by Ku and Glasby (1972).
The data do, however, conform with the conclusion of Heye and
Marchig (1977) that faster growth rates of nodules result in hi?her
cgncentranonngL Cu, and Mn, which is a logical extension of the
Ideas presented above.
Finally, Usui (1979) has suggested that the uptake of transition
metals into manganese nodules is controlled by the mmeralog¥ and
suggested that the atomic ratio of the incorporated metals relative
to manganese into 10 A manganite is about 0.17 (1/6). In the nod-
ules studied here, the atomic ratio (Cu + Ni + Co + Zn)/Mn is
generally less than 0.10. However, these represent bulk and not
microprobe analyses and no data are available for the Ca and Mg
contents of the manganese oxide phase.10 A ma.n?anite_ forms the
principal manganese oxide phase of the equatorial Pacific nodule
cqmi)ared with 5-MnO, for Aitutaki Passage nodules. The role of
divalent metal ions (particularly of Ni, Cu, and Zn ions) in stabiliz-
ing 10 A manganite seems, therefore, to he established (Giovanoli
et al., 1975; Giovanoli and Briitsch, 1979). Glasby and Thijssen
(19822 have suggested that it is the supply of these divalent metal
lons from the sediment column during diagenesis that controls the
formation of A manganite as well as nodule composition. More
careful attention should therefore be paid to the role of sediment
«liagenesis in controllm? nodule mineralogy and geochemistry. The
previously observed relationship between nodule mineralogy and
composition (e.g., Calvert and Price, 1977) would appear to be
controlled by such diagenetic processes. Burns and Burns (1978a,b)
also suggested a relationship between biological productivity
ul mineralogy. The way is therefore open for a comprehensive

ihc(ry of nodule formation linking biological productivity to nod-
“Ic ‘miineralogy and geochemistry.

[his study has therefore evaluated in a more quantitative manner
...In before the role of hiological productivity at both the northern
llu* (uitliem margins of the belt of equatorial high productivity in

lUrulling nodule genesis. It is clear from this work that more
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detailed latitudinal transects are required to evaluate the precise
role of biological, hydrological, and sedimentological processes in
controlling nodule type at these margins. This should become a
central problem in manganese nodule research.
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Appendix

Analytical data of man?anese nodules from difTerent stations in
areas C, F, and G, central North Pacific, R. V. Sonne cruise SO-06/
1.1978. All analyses in percent, except where otherwise stated. For
convenience, the following abbreviations are used: GB, Free Fall
(irah; DK, Dredge; KG, Spade Corer; KAL Box Corer.
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Analytical data of manganese nodules from area C.
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Table A2 (cont.)
of manganese nodules from area C.
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_ Table A2 (cont,)
Analytical data of manganese nodules from area C
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_Analytical data of manganese nodules from ayea F.
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_ Table A3(cont.)
Analytical data of manganese nodules from area F.
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Table A3 (cont.)
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Table A3(cont.)

Analytical data of manganese nodules from area .
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Analytical data of manganese nodules from area r.
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Table A3(cont,)
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Table A3 (cont.)
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Sio= " Al=0l

7 D

76 5

235

194

176

23

51l

183

214 6

169

397

190

176

20.0

267

208

190

U
ppm
325

322

2.97
3.20

3.8
3.8

8.55

55

1S

U

o

BN Op

Ce La
ppm - ppm
100 10
= 8
118 9
15 N
10 8
100 9
108 N4
0 00
3
g
100 8
= L
' |
»
u
%
A
0 00

a3611d = ‘Yrps 9 0S¢

— ABojoydl

S 1 0 N asauebuely Jo A11SIWLYI099



TabU A3 (con!

Analytical data of lanese < les from area F.

Location  Station Mo Fe Co Ni  Cu Zn
No.
% 4 m g= a® = 2
5-2 H7 = g=2 12 2 g
15 = P S= .= @ 2
5-10 = =) a o= (=]
{5 = - s 2= og
s>roknod. = o a as
0 324 115 0.13 111 105 0.17
mwes ket 37 D7 009 109 101 020
D0 w5 w5 0n 14 0B 02

%6 W6 01 107 100 020

01GB 20-4 243 19 014 08 06 03
roknod. 341 9.1— 007 _ 200 104 0.19

6B 07 084 0% 024
W 69 007 084 0% 024
107GB
= 07
= = D4 D 0% 0D X
psce = 116 111.08 03 .19
Analytical data of manganese nodules from
Location  Station Size Mn F [
i o e Co Ni Cu Zn
<20 30 21 0B 1B 0% 016
bg%k.ni)nd. 30 10 01 13 09 020
brgk.ggd. 41 n5 012 1M 0% 017
0 =3
109GB 4 -8 =7 = a O5 o=
2004 == > a §7 oss 81%
015 == = a 894 0]5
brok.nod. == m g 1 sz gy
31 0. o7 0.18
10 KG 4 -6 349 011 sS4 o= (19
4 35 s 01 = a= 18
broknod. 344 2 0B Fe "= g
0 343 13
1) Average 36 08
(9 110) "

“These samples not included in average values.

Ba

x7
(=8
>

area F.

Ba

0.27
028

0.29

Si02 AlA
s
D
0
J0.

D

Si02 AIX
13 5.3
88 46
Q9 5.2

17 4

02 4
95 4
95 4

45

10. 5.

& g

U & B8

U

5

53

.18

30

58

nniT

AAOR QSR

nygg &

Ce
ppm
)

10

X v owoor ow

ppm

1

L Q

8

0 0 ogp O

0l o o & Oebf

BE8ABE* % Ce

-usssfiyl "1 *Agsel9 "d "9 ‘yprpard "9

19b6gd —-

1V 30 Au3siwayosoag pue Absojdiaop

Sa|NpoN



