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Abstract

Valsangkar, A.B., Rajamanickam, G.V., Karisiddaiah, S.M. and Siddiquie, H.N., 1988. Morphological and interlayer
geochemical studies on manganese nodules from the southwestern Carlsberg Ridge. Mar. Geol., 84: 81-94.

Mixed facies of manganese nodules from the southwestern Carlsberg Ridge have been analysed for Mn, Fe, Ni, Cu,
Co and Zn. We present 71 analyses including the averages for outer layer, inner layer and near-core material.
Morphological studies show seven types of nodules of which medium-size spheroidal, ellipsoidal and intergrown
nodules are most abundant. Only spheroidal and ellipsoidal nodules with rough surfaces show higher concentrations
of Mn, Fe, Cu, Ni, Co and Zn towards the outer layer, whereas the smooth-surface nodules other than the spheroidal
type show higher concentrations of these elements towards the core region. The other nodule types show a decreasing
content of these elements in all the layers analysed. Copper and Ni are present in low concentrations and are
associated with Zn and Mn. The mineralogy indicates diagenetic processes involving metal remobilisation, and the
chemistry suggests the precipitation of metals mostly from seawater. Variations in the source of supply of the

elements are responsible for the observed variations in the chemical composition of the nodules.

Introduction

Manganese nodules from the Carlsberg
Ridge have previously been studied by Cronan
(1967), Cronan and Tooms (1968), Glasby (1970,
1972, 1973), Dunham and Glasby (1974), Colley
et al. (1979) and Cronan and Moorby (1981). As
a part of the exploration for marine minerals,
manganese nodules were collected from nine
locations on the southwestern flank of the
Carlsberg Ridge (Fig.1) during the 1981 cruises
of R.V. Gaveshani.

The depth in the sampling area varies from
3900 to 4500 m and the 3.5 kHz profiles across

*Present address: Department of Ancient Industries, Tamil
University, Thanjavur 613001 (India).
*Deceased.

0025-3227/88/$03.50

the Carlsberg Ridge show a rugged topography
of ridges and valleys. The profiles show a
weakly reflecting sediment with a maximum
thickness of about 60 m on the southwestern
flank of the ridge. The sediment samples
comprise white to dark brown calcareous
oozes. Foraminiferal oozes commonly occur on
the topographic highs above 3500 m whereas
siliceous oozes are found in the valleys.
Surficial deposits of manganese nodules occur
on the slopes of the ridges.

Methods
Sampling techniques

Samples of manganese nodules and sedi-
ments were collected with a Petterson grab

© 1988 Elsevier Science Publishers B.V.
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Fig.1. Bathymetry and locations of sampling stations.

with a triggering mechanism and by free-fall
grabs. The nodule abundance (kg/m?) was
estimated by weighing, and after initial on-
board classification based on surface texture
and diameter using Meyer’s (1973) scheme, the
classification was revised in the laboratory
using the scheme of Moritani et al. (1977). The
nodules were then measured for minimum and
maximum diameter and compared with stan-
dard weights and compositions. A medium-size
nodule was selected from each size class for
chemical analysis.

Analytical techniques

The nodule samples were washed free of salt
and sediment and split into layers with a steel
splitter. These layers are designated as outer-
most layer (OL), inner intermediate layer (IL)
and near-core layer (Core). A typical nodule
with the various layers is shown in Fig.2.
In carrying out layer-by-layer analyses, the
nucleus was not included. The term “Core”
(capitalised) used from here on indicates mate-
rial with the nucleus not included.

The samples were ground in an agate mortar

oL-2

Fig.2. The various analysed layers.

and dried for 36h in an oven at constant
temperature (110°C). A sample of 0.1g of
powder in a platinum crucible was dissolved
using HF, HNO, and HC10,. The final solu-
tions were made by adding 109, boric acid. The
solutions were analysed on a Model 5000
Perkin—Elmer atomic absorption spectrophoto-
meter for Mn, Fe, Ni, Cu, Co and Zn. The
texture and mineralogy of the nodules was
studied with the use of thin and polished
sections, SEM and a Philips X-ray Diffracto-



meter (XRD) with an Fe-K, and manganese
filter.

Results
Size, abundance and texture

Seven different types of nodules were iden-
tified and their physical properties and size
parameters are listed in Table 1. The average
concentrations of Mn, Fe, Ni, Cu, Co and Zn
are plotted against the maximum diameter
(Fig.3). With increasing diameter, Mn, Cu and
Co increase whereas Fe and Zn decrease.
Nickel shows no significant variation.

Within the sampling area, the population
density of smooth-surface nodules is greater
than that of rough-surface nodules. The abun-
dance of nodules in the sample area varies from
1.1 to 5.8kg/m? (Table1). The nodule cores
consist of weathered rock fragments and occa-
sional hard clay relicts.

Mineralogy

X-ray diffraction studies showed that the
mineral phases are not well crystallised. In a
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Fig. 3. Comparison between the average Mn, Fe, Ni, Cu, Co
and Zn content and the maximum diameter of the nodules.
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few samples, diffuse peaks of todorokite were
observed. However, none of the samples clearly
showed a well-crystallised todorokite peak.
The common mineral phase in the nodules is
0-MnO,.

Polished sections show columnar, mottled
and microlaminated textures and SEM examin-
ation of selected samples shows alternate
layers of -MnO, and FeOOH.XH,0 sometimes
associated with todorokite. SEM studies re-
vealed that todorokite occurs in interstitial
spaces and as secondary infillings or as vein-
lets. Occasionally, it also occurs as pods and in
interstitial spaces associated with aggluti-
nated foraminifera. The thin sections are
opaque and therefore no significant features
could be detected. Altered basalt fragments,
olivine pseudomorphs and occasionally vol-
canic glass, clay and fragments of other
nodules are seen in the nucleii. More detailed
studies on the mineralogy of these nodules has
been carried out by Karisiddaiah (1985).

Composition
Fifty-three analyses of eighteen specimens

from nine stations are presented (Table 1,
Fig.4). Two-three analyses of each specimen

FREQUENCY OF OCCURRENCE

Yl PN N
LORTE0%E 8 21620% 4 8 21620 %
oL L CORE

Fig.4. Frequency distribution of Mn, Fe, Ni, Cu, Co and Zn
in layers OL, IL and Core.
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representing OL, IL and Core samples were
determined. In this way the variation in
particular elements from Core to OL could be
studied. Different types of nodules were ana-
lysed to ascertain if systematic relationships
exist for a given nodule population.

The analyses show that in most cases there
are both increases and decreases of individual
elements from OL to Core (Table1). Closer
examination shows that from OL to Core the
concentrations of Ni, Cu, Co and Zn decrease
in Ss-type nodules; Mn, Fe, Ni, Cu, Co and Zn
either decrease or increase in ISs, DPs- and
SPs-type nodules; Mn, Fe, Ni, Cu, Co, Zn and
Mn/Fe typically decrease in Sr-type nodules;
Mn, Fe, Ni, Cu, Co and Zn decrease in Db-type

TABLE 2A

nodules and Mn, Fe, Co and Zn decrease and
Ni and Cu increase in SPr-type nodules.
Results similar to these are seen in Tables 2A
and B and in Fig.4.

The highest concentrations of the elements
compared to the nodule type are shown in
Table 2A. The averages show interesting re-
sults: Mn is highest in SPr-type nodules, Fe
in the SPs-type, Ni in the DPs-type, Cu in
the DPs-types, Co in the ISs-type, and Zn
in the SPs-type nodules. Further, the SPs-
type nodules typically show enrichment of
Zn in all three layers (OL, IL and Core).
Another interesting observation is that out of
the seven types of nodules, only three (DPs,
SPs and ISs) show highest Core concentrations

Occurrence of the highest concentration of the various elements in layers OL, IL and Core. (Values in parentheses indicate

sample numbers in Table 1)

Nodule type No. analyses Mn (%) Fe (%) Ni (%) Cu (%) Co (%) Zn (%) Mn/Fe
Outer layer (OL)
Ss 3 20.50 13.00 0.94 0.26 0.13 0.09 1.90
(66) 1) (66) (66) (1,66) (66,39) (66)
ISs 3 14.75 15.10 0.62 0.19 0.15 0.11 1.23
6,62) (62) ) ®) (62) (62) (6)
DPs 3 20.75 12.00 0.92 0.33 0.16 0.09 1.80
10) 31) (10) (10) (10) (10,31) (10)
Sr 3 20.75 14.30 0.92 0.33 0.16 0.12 1.80
(14) (49,52) (14) (14) (14) (49,52) 14)
Db 1 18.75 10.50 0.53 0.26 0.14 0.10 1.79
(19) a9 19 a9 (19) 19) (19)
SPs 3 15.25 13.60 0.54 0.20 0.14 0.13 1.19
(23,56) (56) (23) (23,57) (56) (57) (23)
SPr 2 19.25 13.40 0.52 0.19 0.14 0.08 1.44
@7 (7 (42) (42) @n (27,42) @n
Inner layer (IL)
Ss 3 19.00 12.80 0.73 0.21 0.17 0.09 1.58
(68) 67 (68) (68) 67 (68) (68)
ISs 2 15.75 12.40 0.46 0.22 0.22 0.11 2.10
63) M ) M) N 63) (63)
DPs 3 16.75 14.70 0.51 0.21 0.14 0.09 1.14
(32) (32) (1) (32) (11) (32) (32)
Sr 3 17.50 12.70 0.54 0.20 0.17 0.13 1.62
(15) (16) (53) (15,16,63) (53) (53) (15)
Db 1 14.00 14.00 0.40 0.11 0.16 0.07 1.00
20) (20) (20 20) 20 (20) 20
SPs 4 18.00 14.00 0.63 0.27 0.13 0.14 1.58
(46,58) (24) (46) 46) (60) (46) (46)
SPr 2 17.50 11.20 0.60 0.16 0.14 0.08 1.56
(28) (28) (28) (28) 43) “43) (28)
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TABLE 2A (continued)
Nodule type No. analyses Mn (%) Fe (%) Ni (%) Cu (%) Co (%) Zn (%) Mn/Fe
Core
Ss 4 19.00 14.40 0.59 0.27 0.17 0.08 1.87
(3) (70) 40 (40) 70 (40) 40
1Ss 2 18.25 12.40 0.21 0.19 0.68 0.04 1.65
64) (64) ® 64) 3 (8,64) 8
DPs 3 21.00 14.70 1.10 0.34 0.16 0.10 2.28
(33) 12) 33 33) 12) (33) (33)
Sr 3 16.75 12.50 0.56 0.20 0.14 0.12 1.46
Qa7 (54) an an a7 (50) an
Db 1 14.50 12.30 0.35 0.14 0.17 0.06 1.18
2D 21 21 2D 21 21 2D
SPs 2 17.25 14.80 0.53 0.21 0.14 0.13 1.21
“7n (25) “7 25) (25) “7n “7n
SPr 2 16.75 10.40 0.67 0.42 0.15 0.32 1.66
29 (44) (29) (49 (29) (49) (49
Average (Av)
Ss 3 16.51 11.77 0.57 0.21 0.12 0.09 1.49
a1 @) @1 (1) @1,71) @1 @1)
ISs 2 16.25 11.67 0.43 0.17 0.29 0.10 1.39
(65) (65) ©) )] C)} (65) (65)
DPs 3 16.08 12.93 0.68 0.28 0.15 0.09 1.34
(34) as3) (34) (34) 13 (34) (34)
Sr 3 17.19 12.60 0.52 0.23 0.14 0.12 1.48
as) ®1) (18) (18) (18) GLS5)  (18)
Db 1 15.75 12.27 0.43 0.17 0.16 0.08 1.28
(22) 22) (22) 22) (22) (22) (22)
SPs 4 17.63 13.87 0.58 0.22 0.13 0.14 1.38
48) 26) 48) (48) (61) (48) 48)
SPr 2 17.83 11.67 0.59 0.28 0.13 0.09 1.54
(30) (45) (30) (45) (45) (45) (30)

For explanation of abbreviations, see Table 1.
TABLE 2B

Nodule types classified according to the highest concentrations of elements with respect to the
various layers

Layer Mn Fe Ni Cu Co Zn Mn/Fe Nodule types No. analyses
OL DPs,Sr ISs Ss DPs,Sr DPsSr SPs Ss 5 18
IL Ss DPs Ss SPs 1Ss SPs ISs 4 18
Core DPs SPs DPs SPs ISs SPs DPs 3 17
Av SPr SPs SPr DPs,SPs ISs SPs SPr 4 18

For explanation of abbreviations, see Table 1.

of, respectively, Mn and Ni; Fe, Cu and Zn; and these layers (OL, IL and Core) in the smooth-
Co. In the OL, five types (DPs, Sr, ISs, Ss and surface nodules (in this case, Ss, ISs- and DPs-
SPs) show the highest concentrations, respec- types) show characteristically higher Mn/Fe
tively, being of Mn, Cu and Co (in the DPs- and values.

Sr-types), Co, Fe and Ni, and Zn (Table 2B). All The average chemical compositions of the
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analysed nodules from the Carlsberg Ridge are
given in Table 3. Compared to the averages
reported by Cronan and Moorby (1981) (Table 4),
these nodules are lower in Mn, Fe, Cu and Co
and higher in Zn and Mn/Fe. The Ni values are
similar to those of Cronan and Moorby (1981)
and S.1.O. (1982). Further comparisons, with the
Indian Ocean averages (Table 4) show that our
analyses of the Carlsberg Ridge nodules indi-
cate similar concentrations of Ni, Cu, Zn and
similar Mn/Fe ratios, whereas Mn (14.79%,), Fe
(12.14%,), Co (0.15%,), Cu/Ni (0.38%,) and Ni+
Cu+Co (0.76%,) are lower. Except for station
1908/3 (Table 3), all samples show Mn/Fe ratios
greater than one. The highest Mn/Fe value
(1.48) is from station 1925.

In Table5, the average compositions of
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nodules of various morphologies from dredge
station 1933 are shown. Comparison between
the different nodule types shows that Mn, Fe,
Ni, Cu and Zn demonstrate considerable varia-
tion, while the variation of Co is negligible.

It can be seen from Figs.5A-D that with an
increase in Mn there is an increase in Ni and
Cu and a slight increase in Fe. This holds true
for all three layers (OL, IL and Core). Cobalt
and Zn do not show variation in the OL and IL
but in the Core both decrease with an increase
in Mn. The average levels of Fe, Co and Zn
show no variation when compared to Mn,
however, there is a slight increase in Cu and Ni
with an increase in Mn (Fig.5D).

Copper and Ni show a strong positive
correlation in the OL, IL and Core (Fig.6) and
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Fig.5.A-D. Variation of Fe, Cu, Ni, Co and Zn with Mn for the OL, IL, Core and the average.
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TABLE 5

Average chemical composition of different types of nodules from dredge station 1933

Sample No. Nodule type  Mn (%) Fe(%) Ni(%) Cu(%) Co(%) Zn(%) Ni+Cu+Co(%) Mn/Fe
1 SPs 13.42 13.87 0.45 0.19 0.12 0.05 0.76 0.97
2 SPr 17.87 11.57 0.59 0.19 0.12 0.08 0.90 1.54
3 DPs 16.08 11.97 0.68 0.24 0.10 0.09 1.02 1.34
4 DPs 14.08 11.80 0.58 0.20 0.13 0.08 0.91 1.19
5 Ss 13.63 9.15 0.52 0.21 0.12 0.09 0.85 1.49
6 SPr 13.33 11.67 0.56 0.28 0.13 0.09 0.97 1.14
7 SPs 17.63 12.80 0.58 0.22 0.11 0.14 0.91 1.38
8 Sr 12.00 12.60 0.41 0.17 0.11 0.12 0.69 0.95
9 Sr 10.34 13.70 0.42 0.18 0.11 0.12 0.71 0.79
For explanation of abbreviations, see Table 1.
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Ni shows a positive correlation with Mn (Fig.7).
Colley et al. (1979) observed in ridge samples
that Cu shows a positive correlation and Ni a
negative correlation with Mn. Cobalt shows a
positive correlation with Mn only in OL

The interelement relationships for the OL,
IL, Core, average and whole data analyses are
shown in Table6. It can be seen that Mn
correlates strongly with Ni and Cu in the OL
samples and in the IL, and Core samples, Mn and
Ni correlation is significant. A very strong
correlation is seen between Ni and Cu in all the
layers analysed, and also in the averages and
whole data analyses. Zinc, Ni and Cu in the
Core samples show strong positive correlations.
In the OL, IL and average values, Zn correlates
negatively with Mn, Fe, Ni, Cu and Co.
Interestingly, no significant positive correlation
is observed between Co and the other elements.



TABLE 6A

Interelement relationship in Carlsberg Ridge nodules (OL).
N=18; R=0.40 for r=95%,
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TABLE 6E

Interelement relationship in Carlsberg Ridge nodules
(whole data). N=53; R=0.22 for r=95%,

Mn Fe Ni Cu Co Zn Mn Fe Ni Cu Co Zn
Mn 1.00 Mn 1.00
Fe - 1.00 Fe - 1.00
Ni 0.52 - 1.00 Ni 0.43 - 1.00
Cu 0.54 - 0.80 1.00 Cu 0.37 - 0.75 1.00
Co - - - - 1.00 Co - - - - 1.00
Zn - - - - - 1.00 Zn - - 0.38 0.42 - 1.00
TABLE 6B 22-
e &
Interelement relationship in Carlsberg Ridge nodules (IL). . A PR .
N=18; R=0.40 for r=95%, i *a’e. 4
. ‘ . .' o. .
Mn Fe Ni Cu Co Zn < ¥ “. -3 SRR
b a e & ... .
Mn 1.00 £ - 4 * a
Fe - 1.00 7 .
Ni 0.41 - 1.00 6
Cu - - 0.51 1.00 b
Co - - - - 1.00 2 4
Zn - - bt 0.40 — ].OO T 1 t- &7 75 75 17
©0 30 500 700 900 100 130
In ( ppm )
TABLE 6C e- 0L, -, a- CORE

Interelement relationship in Carlsberg Ridge nodules
(Core). N=17; R=0.41 for r=95%,

Mn Fe Ni Cu Co Zn
Mn 1.00
Fe - 1.00
Ni 0.41 - 1.00
Cu - - 0.81 1.00
Co - - - - 1.00
Zn - - 0.56 0.58 - 1.00
TABLE 6D

Interelement relationship in Carlsberg Ridge nodules
(average). N=18; R=0.40 for r=95%,

Mn Fe Ni Cu Co Zn
Mn 1.00
Fe - 1.00
Ni - - 1.00
Cu - 0.80 1.00
Co - - - - 1.00
Zn - - -

-~ - 1.00

Fig.9. Variation of Mn with Zn.

Discussion
Physical parameters and abundance

Nodules of mixed facies are of considerable
interest. Many investigators have correlated
physical properties of nodules to their chemi-
cal composition. Heye (1979), in seamount and
abyssal plain nodules from the Central Pacific,
found a decrease in Fe and an increase in Mn,
Ni and Cu corresponding to an increase in
maximum diameter. Although such relation-
ships cannot be generally applied to other
oceans, the present study does show a similar
relationship in the Carlsberg Ridge nodules.
The average chemical composition (Table 3),
however, does not match with that of the
Central Pacific seamounts; the variation of
Mn, Ni and Cu is quite large because the
seamount nodules cannot be compared chemi-
cally with those of the active ridge.
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The present study also indicates that rough-
surface nodules are richer in Mn, Ni and Cu
than smooth-surface nodules, an observation
similar to that of many investigators (Meyer,
1973; Fujinuki et al., 1977; Mizuno and Mori-
tani, 1977; Halbach and Ozkara, 1979; Heye,
1979) who correlated physical properties (mor-
phology and surface texture) with chemical
composition. Rough-surface nodules, accord-
ing to Raab (1972), are buried within the
sediments. The growth of a buried nodule,
therefore, takes place by accreting 10 A
manganates from sediment pore water en-
riched in Ni and Cu which subsequently
become concentrated in the rough-surface
nodules. The highest average value of the
Mn/Fe ratio (1.48) in the Sr-type nodules is
significant in this respect (Table 1).

The lowest nodule abundance (1.1 kg/m?,
station 1925) is associated with dominant Sr-
type nodules. Rough nodules with highest
values for Mn (20.759%), Ni (0.92%,), Cu (0.33%,)
and Co (0.16%,) in the OL show an inverse rela-
tionship with abundance (sample 14, Table 1).
Ellipsoidal nodules with a smooth surface
(Ss) texture (station 1935/2) (abundance of
3.03 kg/m?) have the highest concentration of
Mn (19.09%) and Ni (0.739%) in the IL and the
highest concentration of Co (0.179) in the
Core samples 68 and 70, Table 1). The greatest
abundance (5.85 kg/m?) was recorded at station
1907/1 where the Co concentration is highest in
the Core (0.689%,) (sample 8, Table 1).

An inverse correlation between abundance
and nodule grade has been reported in Pacific
Ocean nodules. The major factors affecting
this relationship, according to Frazer and Fisk
(1981), are sediment type and local topography.
Mizuno and Moritani (1977) noted a similar
inverse correlation in the nodules associated
with siliceous clay. In contrast, smooth-surface
nodules associated with clays are lower in Mn,
Ni and Cu.

Mineralogy

Colley et al. (1979) reported enrichment of Ni
and Cu in nodules from the Carlsberg Ridge

and noted significantly low levels of Co, an
observation confirmed in the present study.
The todorokite-rich samples normally contain
higher Cu+ Ni (0.669,) and Mn/Fe (1.65) levels,
whereas samples rich in §-MnO, will contain
lower Cu/Ni levels (up to 0.309%) and lower
Mn/Fe levels (0.48-0.74). Such low values of
Cu/Ni were obtained only at one station 1908/3
(Table 3).

Karisiddaiah (1985) observed an association
of alternate layers of §-MnO, and FeOOH.
XH,O0 in our nodules and suggested hydrogen-
esis involving slow precipitation of hydrated
metal oxides from near-bottom seawater as the
cause. According to Halbach et al. (1982), the
formation of todorokite depends on the supply
of Mn2?" ions during early diagenetic condi-
tions in the pore water. Burns and Burns (1978)
suggested post-recrystallisation processes
leading to the formation of authigenic todorok-
ite in the nodules. Similar processes must be
responsible for the formation of todorokite
platelets in the Carlsberg Ridge nodules.
Veinlets of todorokite within the nucleus of
Pacific Ocean nodules were also reported by
Chukrov et al. (1979).

Genesis

In order to discuss the genesis of the
Carlsberg Ridge nodules, the Bonatti et al.
(1972) diagram (Fig.10) has been used. Ninety-
three percent of the samples occupy the central

{ NisCu+Co ) X 10

e- 0L, o -1, a-CORE, o-AV
Fig.10. Fe-Mn—(Ni+ Cu+ Co) x 10 diagram.



field of hydrogenous Pacific Ocean nodules.
The remaining samples are close to this field.
Hydrogenous deposits are normally formed by
slow precipitation of Mn and Fe from seawater.
The presence of the §-MnO, mineral phase in
all the samples suggests that nodule formation
took place under high degrees of oxidation.

The strong correlation observed between Cu
and Ni indicates that these elements were
available in Mn oxide phases. Correlation of
Mn with Ni and Cu in the OL and whole data
analyses also supports this interpretation.
However, the absence of a correlation between
Mn and Cu in the IL suggests an intermittent
supply of Cu during nodule growth.

A nodule can grow by receiving metals from
both seawater and interstitial water and a
mixing model for this process has been sug-
gested by Piper and Williamson (1981). Their
Interpretation was that the differences in the
thermodynamic properties of Fe and Mn were
responsible for the high Mn/Fe ratios of 35:1 in
the outermost bottom layer and of between 1:1
and 2:1 in the near-surface layers of the
nodules. In the present case, the Mn/Fe ratio
ranges between 0.54 and 2.28 which indicates
that in these nodules the major contribution of
metal is from seawater. Variations in the
interlayer and bulk compositions are due to
variation in the source of supply which indi-
cates different rates of accretion for different
nodule layers.

Conclusions

Analysis of the seven different types of
manganese nodules recovered from the Carls-
berg Ridge has led to the following conclu-
sions:

(1) The concentrations of Mn, Cu and Co are
related to nodule diameter.

(2) Rough-surface spheroidal and ellipsoidal
nodules (Sr-type) show a gradual increase in
Mn, Fe, Ni, Cu, Co and Zn from the Core to the
OL, while smooth-surface irregular, elongated
and flattened types (ISs) and flattened types
(DPs) show decreasing concentrations of these
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elements. Further, the Sr-type nodules contain
the highest concentrations of Mn, Ni, Cu, Co
and Zn in the OL.

(3) Sr-type nodules are the most abundant,
whereas Ss-type nodules are the least abun-
dant.

(4) 6-MnO, is the dominant mineral phase
and the nodule mineralogy suggests formation
under hydrogenetic and diagenetic conditions,
the nodule composition in particular suggest-
ing fractionation of Cu and Ni by hydrogenetic
processes. Finally, the layerwise chemical
variation is due to variation in the source of
metal supply.
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