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Analysis of the World Distribution of Metal-Rich
Subsea Manganese Nodules

By V. E. McKelvey,' Nancy A. Wright,2 and Roger W. Bowen

ABSTRACT

Publicly available data on the composition of subsea manganese
nodules extend previous reports of differences in average metal
contents from acean to ocean and of variations related to latitude
and depth. Pacific Ocean nodules have the highest average
manganese, nickel, and copper contents, and Atlantic Ocean
nodules have the highest average iron content. The average
manganese, nickel, and copper contents generally increase
toward the equator in both hemispheres, and iron content
generally decreases. The variation of metal content with water
depth is not linear; instead, there appears to be a threshold depth
of about 2,900 to 3,000 m, above which combined nickel and cop-
per contents are generally less than 1 percent and below which
cobalt content is generally less than about 0.6 percent.

The composition of the nodules varies widely, but three rarely
overlapping types that are of possible economic interest can be
recognized. (1) Nodules containing more than about 1 percent
combined nickel and copper only exceptionally contain more than
0.5 percent cobalt and 35 percent manganese. (2) Nodules con-
taining more than 0.5 percent cobalt rarely contain more than 1
percent combined nickel and copper and 85 percent manganese.
(3) Nodules containing more than 35 percent manganese only ex-
ceptionally contain more than 0.5 percent cobalt, although they
average nearly 1.1 percent combined nickel and copper. Current
economic interest in nodule mining is focused on the Clarion-
Clipperton zone in the northeastern equatorial Pacific Ocean, the
largest known area in which nodules average 1.8 percent or more
combined nickel and copper. Several other areas in which nodules
are rich in these metals are found in the Pacific and Indian Oceans
and may be viewed as targets for exploration.

Nearly 60 chemical elements have been found in manganese
nodules, many in concentrations far exceeding their crustal abun-
dances. The amounts in which many minor elements are present
vary with the amounts of principal metals present, but the three
metal types described above do not include the maximum
reported values for several other elements, such as titanium (8.9
percent), vanadium (0.5), zinc (9.0), and lead (0.75). It seems possi-
ble, therefore, that there may be other kinds of metal-rich types,
some of which may have pétential economic value.

17.8. Geological Survey, retired.
2Deceased.

Many of the variations in nodule composition are in large part
a function of variations in mineral composition, to which many
factors contribute. Some of the regional variations can be broad-
ly related to oceanic circulation, basin morphology, and depth,
but a better understanding of ocean processes and regional
oceanography and geology is needed to explain all the variations
observed in the composition of manganese nodules.

INTRODUCTION

Through the good offices of J. Z. Frazer, we have
entered in the U.S. Geological Survey computer in
Reston, Va., all data on subsea manganese nodules
in the Seripps Institution of Oceanography’s Sedi-
ment Data Bank, which includes all published and
otherwise publicly available analyses of manganese
nodules, reported on or converted to a water-free
basis (for a description of the bank, see Frazer and
Fisk (1980)). We are thus able to analyze variations
in nodule composition related to geographic dis-
tribution, water depth, and other factors and to
identify areas in which the metal content of
available samples is high enough to justify further
exploration for deposits that might someday be
suitable for mining. The results reported here
place principal emphasis on variations in manga-
nese, iron, nickel, copper, and cobalt contents (col-
lectively referred to as the “metal content”).

WORLD AVERAGE METAL CONTENT OF
MANGANESE NODULES

As of March 1980, the Scripps Sediment Data
Bank contained chemical analyses of nodules from
2,401 stations. The metal contents, concentra-
tions, depths, and metal ratios from these stations
are summarized in table 1. Because the stations are
irregularly distributed (see fig. 1), even world
averages must be regarded as only approxima-
tions. More than 400 stations are located in the
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Clarion-Clipperton zone in the northeastern
equatorial Pacific—an area of about 2.5 million
square kilometers in which nodules average 25.43
percent manganese, 6.66 iron, 1.27 nickel, 1.02
copper, and 0.22 cobalt (McKelvey and others,
1979). Hein (1977) reported almost identical
averages for the several thousand samples col-
lected from the Clarion-Clipperton zone by the
Centre National pour I'Explotation des Oceans—
namely 25.56 percent manganese, 6.40 iron, 1.25
nickel, 1.05 copper, and 0.24 cobalt. The dispropor-
tionate number of samples there biases the world
averages. As the comparison in table 1 shows, ex-
clusion of Clarion-Clipperton zone values from the
world averages decreases somewhat the average
nickel, copper, and manganese contents, increases
iron content, and has no effect on cobalt content.
The world averages estimated by Cronan (1980,
slightly revised from 1976; 1977) are even lower in
manganese, nickel, and copper and higher in iron
and cobalt (table 2). Because more than 70 percent
of the stations outside of the Clarion-Clipperton
zone are in the Pacific and because the average
manganese, nickel, and copper contents of Pacific
nodules are higher than those of Atlantic and In-
dian nodules (table 3), the influence of Pacific
samples on the world averages shown in table 1 is
considerable. D. Z. Piper (personal commun., 1981)
pointed out, however, that nodules are far more
abundant in the Pacific Ocean than they are in the
Atlantic and Indian Oceans and that the number of
Atlantic stations in the Scripps Sediment Data
Bank (about 300 in comparison with about 300 In-
dian stations and nearly 1,800 Pacific stations)
may give the Atlantic undue weight in the world
average.

AVERAGE METAL CONTENT OF NODULES
IN EACH OF THE OCEANS

Mero (1962), Cronan and Tooms (1969), and
Cronan (1977) called attention to the fact that the
average manganese, nickel, and copper contents of
Pacific nodules are higher than those of Atlantic
and Indian nodules. These differences and others
are shown in table 3. Even when the Clarion-
Clipperton zone stations are eliminated, Pacific
nodules contain 1.38 and 1.2 times as much
manganese and 2.36 and 1.5 times as much com-
bined nickel and copper as Atlantic and Indian
nodules, respectively. As might be expected, these
differences also show up in the maximum values;
nodules from the Pacific Ocean contain as much as

TABLE 2.-Comparison of the world average metal content of
manganese nodules listed in table 1 with the values reported by
Cronan (1980)

[The Clarion-Clipperton zone is taken to be the area defined by 7° to 15° N., 114° to

153° W,
Table 1 values (in percent)
World excluding World values
Clarion-Clipperton reported by Cronan

World zone (in percent)
Mn _______ 18.60 17.45 16.174
Fe _______ 12.47 13.63 15.608
Ni _— .66 .55 .4888
Cu . .45 34 .2561
Ni+Cu ____ 1.12 0.90 7449
CoO 27 27 .2987

50.3 percent manganese and 3.44 percent com-
bined nickel and copper in comparison with max-
imums of 40.9 and 32.3 percent manganese and 2.3
and 3.24 percent combined nickel and copper for
the Atlantic and Indian Oceans, respectively. On
the other hand, both the mean and the maximum
iron contents are highest for Atlantic
nodules—16.97 and 50.0 percent, respectively, in
comparison with 14.23 and 39.63 for Indian
nodules and 11.4 and 41.9 percent for Pacific
nodules. Although the mean cobalt content is the
same for nodules from the Pacific and the Atlantic,
the maximum in Pacific nodules is 2.23 percent in
comparison with 1.44 in Atlantic nodules and 0.94
in Indian nodules. The mean cobalt content of
Atlantic nodules is more than twice the mean cop-
per content and is nearly as much as the mean
nickel content.

The metal ratios also differ considerably. Not
only is the manganese-iron ratio much lower in
Atlantic and Indian nodules, but the copper-nickel
ratio in Atlantic nodules is also appreciably lower
than the copper-nickel ratios in Pacific and Indian
nodules. The moderate negative correlation be-
tween manganese and iron in Pacific nodules is
much weaker in Indian Ocean samples and is near-
ly absent in Atlantic nodules. The strong positive
correlation between nickel and copper and the neg-
ative correlation between combined nickel and cop-
per and iron found in the Pacific nodules are
weaker in Atlantic and Indian nodules.

For comparison, table 4 shows the ocean
averages previously estimated by Mero (1962),
Goldberg (1965), and Cronan (1980) along with
those from table 3.

The average depth of the nodule stations is about
the same in the Pacific and Indian but is nearly 700
m shallower in the Atlantic. No data on concentra-
tion are available in the Atlantic; those in the In-
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TABLE 4.— Average metal contents of manganese nodules, by ocean
[The Clarion-Clipperton zone is taken to be the area defined by 7° to 15° N., 114° to 153° W.]

Pacific Ocean Atlantic Ocean Indian Ocean
Table 3 stations

All table minus Clarion- Mero  Goldberg Cronan Mero Cronan Cronan

3 stations  Clipperton zone  (1962) (1965) (1980)  Table 3 (1962) (1980 Table3  (1980)
Mn 20.1 18.84 24.2 19 19.78 13.25 16.3 15.78 1525 15.10
Fe _____________ 114 12.77 14.0 14 11.96 16.97 175 .78 14.23 14.74
N .76 .63 .99 4 .634 .32 42 .328 .43 .464
Ca 54 41 .53 .5 .392 .13 .20 116 25 116
Ni+Cu . 1.30 1.04 1.52 9 1.026 44 .62 444 .69 580
CO 27 .29 .35 .3 .335 27 31 318 21 325

! Estimates made on the basis of detrital-free material.

dian Ocean are sparse but, for what they are
worth, average about the same as those in the
Pacific.

In the Earth’s crust as a whole, in most of its
common rocks, and in seawater, with few excep-
tions, Fe>Mn >Ni>Cu>Co (Lee and Yao, 1970;
Goldberg and others, 1971). Except for means in
Atlantic nodules, this relationship holds true also
for means of nickel, copper, and cobalt shown in
table 3; only in Atlantic nodules, however, is the
mean iron content greater than the mean manga-
nese content. As table 5 shows, the average ratios
of nickel to cobalt and copper to cobalt in world and
Pacific nodules outside the Clarion-Clipperton zone
are somewhat similar to those in oceanic crust,
although they do indicate a moderate impoverish-
ment of cobalt relative to nickel and copper in the
nodules. In seawater and Clarion-Clipperton zone
nodules, the mean ratios of nickel to cobalt and
copper to cobalt are much higher than those in the
Earth’s crust or its major subdivisions. The dif-
ferences between the mean ratios of these metals
in nodules and in average Earth’s crust are minor,
however, in comparison with the difference in the
manganese-iron ratios. In the Earth’s crust, iron is
more than 40 times as abundant as manganese,
and, even in seawater, it is 1.5 times higher. Iron is
more abundant than manganese in some nodules
also, but only in the Atlantic is the mean iron con-
tent of the nodules greater than the mean
manganese content. In Clarion-Clipperton zone
nodules, the average manganese content is more
than four times the average iron content. In com-
parison with average contents in oceanic crust,
world nodule means for nickel, copper, and cobalt
are 47, 53, and 73 times greater, respectively, and
the mean for manganese is 103 times greater, but
that for iron is only 1.67 times larger. The dif-
ference between concentrations of iron and other
metals in ocean crust and in Clarion-Clipperton

zone nodules is even greater. The average
manganese, nickel, copper, and cobalt contents in
Clarion-Clipperton zone nodules are 141, 91, 120,
and 59 times greater, respectively, than their
averages in oceanic crust, whereas the iron con-
tent is 0.89 times greater than its average in
oceanic crust. The iron ratio would be even lower if
it were based only on soluble iron, for, according to
D. Z. Piper (personal commun., 1981), about 25
percent of the total iron in metal-rich nodules is in
insoluble silicates, most of which are very likely of
extraneous origin. In marine manganese nodules,
many metals are found in concentrations many
times higher than their crustal abundances, but
iron generally is not one of them; in fact, iron is
less abundant in the nodules of greatest current
economic interest than it is in oceanic crust.

WORLD AVERAGE METAL CONTENT OF
NODULES IN LATITUDINAL ZONES

It has been known for some time that the subsea
manganese nodules richest in nickel and copper
are found in the equatorial regions of the Pacific
Ocean (Mero, 1962; Horn and others, 1972, 1973;
Arrhenius, 1975; Piper and Williamson, 1977;
Skornyakova, 1979; Cronan, 1980; Heath, 1981;
Exon, 1982), although J. Z. Frazer (written com-
mun., 1980) pointed out that, whereas nodules
greatly enriched in copper occur only near the
equator, nodules high in nickel occur in many dif-
ferent regions. Hutchinson (1947) also reported a
latitudinal zonation of the iron-manganese ratio in
surficial sediments of the Atlantic, and Goldberg
(1954) found a pronounced dependence of this ratio
on latitude in pelagic sediments of the Pacific (see
also Skornyakova, 1965; Greenslate, 1975; Piper
and Williamson, 1977). Tables 6 and 7 show that
the relation between latitude and the metal con-
tent of the nodules extends to higher latitudes as



TABLE 5.—Some metal ratios in manganese nodules in comparison with those in the Earth’s crust and seawater
{Crustal values from Lee and Yao (1970). Seawater values from Goldberg and others (1971). Concentrations of manganese, nickel, and copper listed by these authors are much
higher than more recent determinations by Bender and others (1977) and Bender and Gagner (1976), who are skeptical about the validity of higher values reporbed' earlier, but
these differences seem unlikely to affect sense of comparison of metal ratios shown here. Manganese nodule ratios based on ratios in samples for which both constituents have
been determined. They differ, therefore, from metal ratios that would be obtained for means of individual constituents. The Clarion-Clipperton zone is taken to be the area

defined by 7° to 15° N., 114° to 153° W.]

Manganese nodules

World Pacific

minus minus

Clarion-  Clarion- Clarion-

Crust Clipperton Clipperton ~ All  Clipperton ) .

Earth Oceanic Continental Seawater World zone zone Pacific zone Atlantic  Indian
Mn/Fe __________ 0.017 0.024 0.02 0.66 2.26 1.81 4.52 2.64 2.10 0.95 1.34
Ni/CO e 3.5 3.2 3.4 17.5 3.90 3.46 5.85 4.27 3.79 1.90 3.67
CwCo e ______ 25 2.3 2.8 7.5 2.82 2.39 4.81 3.19 2.69 .92 2,51

well. These data are summarized in table 8 for easy
comparison. The average manganese, copper, and
nickel contents generally increase toward the
equator in both hemispheres, and iron decreases,
although its high is in the 20° to 40° S. zone.
Cobalt decreases slightly toward the equatorial
region in the northern hemisphere but shows the
opposite relation in the southern hemisphere. The
increase toward the equator holds nearly as well
for the maximum values of manganese, nickel, and
copper. Curiously, however, the maximum values
of iron and cobalt in both hemispheres are between
latitudes 20° and 40°. Although the total metal
content also increases toward the equatorial
regions in both hemispheres, the difference is
relatively small, except below latitude 60°, where
the total of the five metals considered is only about
25 percent, an indication that less than half of the
nodules are composed of iron and manganese
minerals.

The latitudinal relations for manganese and com-
bined nickel and copper are also shown in figures 2
and 3. These plots show well the increase in these
metals toward the equator, but the graphs indicate
that their contents decrease rather abruptly in the
zone extending a few degrees north and south of
the equator, as Piper and Williamson (1977) also
showed. The graphs also show a rather curious
decrease in manganese and combined nickel and
copper between 20° and 30° S.

Although the average values for both nickel and
copper generally increase toward the equatorial
regions (the value for nickel between 40° and 60°
S. is a slight departure from this trend), the
copper-nickel ratios are not uniform (J. Z. Frazer,
written commun., 1980). In the northern hemi-
sphere, the copper-nickel ratio increases from an
averge of 0.49 between 40° and 60° N. to 0.8 in the
equatorial region. In the southern hemisphere, it is

more erratic; the high average of 0.80 is south of
60° S. (where nickel and copper values are very
low), and the low average of 0.59 is between 20°
and 40° S. The latitudinal change in the percent-
ages of nickel and copper contents is much greater
than that for iron and manganese contents (Skorn-
yakova, 1979).

The world averages are strongly influenced by
the large number of Pacific stations, but somewhat
similar latitudinal relationships prevail in each
ocean (tables 9, 10, and 11). Expectably, the trends
for Pacific nodules are essentially the same as
those for world averages. Although the data for
some Atlantic latitudinal categories are too sparse
to justify much confidence in the trends there, the
general increase in manganese toward the equator
is found in Atlantic nodules, although the highest
value in the northern hemisphere is between 40°
and 60° N. The highest means for nickel and cop-
per are in the 20° to 40° range for both
hemispheres in the Atlantic, and, although general
equatorial increases are shown for these metals in
the Pacific and Indian Oceans, slight secondary
highs occur in the 40° to 60° range in both. The
iron content of North Atlantic nodules decreases
toward the equator but seems erratic in the South
Atlantic. Although iron contents generally
decrease toward the equator in the Pacific and In-
dian Oceans, the highest means are found in the
20° to 40° range in both, and the highest value for
the world (50 percent) is located in the 20° to 40°
N. range in the Atlantic.

RELATION OF METAL CONTENT OF
NODULES TO WATER DEPTH

Many previous investigators have reported a
relation between nodule composition and water
depth (Menard, 1964; Mero, 1965; Barnes, 1967;
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FIGURE 2.- Relation between manganese content in manganese nodules and their latitudes at stations in the Seripps Institution of

Oceanography’s Sediment Data Bank.

TABLE 8.— World average and maximum (in parentheses) metal contents (in percent) of manganese nodules, categorized by latitude

0°-<20°N.
minus
Clarion-
40°-<60° 20°- <40° 0°-<20° Clipperton 0°-<20° 20°-<40°
N. N. N. zone! S.

40°-<60°
=60° S.

Mn__________

Ni

15.67(33.9) 18.10 (40.9) 22.10 (50.3) 20.41 (50.3) 18.20 (42.3) 15.20 (38.0) 13.40 (36.0) 9.40

Fe ________________1546(26.0) 13.64(50.0) 9.20(26.7) 11.17(26.7) 13.80 (34.0) 15.90 (39.6) 14.60 (30.6) 14.90 (25.6)
31(72)° 57(1.69) .93(1.95) .72(1.60) .55(1.80) .42 (1.73)

______ 14(49)  32(1.10) .73(1.90) .55(1.90) .37(1.66) .20(.88)

______ 45(1.21)  .89(2.46) 1.67(3.44) 1.27(3.44) .91(3.24) .61(2.30)

______ 32(1.01) .28(1.64) .26(1.50) .28(1.50) .29(1.88) .29 (2.23)

...... 31.90 32.91 33.22 33.13 33.21 32.01

45(1.65) .31 (1.00)
20(89)  .19(58)
65(2.49) .49 (1.58)
.19(1.06) .19 (57)

28.84 24.99

! In northeastern equatorial Pacific. The Clarion-Clipperton zone as a whole is taken to be the area defined by 7° to 15° N., 114° to 1563° W.
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FiGURE 3.-Relation between combined nickel and copper content in manganese nodules and their latitudes at stations in the
Seripps Institution of Oceanography’s Sediment Data Bank.

Cronan, 1967, 1977, 1980; Cronan and Tooms,
1969; Piper, 1972, 1974; Horn and others, 1973;
Skornyakova, 1976, 1979; Piper and Williamson,
1977; Pautot and others, 1978; J. Z. Frazer, writ-
ten commun., 1980; Andrews and others, 1980).
High values of cobalt, for example, are found main-
ly on seamounts, and cobalt content tends to
decrease with increasing depth. Tables 1, 3, 6, and
7 show a moderate negative correlation of cobalt
with depth (south of latitude 60° S., the correlation
is weakly positive; the negative correlation is
rather strong only in the group of samples from

40° to 60° N.) and a weak positive correlation of
combined nickel and copper with depth. Data on
three groups of stations are summarized in table
12. Stations in water depths of less than 2,000 m
average 0.53 percent cobalt, 18.00 percent manga-
nese, 14.81 percent iron, and only 0.50 percent
combined nickel and copper. Samples from water
depths of greater than 4,000 m average 18.6 per-
cent manganese, 11.7 percent iron, 1.24 percent
combined nickel and copper, and only 0.24 percent
Co. If Clarion-Clipperton zone samples are
eliminated, the average manganese value drops to
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FIGURE 4.—Relation between depth and combined nickel and copper content in manganese nodules at stations in the Scripps Institu-
tion of Oceanography’s Sediment Data Bank.

17.10 percent, combined nickel and copper de-
creases £0 0.99 percent, iron increases to 13.01 per-
cent, and cobalt content remains unchanged.
Given the rather marked differences in the metal
contents of these groups, one might expect the cor-
relations of nickel, copper, and cobalt with depth to
be stronger than tables 1, 3, 6, and 7 indicate. The
explanation is found in figures 4 and 5, which show
that the depth relation is not linear; rather, there is
a threshold depth of about 2,900 to 3,000 m, above
which combined nickel and copper contents
greater than 1 percent are rare and below which

12

nodules containing cobalt in amounts greater than
about 0.6 percent are rare. As figures 6 through 11
show, below the threshold depth for combined
nickel and copper and above it for cobalt, the max-
imum metal contents rise to an optimum depth
range and then decline. Nodules containing more
than 3.0 percent combined nickel and copper, for
example, are found only in a depth range of about
4,450 to 5,450 m in the Pacific, and nearly all of
them are in a range of 4,800 to 5,200 m. No such
values are found in the Atlantic, but the few
samples containing more than 1.5 percent com-
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TABLE 9.- Average and maximum (in parentheses) metal_contgyntligwcent) of manganese nodules in the Pacific Ocean,

categorized
40°-<60° 20°-<40° 0°-<20° 0°-<20° 20°-<40° 40°-60°
N. N. N. S. S. S. >60° 8.
(30 stations) (355 stations) (885 stations) (244 stations) (146 stations) (98 stations) (32 stations)
Mn 15.71(33.9) 19.72(89.56) 22.39(50.30) 18.30(42.3) 16.46(38.02) 14.89(36.0) 10.11(22.40)
Fe 11.33(26.0) 12.28(41.90) 8.90(26.7) 14.17(34.0) 16.93(32.20) 14.13(28.20) 15.57 (25.64)
Ni 35(.72) 66(1.69)  .96(1.95)  .54(1.80) .47(1.73)  .54(1.65)  .32(1.00)
Cu .19 (.49) 38(1.10)  .76(1.90)  .34(1.54)  .22(.65) 24 (84) 20 (.58)
Ni+Cu ______________ 54(121) 1.04(246) 1.72(3.44)  .89(3.11) 69217  .79(249)  .52(1.58)
Co 24 (.86) 28(1.64)  26(1.50)  .31(1.88)  .35(223)  .22(1.06)  .19(57)
Total __________ - 27.82 33.32 33.27 33.66 34.43 30.02 26.39
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FIGURE 6.~ Relation between depth and combined nickel and copper content in Pacific Ocean manganese nodules at 1,770 stations
in the Scripps Institution of Oceanography’s Sediment Data Bank.

8000

TABLE 10.—Awverage and maximum (in parentheses) metal contents (in percent) of manganese nodules in the Atlantic Ocean,
categorized by latitude

20°-<40° N.

>60° 8.
(1 station)

>60° N. 40°-<60° N. 0°-<20° N. 0°-<20°S. 20°-<40° 8. 40°-<60°S.

(1 station) (30 stations)

(120 stations)

(12 stations)

(7 stations)

(56 stations)

(72 stations)

10.36  15.03 (27.39)
22.83  19.58 (24.28)
27 (.68)
.08 (:34)
85 (1.02)
39 (1.01)
35.35

Ni+Cu _______
CoO
Total

13.25 (40.90) 14.06 (34.80) 15.13 (24.00) 14.51 (26.78)
17.62 (50.00) 15.84 (23.70) 19.54 (22.4)

.30 (1.56)

.13 (.62)

A4 (1.97)

.29 (1.04)
31.59

24 (.78)
11 (48)
35 (1.21)
25 (0.51)
30.50

25 (43)
.09 (.15)
.34 (51)
49 (1.44)

35.50

14.67 (26.40)
42 (1.42)
.15 (.88)
57 (2.30)
.30 (1.01)

30.05

1.00
710
14
.10
24
.10
8.44

11.16 (26.64)
16.56 (34.55)
.30 (.99)
.13 (41)
43 (1.40)
.16 (.76)

28.31

14



COMBINED NICKEL AND COPPER CONTENT, IN PERCENT

0 1000

2000

3000 4000

5000

DEPTH, IN METERS

FiGURE 7.—Relation between depth and combined nickel and copper content in Atlantic Ocean manganese nodules at 296 stations
in the Scripps Institution of Oceanography’s Sediment Data Bank.

TABLE 11.-Average and mazximum (in parentheses) metal contents

6000

7000 8000

wcmt) of manganese nodules in the Indian Ocean,

categorized by laty
[—, no data]
0°-20° N. 0°-<20° S. 20°-<40° 8. 40°-<60° S. >60° 8.
(28 stations) (73 stations) (159 stations) (42 stations) (2 stations)
Mn 16.52 (32.30) 18.05 (32.25) 14.36 (26.50) 13.53 (24.57) 3.07 (3.93)
Fe 16.64 (22.80) 11.92 (19.70) 15.47 (39.63) 12.25 (21.60) 8.94 (12.22)
Ni .38 (.81) .58 (1.58) 37 (1.19) .48 (1.43) .04
Cu .10 (.30) .47 (1.66) .18 (.84) .25 (.89) .02
Ni+Cu .48 (1.08) 1.06 (3.24) .55 (1.95) 72 (2.13) .06
Co .29 (.93) .20 (.94) .22 (.62) 138 (.37) -
Total . — 3393 31.22 30.6 26.64 12.07

15
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COMBINED NICKEL AND COPPER CONTENT, IN PERCENT

0 | | |

S .
Y

1000 2000 3000

4000 5000 6000 7000

DEPTH, IN METERS

FiGURE 8. - Relation between depth and combined nickel and copper content in Indian Ocean manganese nodules at 300 stations in
the Scripps Institution of Oceanography’s Sediment Data Bank.

bined nickel and copper occur in a depth range of
about 4,850 to 5,200 m. In the Pacific, the optimum
depth range for nodules containing more than 1
percent cobalt is about 800 to 1,850 m; in the
Atlantic, it is about 1,000 to 1,650 m. No such high
values have been found in Indian nodules, but one
of the two highest reported is from a depth of
about 1,350 m. The rather substantial differences
in the mean values of nickel, copper, iron, and
cobalt above and below the 3000-m depth are
shown in table 13.

17

Cronan and Tooms (1969, p. 340) also noted the
enrichment of nickel and copper in the deeper
water nodules and observed “that 3000-4000 mis a
critical depth for many of the elements. In the case
of Co, Cu, Pb, Ba, and V, in particular, there is a
sharp difference between the concentrations above
and below 3000 m. Those elements which are in
higher concentrations in the shallower waters tend
to increase gradually in concentration from 3000 m
to the surface. A similar distribution is observed in
the case of Cu although the highest average con-
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FIGURE 9.-Relation between depth and cobalt content in Pacific Ocean manganese nodules at 1,710 stations in the Scripps
Institution of Oceanography’s Sediment Data Bank.

TABLE 13.—Metal contents of manganese nodules in water depths above and below 3,000 m

<3,000 m >38,000 m
No. of stations Mean (percent) No. of stations Mean (percent)
Mn 324 17.16 1,931 18.60
Fe 324 15.63 1,926 12.17
Ni 323 .39 1,936 .69
Cu 309 .10 1,935 .49
Ni+Cu 309 .50 1,933 1.18
Co 307 .46 1,855 23

18
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FIGURE 10.—Relation between depth and cobalt content in Atlantic Ocean manganese nodules at 285 stations in the Scripps Institu-
tion of Oceanography’s Sediment Data Bank.

centrations are recorded at the maximum depths.”
(As indicated above, the increase “to the surface”
does not hold for cobalt). Piper (1974) reported
that the rare-earth composition of nodules also
changes at the 3,000-m depth, and Piper and
Williamson (1977) showed that the high values of
the manganese-iron ratio as well as those of nickel
and copper are below this depth.

As figure 12 shows, manganese shows little cor-
relation with depth, although the data suggest a
decrease in the maximum values and possibly an
increase in the minimum with increasing depth. No

19

nodule analysis shows more than 32 percent
manganese below depths of 5,300 m, and only one
reports less than about 13 percent below 6,000 m.

The increase in the copper-nickel ratio with in-
creasing depth reported by S. A. Mooreby (unpub-
lished thesis, 1978, discussed by Cronan (1980)) for
Indian Ocean nodules is seen also by comparing the
mean copper-nickel ratio with mean depths in the
various populations analyzed in the tables here.
Thus, at the mean depth of 1,266 m for samples
from depths of less than 2,000 m, the copper-nickel
ratio is 0.196; at a mean depth of 3,395 m for
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FIGURE 11.-Relation between depth and cobalt content in Indian Ocean manganese nodules at 289 stations in the Scripps Institu-
tion of Oceanography’s Sediment Data Bank.

samples between 40° and 60° N., the ratio is 0.49;
at a mean depth of 4,379 m for all Pacific stations,
it is 0.71.

RELATION OF NODULE CONCENTRATION
TO WATER DEPTH

The publicly available data on concentration of
manganese nodules are insufficient, especially out-
side of the Pacific, to support any firm conclusions,
but, in the population shown in figure 13, all but

one of the stations having more than about 13 kg of
nodules per square meter occur at depths greater
than about 3,700 m. Analysis of hundreds of free-
fall grab samples collected by the Centre National
pour Exploitation des Oceans-Société Le Nickel
and the Association Francaise pour 'Etude et la
Recherche des Nodules Polymetalliques led Pautot
and Melguen (1979) to conclude that the greatest
concentrations of nodules are restricted to an in-
terval of 300 to 400 m, the lower limit of which
varies from basin to basin but falls within the
range of 4,350 to 5,200 m—close to the carbonate

20
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FiGURE 12.-Relation between depth and manganese content in manganese nodules at stations in the Seripps Institution of
Oceanography’s Sediment Data Bank.

compensation depth in each basin. Skornyakova
(1979) also reported that the highest concentra-
tions are confined to depths below the carbonate
concentration depth.

Although available evidence thus indicates that
the greatest concentrations of nodules occur at
abyssal depths, the encrustations, which average 2
cm in thickness over large areas, reported by
Manheim and others (1982) on mid-Pacific sea-
mounts at depths between 2,500 and 1,200 m
represent a far greater concentration of
metalliferous oxides per unit area than the nodules

do, except in their rarest concentrations; in fact,
the average concentration of manganese oxide
crust of 83 kg/m? implied by Manheim and Halbach
is four times the average of 8.33 kg/m? dry weight
in nodules of the Clarion-Clipperton zone.

METAL-RICH TYPES OF MANGANESE
NODULES

Examination of metal-rich manganese nodules
led us to conclude that three distinct, only rarely
overlapping compositional types of possible

21
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FiGURE 13.-Relation between depth and concentration of manganese nodules at stations in the Scripps Institution of
Oceanography’s Sediment Data Bank.

economic interest could be recognized: (1) nodules
containing more than 1 percent combined nickel
and copper, (2) nodules containing more than 0.5
percent cobalt, and (3) nodules containing more
than 35 percent manganese (although nodules in
this group contain morethan 0.5 percent cobalt on-
ly exceptionally, they do average nearly 1.1 per-
cent combined nickel and copper). The metal con-
tents of these types are summarized in tables 14,
15, and 16; the groups having high combined nickel
and copper contents and high cobalt contents have
been broken into two parts. These groups are

22

similar to ones defined for the composition of
Pacific nodules by Howarth and others (1977) by
means of a nonlinear mapping technique. Their
group 2, for example, averages 0.60 percent
cobalt, 0.56 percent combined nickel and copper,
and 15.58 percent manganese. Their groups 3, 4,
and 5 average 0.3, 0.27, and 0.17 percent cobalt,
1.15, 1.97, and 2.74 percent combined nickel and
copper, and 17.67, 22.07, and 26.99 percent
manganese, respectively. Their group 6 averages
0.06 percent copper, 1.05 combined nickel and cop-
per, and 34.29 percent manganese.
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Tables 14 and 15 show nodules high in combined
nickel and copper worldwide and outside the
Clarion-Clipperton zone. Average combined nickel
and copper contents of nodules within the Clarion-
Clipperton zone seem to be slightly richer than
those of nodules outside, but nodules rich in com-
bined nickel and copper have essentially the same
chemical compositions wherever they are found.
Given the depth and latitude relations already
discussed, one would expect nodules rich in nickel
and copper to occur at abyssal depths in low
latitudes; tables 14 and 15 and figures 14 and 15
confirm this expectation. Figures 14 and 15,
however, show that nodules rich in nickel and cop-
per also occur at higher latitudes. In both the
Pacific and the Indian Oceans, nodules richest in
nickel and copper are found mainly in the eastern
parts (Cronan and Tooms, 1969; Tooms and others,
1969; Cronan, 1980). Nodules containing 1.8 per-
cent combined nickel and copper or more are
essentially absent from the Pacific west of 180°
W., even at low latitudes, and none have been
reported west of 75° E. in the Indian Ocean (fig.
14). Only a few samples containing 1.8 percent
combined nickel and copper or more have been
reported from the Atlantic, but the largest concen-
trations of samples containing =1.0 to <1.8 per-
cent also lie on the eastern side of the basin (fig.
15).

Nodules containing =1.0 to <1.8 percent com-
bined nickel and copper are generally distinct from
those in the cobalt- and manganese-rich groups. In
comparison with those containing 1.8 percent com-
bined nickel and copper or more, they are lower in
manganese and higher in iron, and their copper-
nickel ratio is appreciably lower.

Tables 14 and 15 indicate that the concentration
of nodules on the sea floor is inversely related to
combined nickel and copper content, both in the
lower average concentration found in the =1.8-
percent nodules in comparison with those in the
=1.0- to <1.8-percent range and in the maximum
nodule concentration in each group. This relation
was previously reported by Menard and Frazer
(1978) for the entire Pacific but was found to be
weak in the Clarion-Clipperton zone (McKelvey
and others, 1979).

The manganese content of nodules high in cobalt
(table 16) is similar to that of nodules high in com-
bined nickel and copper, but the iron content is
much higher. They are low in combined nickel and
copper, and the copper-nickel ratio is also low.
Comparison of the =0.5- to <1.0-percent group

shows that manganese is appreciably higher in the
=>1.0-percent group, iron is slightly lower, the
copper-nickel ratio is lower, and the average depth
is about 1,000 m less. Figures 16 and 17 suggest,
along with previous observations (for example,
Mero, 1962; Menard, 1964; Cronan and Tooms,
1969; Piper and Williamson, 1977; Calvert, 1978),
that, although cobalt-rich nodules occur over a
wide range of latitudes and longitudes, those con-
taining more than 1 percent and even more than
0.5 percent cobalt are relatively more populous in
the central and western Pacific. The =1.0 percent
cobalt group is essentially of the same composition
as the encrustations recently reported on mid-
Pacific seamounts by Manheim and others
(1982)-1.0, 0.5, 25.0, and <0.1 percent cobalt,
nickel, manganese, and copper, respectively, in the
crusts, according to Manheim and others, in com-
parison with 1.25, 0.55, 26.02, and 0.094 percent
averages for the same metals in the =1.0 percent
cobalt nodules shown in table 16. It may be that
some of the samples reported as nodules in the
Scripps Data Bank are in fact encrustations.

Nodules containing more than 1.0 percent cobalt
have not been reported in the Indian Ocean, but
those containing 0.5 percent cobalt or more are
confined to the western side of that basin. The
number of samples in the =1.0-percent cobalt
group is only 27, perhaps not enough to justify
much confidence in the observations made about
them here.

Nodules high in manganese (table 16) also have
been found at only 27 stations, again too few to
support much generalization about them. The data,
however, indicate that they are relatively low in
iron (some are very low); the mean manganese-iron
ratio is 16.12, in comparison with 4.43 for nodules
of the 1.8-percent or more combined nickel and
copper type. The average combined nickel and cop-
per content, 1.08 percent, falls in the lower range
of the =1.0- to <1.8-percent combined nickel and
copper group. Halbach and Fellerer (1980) found,
for nodules from the southeastern Pacific, that
combined nickel and copper increases as the
manganese-iron ratio increases up to about 5 and
decreases as the ratio increases further.

Although the number of samples shown in figure
18 is small, all but two of them occur in the eastern
and north equatorial Pacific (see also Mero, 1962;
Cronan and Tooms, 1969; Skornyakova, 1979;
Cronan, 1980; Heath, 1981). Only one sample is in
the Atlantic, and none have been found in the In-
dian Ocean. Whereas the nodules especially rich in
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manganese are found along the eastern margin of
the Pacific basin, Skornyakova (1979) reported
that those rich in iron are from its western margin,
where they have concentrations as high as 70 per-
cent Fe,03 and manganese-iron ratios of less than
1 (see also Price and Calvert, 1970).

TARGETS FOR EXPLORATION

The Clarion-Clipperton zone of the northwestern
equatorial Pacific is the largest and most promis-
ing area known to have nodules rich in nickel and
copper; in fact, at this stage, it seems likely that no
other area of comparable size containing nodules of
comparable quality and concentration will be
found. Nevertheless, analysis of the data on the
2,401 stations in the Scripps Sediment Data Bank
shows that there are several other areas that ap-
pear to contain metal-rich nodules, including some
that might be high enough in combined nickel and
copper (that is, 1.8 percent or more) to justify ex-
ploration for sites suitable for first-generation
mining.

For the purpose of this analysis, the locations of
stations falling into the metal types described in
the preceding section were plotted on a world map
(parts of which are reproduced in this report) as a
basis for selecting areas in which nodules might
contain 1 percent combined nickel and copper or
more and that therefore seemed to deserve further
study. The results, shown on the following pages,
give some indication of areas that would seem
favorable for further exploration. Because data on
concentrations outside of the Clarion-Clipperton
zone are few, no attempt has been made to
estimate tonnage in other areas. Estimates of
average grade and of size are given for several
areas, but, because the data are sparse, these
estimates must be taken as only a rough indication
of what may be present in areas that, at this stage,
are merely targets for exploration. Nor should it be
concluded that the areas identified as warranting
further study are the only ones that deserve fur-
ther exploration. As the maps show, many other
areas contain high-quality nodules, and further
sampling might show some of these areas to be of
minable size.

No consideration has been given here to further
identifying exploration areas for nodules rich in
cobalt or manganese. The data shown in figures
16, 17, and 18 do suggest, however, that there may
be large areas in which such nodules might be
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found. One of the striking results of this analysis as
well as of others is that there appears to be con-
siderable continuity in the combined nickel and
copper content of manganese nodules over large
areas, and this continuity may hold also for nodules
rich in cobalt and in manganese. The data suggest,
for example, that one or more such areas in which
nodules contain more than 1 percent cobalt may be
found in the north-central Pacific between 158°
and 180° W. This region is the one within which
Manheim and others reported -cobalt-rich
manganese oxide encrustations to “cover nearly
the entire exposed surface of the seamounts
studied” between depths of 2,500 and 1,200 m.
Samples containing more than 35 percent
manganese that have been reported along the
eastern side of the Pacific basin (fig. 18) may be in-
dicative of large areas of manganese-rich nodules.

Several areas in which nodules have high com-
bined nickel and copper contents have been
selected for further analysis; these areas are
shown in figures 19, 20, and 21, along with the
average combined nickel and copper contents for
all stations within each area. These averages range
from 0.72 percent combined nickel and copper in
the South Atlantic to 1.56 percent in the central
south equatorial Indian Ocean. Figures 22 through
28 are enlarged maps of the same areas within
which we have tried to delineate smaller areas of
nodules containing more than 1.0 percent and
more than 1.8 percent combined nickel and copper.
Nodules containing lesser amounts have been in-
cluded in these smaller areas where the average of
that station and the ones adjacent to it is above the
cutoff. It must be emphasized that areas thus delin-
eated are significant only as targets for further ex-
ploration.

As figures 23, 24, and 27 show, fairly large
target areas for nodules containing more than 1.8
percent combined nickel and copper can be iden-
tified in the central north equatorial Pacific Ocean,
the southeastern equatorial Pacific Ocean, and the
central-south equatorial Indian Ocean. If nodule
mining becomes possible, the rich resources of the
Clarion-Clipperton zone will probably be large
enough to support production for several decades.
Some time in the distant future, however, it may
be feasible to mine lower grade nodules; looking to
that possibility, one can identify even larger areas
in which the nodules contain =1.0 to <1.8 com-
bined nickel and copper.
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FiGURE 19. - Distribution in the Pacific Ocean of manganese nodules having high metal contents.

As already mentioned, those target areas iden-
tified on the maps should not be thought the only
ones worth considering. Others can be picked out
from figures 14, 18, and 19. For example, a fair-
sized target for nodules containing more than 1.8
percent combined nickel and copper appears to lie
at 154° to 160° W., 1° to 8° S. in the South Pacific
(McKelvey and Wright, 1980); on the basis of re-
cent sampling, Exon (1982) identified this area and
others in the central South Pacific between
latitudes of 1° and 7° S. as having nodules of
potential economic significance). The large area at
124° to 160° W., 0° to 18° S. would be a target for

nodules containing more than 1.0 percent com-
bined nickel and copper. Of course, further sampl-
ing may disclose other promising areas now
unknown.

OTHER ELEMENTS IN MANGANESE
NODULES

Some 51 other elements are present in the
analysis of subsea manganese nodules entered in
the Scripps Sediment Data Bank in addition to
manganese, iron, nickel, copper, and cobalt. Data
on these elements, summarized in tables 17
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TABLE 17.- Other elements in manganese nodules of the world and of the Pacific, Atlantic, and Indian Oceans

[-, no data]
World Pacific Atlantic Indian

No. of Mean Range Standard mean mean mean

stations (percent) (percent) deviation (percent) (pereent) (percent)
Li 19 0.010 0.00-0.060 0.014 0.02 - 0.001
Be 40 .001 .00-.010 .002 .001 - .001
B 86 029 .002-.090 .018 .030 0.025 007
C 75 327 .033-1.50 315 342 N 212
F 2 3.00 3.00-3.00 0 3.0 - 3.0
Na 410 1.97 .30-6.55 .82 2.05 1.86 1.70
Mg 531 1.57 .02-5.39 .63 1.50 1.75 1.43
Al 592 2.70 11-8.00 1.30 2.75 2.37 2.67
Si 509 7.69 .24-28.80 4.12 7.62 6.34 9.39
P 321 37 .02-6.03 77 .28 91 37
S 106 .51 .056-3.50 71 32 1.34 .83
Cl 13 .83 .28-1.01 17 .83 - -
K 490 .73 .11-3.70 .45 .82 b7 48
Ca 1,083 2.23 .02-28.73 2.54 1.96 3.72 1.97
Se o 76 .005 .00-0.269 031 .005 002 001
Ti 900 69 .01-8.90 47 NE 42 .62
v 437 .052 .001-.500 .033 .051 .06 .054
Cr 274 .007 .000-.231 .024 .009 .006 .002
In . 1,363 12 .01-9.00 41 116 123 .149
Ga ________ 57 .001 .000-.007 .001 .001 001 .001
Ge 4 .004 .000-.009 .004 .004 - -
As 63 .014 .002-.048 .009 .011 .02 .018
Rb __ 32 .002 .000-.006 .001 .002 - -
Sr 369 .085 .001-.285 .042 .084 094 079
Y 134 015 .002-.095 .013 .015 024 .011
Zr 289 .057 .002-.360 .038 .061 .056 034
N o 68 .007 .001-.030 .005 007 004 .007
Mo . 836 .038 .002-.220 .022 041 .031 .029
Ag 7 .001 .000-.002 .001 .001 - -
cd 129 .001 .000-.003 .001 001 001 .001
Sn 141 .008 .000-.040 .008 010 007 001
s - 10 .005 .004-.005 .000 005 004 -
Te 17 .022 .017-.027 .003 022 - -
1 1 .250 - - .25 - -
Ba 463 .23 .000-2.14 .21 .235 228 21
La 75 .021 .009-.070 012 .022 .023 .018
Ce 72 072 .009-.300 .059 .069 - 125
Nd 37 .026 .007-.070 .014 .027 - 011
Sm________________ 38 004 .002-.011 .002 004 - .004
Bu ________ 38 .001 .000-.002 000 001 - 001
™ 36 .001 .000-.002 .000 .001 - .001
Yy 101 .003 .001-.010 001 .003 .003 001
Lv 32 .000 .000-.001 000 .000 - 000
u____ 8 .001 .000-.001 .000 .001 - -
Ta 9 .002 .000-.002 .001 .002 - -
w 22 010 .003-.060 011 008 - 012
Hg 1 .000 - - .000 - -
Tl 130 .016 .000-.061 .010 017 .018 008
p___ 1,246 .093 .01-.75 .067 .083 14 101
Bi 41 .002 .000-.009 .002 .003 .001 .001
T 121 .003 .000-.013 .002 .003 - .003

through 20, follow the general structure adopted in
the presentation of data on principal metals.

The world mean contents (table 17) of sodium
(1.97 percent), magnesium (1.57), aluminum (2.70),
silicon (7.69), and calcium (2.23) exceed 1.5 percent
in the nodules; the sum of the oxides of these
elements at their mean values is about 30 percent.
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In the =0.1- to <1.5-percent range are the means
of carbon (0.327 percent), phosphorus (0.37), sulfur
(0.51), chlorine (0.83), potassium (0.73), titanium
(0.69), zinc (0.12), and barium (0.23). The means of
12 other elements (lithium, vanadium, strontium,
yttrium, zirconium, molybdenum, tellurium, lan-
thanum, cerium, neodymium, and lead) are in the
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FIiGURE 20.- Distribution in the South Atlantic Ocean of manganese nodules having high metal contents.

range of <0.01 to <0.1 percent. Although the
mean concentrations of these elements in nodules
are all much lower than those in the deposits from
which they are mined on land, many represent
substantial geochemical concentrations. For exam-
ple, in comparison with the averages estimated by
Lee and Yao (1970) for oceanic crust, the mean for
zine in nodules is 10 times greater, that for lead is
93 times greater, and that for molybdenum is 253
times greater. Even though their amounts are
relatively small, some of these minor metals for
which the price is relatively high conceivably might
be recovered as byproducts in the extraction of
nickel and copper.

Analyses available for other elements are fewer
than those available for the metals previously

discussed. Given this limitation, it nevertheless ap-
pears that regional variations similar to those
observed for the principal metals occur in the con-
tents of some other elements. If only elements for
which the station population in each ocean is 10 or
more are considered, the means for phosphorus,
calcium, and yttrium in Atlantic nodules are more
than 20 percent higher than the world mean, and
those for potassium and titanium are more than 20
percent lower (table 17). The means for silica,
arsenic, and cerium are more than 20 percent
higher than the world mean in the Indian Ocean,
and those for lithium, carbon, zirconium, potas-
sium, molybdenum, and tin are more than 20 per-
cent lower. Because stations in the Pacific are
much more numerous than those in other oceans,
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TABLE 18.-Means of other elements (in percent) in manganese nodules of the world, grouped by latitude
[-, no data. Values set in italics are based on 10 stations or more]

Element 60°-40° N. 40°-20° N, 20° N.-0° 0°-20° 8. 20°-40° S. 40°-60° S. 60°-80° S.
) 5 - 0.02 0.001 0.001 - - -
Be o __ 0.000 .000 .000 .001 0.001 0.002 -
B .028 .026 .02 029 .022 043 -
Coo .26 .29 22 .30 412 .682 -
Fo - - 3.0 - 3.00 - -
Na o ____ 1.6} 1.87 1.84 2.80 1.96 2.37 1.96
Mg —— ______ 1.72 1.61 1.57 1.40 1.42 1.58 2.64
Al 2.81 2.61 2.58 2.56 3.28 2.46 3.18
Sl 1215 7.04 742 7.58 8.07 8.68 13.83
P .26 .50 .28 .18 47 .86 -
S 73 .51 .26 .64 .82 .51
Cl e ___ - .86 - - .90 .28 -
K 57 71 74 .83 .64 .86 964
Ca oo __ 2.19 3.30 1.87 2.07 2.12 1.82 2.25
Se .001 .002 .028 .001 .008 .002 -
T oo .58 .66 .64 .76 .880 .623 .639
Vo .042 .055 046 .056 049 .059 041
Cr e .004 .012 .011 .001 .002 .004 -
In _______________ .06 12 a1 .13 17 10 .06
Ga . _____________ .002 001 .001 .001 .002 001 -
Ge . ______ - 004 - .000 .009 - -
As .01 .019 .009 016 .018 015 -
Rb ____________ .003 .003 .001 001 - - -
S e .084 .097 .082 .071 .087 .082 084
Y .028 .016 .015 .015 .018 .018 -
o .040 .062 .042 .057 .086 072 073
N ____ .005 .009 .004 .010 .004 .005 -
Mo oo .038 040 046 .031 .031 .0387 031
e - .001 - .001 .002 - -
Cd e ____ .000 .001 .001 .001 .001 .002 -
Sn _______________ .000 .005 001 004 .010 .009 .008
sb - .005 - - - - -
Te - 022 - .020 - - -
| - - .25 - - - -
Ba ______________ .291 87 .267 .178 .28, 136 109
La ______________ 018 .02 .027 .020 020 017 -
Ce oo ___ 053 .10 .058 .065 126 045 -
Nd .018 .027 084 .020 .020 .030 -
Sm ______________ .004 .004 .006 .003 004 .004 -
Bo_______________ .001 .001 .001 .001 .001 001 -
™ e .001 .001 .001 .001 001 .002 -
Yoo .002 .003 .003 .003 .008 .003 -
L _______________ .000 .000 .000 000 000 .000 -
v __ - 001 - - - - -
Ta ______________ - - - .002 - - -
W - .003 - .011 .009 - -
Bg - - - 000 - - -
m___ .010 .018 .016 .016 014 .012 -
Po_______________ 120 .108 067 .09 12 N A .16
Bi _ S .001 .003 .004 002 .002 .003 -
Th oo o .008 .002 .002 003 .005 .004 -

they strongly influence the world mean for most
elements, and significant departures from the
world mean are not to be expected in Pacific
nodules. Even so, the mean for chromium in
Pacific nodules is 28 percent higher than the world
mean (and 4.5 times higher than that in Indian
Ocean nodules), and sulfur is 38 percent lower.
As for latitudinal variations (table 18), the means
for magnesium and lead decrease toward the
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equatorial region. Overall, but departing from the
trend in one or more intermediate zones, so do the
means for boron, carbon, aluminum, silicon, and
calcium; the means for phosphorus, sulfur,
chromium, and yttrium also decrease toward the
equator in one hemisphere or the other. On the
other hand, the means for potassium, titanium,
vanadium, zine, and molybdenum generally in-
crease toward the equator, although there are
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some departures from the trend in intermediate
latitudinal zones.

Again, if we compare only those elements that
have been analyzed at 10 stations or more in
populations above and below the 3,000-m depth
(table 19), aluminum, silicon, potassium, scandium,
and samarium are enriched in nodules below that
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depth, and boron, phosphorus, sulfur, calcium,
vanadium, chromium, arsenic, strontium, yttrium,
tin, barium, cerium, and lead are enriched in
nodules above it. Means for several other ele-
ments — for example, sodium, magnesium, zine, zir-
conium, molybdenum, and lanthanum-—are about
the same in both groups.



TABLE 19.—Means of other elements in manganese nodules in
water depths above and below 8,000 m

[~, no data]
<3,000 m >3,000 m

No. of Mean No. of Mean
Elements stations (percent) stations (percent)
Li o ___ 5 0.001 14 0.013
Be _______ 10 .001 30 001
B 33 .040 52 .022
Co 2 91 68 311
F________ 1 3.00 1 3.00
Na________ 98 1.83 310 2.02
Mg . ___ 125 1.61 403 1.553
Al ________ 108 1.72 478 2.95
Si________ 94 5.07 399 8.29
P 51 1.148 265 22
S 12 .85 92 .43
Cl 0 - 13 .83
) 119 47 368 .81
Ca ________ 188 4.65 883 1.72
Se _______ 21 .001 54 .007
™ 136 .76 748 .68
Ve - 68 071 367 049
Cr _______ 52 .015 221 .006
In ________ 188 11 1,118 12
Ga ________ 15 .001 41 001
Ge ________ 0 - 4 004
As ________ 14 .020 47 012
Rb _______ 0 - 32 .002
Sr ________ M 122 290 075
Y 36 .024 96 .012
Ir 46 057 239 057
No ________ 15 .005 52 .008
Mo . ______ 118 .045 710 037
Ag ________ 0 - 7 .001
Cd ________ 23 .001 102 001
Sn ________ 19 .004 122 009
Sb________ 1 004 8 005
Te _______ 0 - 17 022
| . 0 - 1 .25
Ba _______ 63 34 398 .22
La _______ 33 022 42 021
Ce _______ 15 .087 57 068
Nd ________ 13 021 24 .028
Sm _______ 13 .003 25 .005
EBu________ 13 .001 25 .001
T 11 001 25 001
Yo 36 004 64 002
Lv _______ 13 .000 19 .000
Hf ________ 0 - 8 001
Ta . __ — 0 - 9 002
| 0 - 22 .010
Hg . _____ 0 - 1 000
™ 24 .018 101 .016
Po________ 197 14 1,029 .08
Bi _______ 9 002 31 .003
Th ______ 13 .002 105 .003

Examination of the distribution of other
elements in nodules typed by their high contents of
combined nickel and copper, manganese, and
cobalt (table 20) indicates that several other
elements follow these metals in their variations.
The mean values of magnesium, aluminum, silicon,
potassium, scandium, chromium, and zinc in the
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=>1.8-percent combined nickel and copper groups
are appreciably higher than those in the
=0.5-percent cobalt groups. The highest means for
magnesium (1.87 percent), scandium (0.018), and
chromium (0.013) are in the =1.8-percent com-
bined nickel and copper group, which also has the
lowest mean values for sulfur (0.22 percent),
calcium (1.59), titanium (0.47), strontium (0.06),
yttrium (0.011), zirconium (0.049), lanthanum
(0.013), cerium (0.035), and lead (0.048); the mean
for vanadium (0.043) in this group is also ap-
preciably lower than that in the =0.5-percent
cobalt group but is about the same as that in the
=35.0-percent manganese group. The
=0.5-percent cobalt groups have the highest
means for phosphorus (0.531 percent), calcium
(2.83), titanium (1.07), vanadium (0.069), strontium
(0.14), yttrium (0.031), zirconium (0.072), lan-
thanum (0.027), cerium (0.138), and lead (0.26) and
the lowest means for magnesium (1.337 percent),
aluminum (0.71), silicon (2.00, at six stations only,
however), potassium (0.82), and zine (0.07). The
=385.0-percent manganese group has the highest
means for sodium (2.77 percent, at 9 stations only),
and barium (0.423) and the lowest means for phos-
phorus (0.120 percent, at 7 stations only), titanium
(0.253), and vanadium (0.041, at 8 stations only);
the mean for silicon (4.68 percent) in this group is
appreciably lower than that in the high combined
nickel and copper groups, and it is lower also than
the silicon mean (5.18 percent) in the =0.5- to
<1.0-percent cobalt group.

Average contents of the other elements in
Clarion-Clipperton zone nodules are essentially the
same as those in =1.8-percent combined nickel
and copper group nodules—expectably so, because
Clarion-Clipperton zone stations are the largest
population within that group and strongly in-
fluence its mean values. The means for calcium
(1.56 percent), vanadium (0.03), and zirconium
(0.036) in Clarion-Clipperton zone nodules,
however, are appreciably lower than those in the
=1.8-percent combined nickel and copper group;
the mean for chromium (0.02) is appreciably
higher.

Although the covariance of other elements with
the principal metals in manganese nodules sup-
ports the idea that the metal groups described are
geochemically distinct, the metal groups do not in-
clude the maximum values for several other ele-
ments—namely, titanium (8.9 percent), phos-
phorus (6.03), sulfur (3.50), potassium (3.70),



TABLE 20. - Other elements in manganese nodules grouped by combined nickel and copper, manganese, and cobalt contents

[—, no data]
21.0-<1.8 percent =35.0 percent =1.0 percent 20.5-<1.0
=1.8 percent Ni+Cu Ni+Cu Mn percent Co

No. of Mean No. of Mean No. of Mean No of Mean No. of Mean

stations (percent) stations (percent) stations (percent) stations (percent) stations (percent)
Li 4 0.018 5 0.020 0 - 0 - 2 0.000
Be 6 0002 12 .000 0 - 0 - 6 001
B 15 .02 20 027 6 0.016 5 0.041 9 .032
C 15 .23 22 321 1 93 0 - 2 .080
F 0 - 1 3.00 0 - 0 - 1 3.0
Na 46 2.02 67 1.97 9 2.1 7 199 37 1.80
Mg 78 1.87 91 1.57 9 1.67 8 147 47 1.337
Al 120 2.65 111 2.96 11 2.09 12 71 46 1.81
Si 111 6.98 111 8.26 11 4.68 6 2.00 39 5.18
P 61 21 70 .288 7 120 4 .32 23 531
S 27 22 32 319 3 547 1 1.2 3 1.199
Cl 4 .86 5 .860 0 - 0 - 0 -
K 73 .79 80 .86 10 72 8 32 43 .49
Ca 279 1.59 191 1.73 14 1.64 11 2.72 81 2.83
Sc 16 .018 19 .001 3 .001 4 001 8 001
Ti 169 47 169 .68 16 253 16 1.07 80 1.01
v 69 .043 95 .05 8 .041 9 .069 34 .064
Cr 62 .013 55 .001 5 .001 3 .002 28 .001
Zn 37 14 267 14 1 .08 12 07 85 14
Ga 10 .002 16 .001 4 .001 1 002 4 .001
Ge 0 - 1 .000 0 - 0 - 0 -
As 19 008 14 012 1 .002 1 027 7 .016
Rb 18 002 8 .001 0 - 0 - 3 001
Sr 55 .06 80 077 8 070 7 14 27 119
Y 33 011 32 .012 5 .007 5 031 14 .021
Zr 43 .049 55 050 6 033 6 072 18 .061
Nb 7 .007 17 007 1 .001 1 007 7 006
Mo 186 .05 175 .039 13 .056 1 .060 63 .048
Ag 0 - 3 .001 0 - 0 - 0 -
Cd 29 .002 28 .001 0 - 1 .000 15 .001
Sn 6 .010 26 .009 1 009 2 .022 5 .004
Sb 4 .004 4 .005 0 - 0 - 0 -
Te 5 .024 9 021 0 - 0 - 1 021
I 1 25 0 - 0 - 0 - 0 -
Ba 78 .288 101 224 10 423 8 .333 39 .286
La 11 013 15 .019 1 018 6 024 13 027
Ce 22 035 15 .066 0 - 2 133 10 .098
Nd 4 021 7 023 0 - 2 .032 5 034
Sm 5 .003 10 .004 0 - 2 .005 4 .006
Eu 5 .001 10 .001 0 - 2 001 4 .001
Tb 5 .001 10 .001 0 - 1 .000 4 001
Yb 17 .002 22 .002 5 002 6 .005 12 004
Lu 2 .000 7 .000 0 - 2 .001 4 .000
Hf 4 .001 4 .001 0 - 0 - 0 -
Ta 0 - 0 - 0 - 0 - 0 -
w 1 .003 2 .004 0 - 0 - 0 -
Hg 0 - 0 - 0 - 0 - 0 -
Tl 25 .02 24 013 1 .000 2 037 15 .020
Pb 301 .048 229 071 19 .09 12 .26 95 17
Bi 1 .001 9 .002 0 - 2 .003 4 .003
Th 39 002 24 .003 1 .005 1 001 10 .003

calcium (28.73), scandium (0.269), vanadium (0.5),
zinc (9.00), molybdenum (0.220), barium (2.14), lan-
thanum (0.07), cerium (0.30), yttrium (0.095),
neodymium (0.07), and lead (0.75). Because many
of these maximums are an order of magnitude or
more larger than the means, one might suspect

39

that they are simply erroneous. That this explana-
tion may not be valid, however, is suggested by the
fact that their maximums in each ocean are also
much higher than the world mean (table 21). For
example, the world maximum for titanium comes
from the Pacific, but the highest values in the
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Pacific Ocean.

TABLE 21.— World means and ocean mazimums (in percent) of
several other elements in manganese nodules that have excep-

tionally high concentrations
{—, no data. Values in italics are based on fewer than 10 samples]

World Maximum

mean Pacifiec  Atlantic  Indian
P 0.37 5.12 6.03 4.42
S .51 1.90 2.50 3.50
K .73 3.70 2.71 .65
Ca — 223 24.0 28.73 14.93
Ti .69 8.90 2.03 1.76
S¢ 005 .269 .004 .001
v 052 500 15 102
Cr 007 231 017 013
Zn R .12 7.00 8.00 9.00
Y 015 095 071 038
MO oo 038 .220 177 .066
Ba .23 1.65 .800 2.14
La 021 070 .0838 029
Ce - ________ 072 .300 - .800
Nd oo 026 .070 - 015
PO o .09 .46 40 75

Atlantic and Indian Oceans are 2.03 and 1.76 per-
cent, respectively. The maximum for zinc is from
the Indian Ocean, but the high values in the Atlan-
tic and Pacific Oceans are 8.0 and 7.0 percent,
respectively. It seems possible, then, that types of
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metal-rich nodule groups other than those dis-
cussed here may exist and that some of them may
have potential economic value.

The Scripps Sediment Data Bank had no
analyses for platinum metals and gold in manga-
nese nodules as of March 1980. In 1932, V. M.
Goldschmidt and C. Peters (see Goldschmidt,
1954), however, reported 0.5, 0.2 and 0.2 ppm
platinum, palladium, and rhodium, respectively, in
a nodule from Challenger Station No. 286 in the
southeastern Pacific (133°22' W., 33°29 S.) Har-
riss and others (1968) determined palladium, ir-
ridium, and gold values in several nodules and
found ranges of 0.24 to 9.25, 0.90 to 23.1, and 0.21
to 8.28 ppb, respectively. Although individual
analyses thus vary considerably, the average for
each metal is similar for both Atlantic and Pacific
nodules, and no correlation with any other major
and trace metals was found.

Recently, P. J. Aruscavage (see Flanagan and
Gottfried, 1980) determined platinum, palladium,
and ruthenium values for the two nodule samples
used by the U.S. Geological Survey as standard
samples. The one from the Clarion-Clipperton zone
(at 124°28'W., 14°50' N.) contains 123, 5.6, and 4.7
Ppb of platinum, palladium, and ruthenium, respec-
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FIGURE 23. - Target areas for exploration for manganese nodules rich in combined nickel and copper in the central north equatorial
Pacific Ocean.

tively, and the one from the Blake Plateau (at
78°22'W., 31°02' N.) contains 453, 2.5, and 18 ppb,
respectively. Analyses of 12 other nodules from the
western Atlantic (Manheim and others, 1980) show
that iron-enriched nodules from seamounts have
the lowest platinum values, the maximum being
120 ppb. Elements best correlated with platinum in
these samples are nickel and cadmium. The
rhodium control of these samples ranges from 2 to
30 ppb.

Because so few samples have been analyzed for
precious metals, nothing can be said about their
geographic or geochemical distribution. If the few
data available are reliable, they do suggest that the
concentrations of silver in the nodules and of the
metals that are commonly associated with gold in
its ores (antimony, tellurium, and bismuth) are
geochemically remarkable, even though the actual
amounts are small. The world means for silver, an-
timony, tellurium, and bismuth in the nodules
(table 17) are 0.001, 0.005, 0.022, and 0.002 per-
cent, respectively, and represent concentration
factors above the averages in oceanic crust (ac-
cording to Lee and Yao, 1970) of 110, 55, 250,000,
and 200, respectively.

Interest in recovering metals from subsea man-
ganese nodules has thus far focused on nickel, cop-
per, cobalt, and (on the part of a few companies)
manganese. In seems possible, however, that some
other elements—molybdenum and vanadium, for
example—may also prove to be recoverable as
coproducts, particularly if hydrometallurgical
processes are used to concentrate the metals.

GENETIC IMPLICATIONS OF VARIATIONS IN
COMPOSITION OF MANGANESE NODULES

The observations made in this analysis must be
explainable under any comprehensive theory of the
origin of subsea manganese nodules. Before we
review existing theories, it would be useful to sum-
marize salient features that require explanation:

1. The differences in the metal contents of nodules
in the different ocean basins, the high concen-
tration of nodules rich in combined nickel and
copper on the eastern sides of the ocean
basins and of those rich in cobalt on the
western sides of the Pacific and Indian
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Oceans, and the occurrences of nodules con-
taining more than 35 percent manganese
mainly on the eastern side of the Pacific basin
and those high in iron on the western side.

2. The relation between metal content and lati-
tude, including the concentration of nodules
high in cobalt and iron between 20° and 40°
latitude in both hemispheres.

3. The relation of nickel, copper, cobalt, and iron
to water depth.

4. The relation of nodule abundance to depth.

5. The great complexity in the chemical composi-
tion of the nodules, which contain nearly 60
elements, many of which are present in con-
centrations many times larger than their
averages in oceanic crust and several of which
are present in local concentrations many
times larger than their world means.
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Although iron is one of the major constituents
of the nodules, it is less abundant in those
nodules richest in other metals, such as the
nodules in the Clarion-Clipperton zone, than
it is in average oceanic crust.

6. The existence of essentially nonoverlapping
nodule types defined by their high contents of
combined nickel and copper, cobalt, and man-
ganese but also showing consistent dif-
ferences in their contents of many other
elements.

7. The high positive correlations of cobalt with
iron, nickel with copper, and combined nickel
and copper with manganese and with the
manganese-iron ratio and the negative cor-
relation of cobalt with nickel, copper, and
manganese, except where the cobalt contents
are in the highest range.
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8. The strong inverse relation between concentra-
tion and combined nickel and copper content
in nodules containing =1.0 percent combined
nickel and copper and the weak relation be-
tween concentration and grade in the Clarion-
Clipperton zone.

RELATION OF METAL CONTENT TO
MINERALOGY

Many of the variations in the chemical composi-
tions of nodules are reflected in their mineralogies.
Study of these mineralogies is difficult because
most component particles are submicroscopic, but
much progress has been made, beginning with the
pioneering X-ray diffraction studies of Buser and
Grutter (1956). They described three manganese
oxide minerals in the nodules by identifying their
X-ray patterns as those of synthetic analogues and
named them 10-A manganite, 7-A manganite, and
0MnO;. They also identified the ferric oxyhydrox-
ide mineral goethite as a component of the nodules.
Subsequent workers (for example, Straczek and
others, 1960; Hewett and others, 1963; Manheim,
1965; Cronan and Tooms, 1969) correlated the
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10-A manganite with todorokite and the 7-A
manganite with birnessite. Controversey has
developed over the terminology used to describe
the manganese minerals and indeed over the ques-
tion of whether they are valid minerals (see Burns
and Burns (1977) for a review), but there seems to
be no disageement over the existence of the three
phases. Most authors, following the recommenda-
tions of Burns and Burns (1977), have referred to
them as todorokite, birnessite, and éMnO,.
Chukhrov and others (1979), however, recently
proposed that the SMnQ, phase be called vernadite.
Burns and Burns (1979) accepted that proposal,
and that usage is adopted here. Although goethite
has been reported by some other investigators, the
iron phase is generally believed to be amorphous
hydrated ferric oxide (Burns and Burns, 1977;
Bischoff and others, 1981).

All three of the manganese minerals may be
present in individual nodules, but it appears that
vernadite is present in most of them. Birnessite is
less common and generally occurs only where the
other two are present (Barnes, 1967; Piper and
others, 1979; Bischoff and others, 1981). The ver-
nadite phase is extremely fine grained, and, when
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it occurs in nodules, it contains admixed amor-
phous iron hydroxide and extremely fine grained
silicate minerals (Usui, 1979; Halbach and Ozkara,
1979), including some of extraneous origin.
Recently, Bischoff and others (1981) have shown
that the mineral phillipsite—(K, Na, Ca),, (Si,
Al)sO,6-H,0, according to Fleishcher (1980)-is
also ubiquitous in the nodules, forming in place on
the growing nodules, as the manganese minerals
and amorphous iron hydroxide do. They suggested,
in fact, coupled and mutually catalytic reactions in
which the alteration of phillipsite from volcanic
glass locally raises the pH and stimulates the ox-
idation of Mn*2, which, in turn, releases the
hydrogen required in the formation of phillipsite.
Abundant evidence has accumulated to show
that variations in the contents of these minerals
are reflected in variations in bulk nodule chem-
ical composition. Todorokite—(Mn*?, Ca,
Mg)Mn*40,-H,0), according to Fleischer
(1980)— has a structure that includes sites in which
small divalent cations, such as nickel, copper,
magnesium, and zinc, can replace Mn*? and other
sites that will accommodate large cations such as
potassium. Birnessite—Na,Mn,0,,°H,0, accord-
ing to Fleischer (1980)—apparently has somewhat
similar properties (Burns and Burns, 1977). It is
the nodules rich in todorokite and birnessite that
are rich in nickel and copper and the other minor
metals previously described as most abundant in
the =1-percent combined nickel and copper type
(Burns and Fuerstenau, 1966; Barnes, 1967,
Cronan and Tooms, 1969; Tooms and others, 1969;
Margolis and Burns, 1976; Piper and Williamson,
1977; Calvert and Price, 1977; Halbach and
Ozkara, 1979; Usui, 1979; Piper and others, 1979;
Cronan, 1980; Bischoff and others, 1981). It is also
the todorokite-rich nodules that have a manganese-
iron ratio of >1.5 (Margolis and Burns, 1976;

Piper and Williamson, 1977; Calvert and Price,
1977; Halbach and Ozkara, 1979). On the basis of
microprobe analyses of individual layers of
todorokite and the éMnO, phase (including the
amorphous iron) in nodules from the north-central
Pacific, Usui (1979) found several of the elements
that he examined partitioned between the two
phases by grade such that concentrations of
manganese greater than 30 percent, of both copper
and nickel greater than 0.8 percent, of magnesium
greater than 0.8 percent, of potassium greater
than 0.6 percent, and of sodium greater than 0.5
percent are in the todorokite phase, and concentra-
tions below those values are mostly, if not entirely,
found in the vernadite phase. Amounts of iron
greater than 4 percent and of silica greater than
1.2 percent are restricted to the sMnOQ, (vernadite)
phase. Cobalt has about the same range in both
phases, but most of the concentrations greater
than 0.3 percent are in the 6MnQ, phase, and most
below that value are in todorokite. Although a
number of authors have reported a positive cor-
relation between cobalt and iron, Usui found a
positive correlation of cobalt with manganese and
concluded that trivalent cobalt is substituting for
manganese in the vernadite phase and that some
divalent cobalt may substitute for manganese in
the todorokite phase (10-A manganite in his ter-
minology). Burns (1976) made a similar proposal
and suggested that the formula for sMnO, (ver-
nadite) should be (Mn, Co**)Mn,0,;*2zH,0. Halbach
and Ozkara (1979) reported similar findings in
studies of nodules from an area within the Clarion-
Clipperton zone. Nodules consisting mainly of
todorokite contain 23 to 32 percent manganese, 2
to 3.2 percent combined nickel and copper, 0.1 to
0.2 percent cobalt, and less than 7 percent iron;
those consisting mainly of vernadite contain 16 to
24 percent manganese, 1.0 to 1.6 percent combined
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nickel and copper, 0.25 to 0.40 percent cobalt,
more than 1 percent titanium dioxide, and more
than 9 percent iron and have a manganese-iron
ratio of 2.5 or less.

Bischoff and others (1981) believed that
titanium, phosphorus, and some silica are
associated with the amorphous iron phase, and
Calvert and Price (1977) showed a similar correla-
tion of arsenic, yttrium, lead, strontium, and cobalt
with iron. Even though the amorphous iron
hydroxide is physically a part of the vernadite
phase in the nodules, its content varies independ-
ent of the vernadite content. Variations in the
chemistries of the nodules are thus best
understood as variations in their contents of
authigenic todorokite-birnessite, vernadite, amor-
phous iron hydroxide, and phillipsite, along with
clay and other siliceous minerals of extraneous
origin. To illustrate compositional variations in the
authigenic components of nodules, Bischoff and
others (1981) used a ternary diagram in which all of
the manganese phases are lumped together and
plotted against the phillipsite and amorphous iron
phases. Figure 29 follows this design and shows an
almost complete gradation of mineral composition
within the ranges of about 4 to 55 percent
manganese oxide phases, 7 to 37 percent amor-
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phous iron phase, and 7 to 60 percent phillipsite
phase.

Given the mineralogy of the nodules, it is easy to
understand the concentration of so many of the
chemical elements. Not only does the structure of
todorokite favor the incorporation of many
elements, but also both iron and manganese oxides
are well known for their abilities to scavenge other
metals from seawater by physical adsorption
(Goldberg, 1954). It is also easy to understand
variation in metal content as a function of
mineralogy, at least in large part. But to what fac-
tors do variations in the proportion of mineral
phases relate?

RELATION TO WATER DEPTH

Barnes (1967), Cronan (1967), Cronan and
Tooms (1969), and Piper (1972) found that the rela-
tion between metal content and depth is also a
function of the mineralogy of the nodules,
todorokite being more abundant in deeper water
nodules and vernadite being dominant in nodules
from shallower depths. The three manganese oxide
phases represent different degrees of oxidation of
manganese, and Cronan and Tooms (1969) con-
cluded that variations in the mineralogy of nodules
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with depth may reflect variations in the degree of
oxidation of the environment of deposition. Piper
and Williamson (1977) found support for this
theory in the fact that the few nodules containing
more than 0.5 percent cobalt that occur in water
depths greater than 3,000 m are from the area im-
mediately to the west of the Line Island Ridge,
where there is a major intrusion of highly oxidizing
Antarctic bottom water.

Cronan (1980) related the increase in the com-
bined nickel and copper content of nodules that
takes place at a depth of about 3,000 m to the
lysocline—the depth at which calcium carbonate in
organic remains begins to dissolve and to liberate
metals, particularly copper, concentrated by
organisms. Because copper is more concentrated
in the skeletons of many organisms than nickel is

explain the fact that copper-nickel ratios in shal-
low-water nodules are lower than those in deep-
water nodules. (See Heath (1981) for a review of
the importance of surface plankton in the concen-
tration of metals.)

EFFECTS OF DIRECT PRECIPITATION FROM SEAWATER
IN COMPARISON WITH DIAGENETIC PRECIPITATION

Another factor that may explain differences in
nodule mineralogy involves the source and manner
of deposition of their components. Rabb (1972)
found that many nodules have a smooth upper sur-
face and a gritty, lumpy bottom. Separate analyses
of tops and bottoms showed that the tops are high
in iron, cobalt, and lead and low in copper, nickel,
molybdenum, zinc, and manganese and that the
reverse is true for the bottoms. Calvert and Price
(1977), Halbach and Fellerer (1980), Piper and
others (1979), and Usui (1979) have suggested that
the upper surfaces of such nodules (shown to be
composed of vernadite) represent precipitate
derived directly from seawater and that the bot-
toms (todorokite) represent a diagenetic
precipitate by leaching of the underlying sediment.
Concentrations of manganese, copper, nickel,
cobalt, and zinc in the interstitial water of deep-sea
sediments have been found to be higher than those
in deep seawater, and Lynn and Bonatti (1965) and
others (Bender, 1971; Renard and others, 1976)
proposed that Mn* in the sediments is reduced to
Mn*? under low Eh conditions (perhaps created in
part by the oxidation of buried organic matter, as
Price and Calvert (1970) suggested), dissolved, car-
ried upward, and precipitated under the oxidizing
conditions prevailing at or near the surface. Nickel
and copper also go into solution in this process
(Piper and others, 1979). In the redox potential
range in the sediment, the solubility of iron oxide is
not affected, and it remains in the sediment (Bor-
chert, 1970, referred to by Halbach and Ozkara,
1979; Cheney and Vredenburgh, 1968, referred to
by Usui, 1979). The sediment thus represents the
residue resulting from diagenesis (Piper and
others, 1979).

Some nodules (Halbach and Ozkara’s (1979) type
A and Usui’s (1979) type B) contain little or no ver-
nadite and are explained as having formed within
the sediment just beneath the surface. Halbach and
Ozkara also found nodules (their type B) composed
entirely of vernadite on the flanks of a seamount
within the area that they studied. They found that,

(Halbach and others, 1979), this process would also « in contrast to the todorokite nodules, in which the
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nucleus is generally a fragment of a preexisting
nodule, the vernadite nodules generally have a
rock nucleus. They translate the findings of Heye
and Marchig (1977)-that nodule growth rate in-
creases with increasing manganese, nickel, and
copper contents—to conclude that the growth
rates of todorokite nodules and layers are 10 to 15
times greater those of vernadite (see also Piper
and Williamson, 1977), which they and Usui be-
lieved is deposited from a colloidal form in near-
bottom seawater rather than from an ionic solution
of Mn*?, as todorokite is.

M. Lyle (unpublished 1978 thesis, referred to by
Heath, 1981), confirming Heye and Marchig’s
(1977) finding, observed an inverse ratio between
nodule growth and iron content and suggested
that, in areas of very low productivity, growth is
slow and is controlled by precipitation from
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seawater. In areas of oxic diagenesis, the rate of
growth increases with increasing biologic produc-
tivity in surface water. “As the rate of input of
organic debris increases to the level at which anox-
ic diagenesis begins . .. the mobilization of Mn
under anoxic conditions results in rapid nodule
growth that virtually swamps the input of other
metals, leading to lower Cu and Ni contents”
(Heath, 1981, p. 757). This process, Heath believed,
explains the high manganese content of the
nodules in the hemipelagic sediment along the
eastern margin of the Pacific.

The three types of nodules described by Halbach
and Ozkara are all from within a relatively small
area in which the water depths range from 4,600 m
at the summit of a seamount to 5,200 m on the sur-
rounding ocean floor. The presence of both
todorokite and vernadite in the same nodules in-



dicates that both minerals may form in the same
macroenvironment. Halbach and Ozkara believed
that the type formed is governed by topography,
the availablity of rock fragments to serve as nuclei,
local sedimentation rate, and bottom-current ac-
tivity; vernadite forms as nodules or as crusts on
rock surfaces where no sediment has accumulated
or on the tops of nedules exposed to seawater, and
todorokite forms at or near the surface of the sedi-
ment, which is largely radiolarian ooze in the
southern part of the Clarion-Clipperton zone and
red clay in the northernmost part. Nodules con-
taining adjacent laminae of both minerals (the A
type of Usui and the AB type of Halbach and
Ozkara) reflect merely a change in the nodule’s ex-
posure to seawater—for example, burial by sedi-
ment to deposit todorokite on top of vernadite or a
winnowing away of enough sediments to uncover a
nodule forming near the bottom surface. Local
variations in nodule content within the Clarion-
Clipperton zone—in which the todorokite-
vernadite nodules are most common (Halbach and
Ozkara, 1969)—may thus reflect differences in the
todorkite contents of the nodules as a result of
local variations in their exposure to seawater.
Cronan (1977), however, pointed out that, although
the presence of todorokite is a probable pre-
requisite for the enrichment of nickel and copper in
the nodules, it is not the only factor, for some
todorokite-rich nodules outside the North Pacific
have lower contents of these metals.

The great concentration of manganese with
respect to iron in Clarion-Clipperton zone nodules
is thus explained as a diagenetic mobilization of
manganese in sediments in which the iron,
although it is several to many times more abundant
than manganese, remains fixed. More puzzling is
the fact that, in the vernadite-amorphous iron
phase apparently formed by colloidal precipitation
from seawater, the manganese-iron ratio, although
averaging only about 1.5 according to Usui’s
analyses, is the reverse of what it is'in seawater.
For whatever reason, proportionately more iron
than manganese leaves seawater in some other
way.

This fact leads to other interesting questions:
why do the iron and manganese phases occur
together, and why do they commonly occur as
nodules? As Halbach and Ozkara (1979) and others
indicated, they oecur as encrustations on bedrock
where nucleating grains are absent. The tendency
for extremely fine grained particles to form ag-

gregates is common in many other kinds of
materials; Ramberg (1952) attributed this tenden-
cy to differences in surface energy that lead to a
lower free energy in clusters rather than in
disseminated form. The scarcity of iron-
manganese minerals indicates that iron and
manganese have little chemical affinity, but Burns
and Burns (1977, p. 246) pointed out that,
“although MnO, and Fe OOH * z H,0O consist of
very small disordered crystallites, both phases con-
tain cations in octahedral sites of hexagonally
close-packed oxygen layers. Therefore, these two
phases in manganese nodules are highly suscepti-
ble to epitaxial intergrowth [that is, oriented in-
tergrowth of one phase on the other where lattice
parameters or interplanar spacings are similar]
which probably initiates nucleation and leads to the
intimate association of manganese and iron oxide
phases.” As mentioned earlier, Bischoff and others
(1981) thought that the other main constituent of
manganese nodules, phillipsite, may form as a
coupled reaction with the manganese oxides. It
thus appears that there are good reasons for these
chemically distinct phases to occur together in the
nodules.

Because both todorokite and vernadite phases
may form in the same macroenvironment, it would
seem that, of the factors previously proposed as af-
fecting the composition of the nodules, hydrostatic
pressure (Barnes, 1967), dissolved oxygen (Cronan
and Tooms, 1969), and pH-Eh conditions within
the abyssal aqueous environments (Crerar and
Barnes, 1974) do not control the deposition of
todorokite versus vernadite or the ratio between
the two. Such physicochemical factors, however,
may influence their contents of minor elements.
The enrichment in the cobalt contents of nodules
from shallow depths, for example, has been as-
cribed to oxidation from Co*? to Co** under the
highly oxidizing conditions prevailing on sea-
mounts and similar features (Goldberg, 1961;
Burns, 1965; Cronan and Tooms, 1969; Piper and
Williamson, 1977), and Goldberg (1965) suggested
a similar effect with respect to lead. The wide
variations in the nickel and copper contents of
todorokite (Usui, 1979) may be due in part to varia-
tions in physicochemical factors.

RELATION TO REGIONAL VARIATIONS IN SEDIMENT

TYPE, BIOLOGIC PRODUCTIVITY, AND:
PHYSIOGRAPHY

Because of the importance of sediment

diagenesis in the formation of todorokite, which
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has a high manganese-iron ratio and generally high
nickel and copper contents, regional variations in
sediment character should be examined as a possi-
ble source of regional variations in nodule composi-
tion. Piper and Willilamson (1977) found that, in
the Pacific, the relation between the manganese-
iron ratio of nodules and latitude is almost the
reverse of the relation between the manganese-
iron ratio of sediments and latitude (sediment data
from Skornyakova (1965)). In nodules, manganese-
iron ratios are in the range of 6 to 9 near 10° N.
and 10° S. and diminish to about 2 in the equatorial
region and to less than 1 north and south of the 20°
parallels. In sediments, the high manganese-iron
ratio is about 0.7 in the equatorial region, and the
lows of 0.01 to 0.03 are in the 10° N. and 10° S.
regions. On the basis of a comparison with
Lisitzin’s (1972) map showing sedimentation rates
for the Pacific, Piper and Williamson suggested
that nodules having high manganese-iron ratios
tend to occur in areas where sediment accumula-
tion is slow.

Although Skornyakova (1979) found no correla-
tion between the manganese, nickel, copper, and
cobalt contents of nodules and associated sedi-
ment, she broadly related changes in nodule com-
position to sediment lithology. In the northern
Pacific, for example, she observed that nodules
having the highest average manganese, nickel,
copper, and zinc concentrations are associated
with the radiolarian ooze of the equatorial belt and
decrease successively in the adjacent zones of the
miopelagic clay, eupelagic clay, and calcareous
ooze. She attributed the differences in the iron and
manganese contents of nodules on the eastern and
western sides of the Pacific to differences in
primary manganese contents during sedimenta-
tion; sediments on the west are initially poor in
manganese and those on the east are richer
because of the presence of only a thin oxidized
layer of sediment. She related the composition of
nodules in the equatorial belt to the high wrganic
productivity associated with the equatorial cur-
rents, which cause the diagenetic migration of the
metals as buried organic matter oxidizes, and to
slow deposition of sediment because of high-
velocity bottom currents. Heath (1981) also related
the metal content of the nodules to sediment type
and, in turn, to biologic productivity in the overly-
ing waters.

The zone of highest organic productivity in the
equatorial region of the Pacific lies 50 to 100 km
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south of, rather than above, the zones in which
nodules are richest in nickel and copper. Exon
(1981, p. 61) suggested that this zone is a result of
northwestward movement of the Pacific plate in
this region at a rate of about 100 km/m.y.: “Assum-
ing that the high productivity zone has not moved
much (relative to the equator) in the past 10 million
years, the time during which the nodules probably
formed, they would have been beneath the high
productivity zone for much of their growth.”

Several other investigators (Arrhenius, 1963;
Greenslate and others, 1973; Margolis and Burns,
1976; Piper and Williamson, 1977; Cronan, 1977)
also have suggested that organic productivity
plays an important role in concentrating some of
the nodule metals and transporting them to the
bottom and, when such metals are buried by sedi-
ment, in creating the reducing environment that
lead to their diagenetic mobilization and subse-
quent deposition at the surface. According to
Glasby (1981, p. 4), “On a regional scale, the most
important factor controlling the composition of
South Pacific abyssal nodules is the biological pro-
ductivity of the overlying surface sea water.”
Nodule abundance in that area, he reported, is in-
versely related to sedimentation rate—a factor
that Piper and others (1982) considered to be of
primary importance in the distribution of nodules
over the Pacific basin as a whole (see also Menard,
1976).

Greenslate (1975), Wendt (1974), and Margolis
and Burns (1976) reported the widespread
presence of sessile arenaceous foraminifera on the
nodules. Margolis and Burns found that, whereas
foraminifera are present on nodules from all
latitudes, they are most abundant and most diverse
on nodules from the Clarion-Clipperton zone. The
iron, titanium, and cobalt contents of foraminiferal
tubes are higher than those of the nodule surface
on which they are growing, and the manganese,
nickel, and copper contents are lower. Margolis
and Burns did not believe that the foraminifera ac-
tually precipitate manganese, copper, and nickel,
although they deposit iron oxide as a cementing
agent, but they did “feel that the large number of
these animals . . . on the nodules from the copper-
nickel rich zones of the northeastern equatorial
Pacific, are somehow linked to the unique chemical
composition of nodules from this area” (Margolis
and Burns, 1976, p. 259), perhaps as a part of the
high biologic productivity of the area. They asked,
however, why, if high productivity of the surface



layers of the ocean is the critical factor in trace-
metal concentration in the manganese nodules, are
nodules from other areas of oceanic upwelling and
high productivity (the diatom ooze beneath the
Antarctic convergence at about 55° S., for exam-
ple), not also so enriched? As a possible reason,
they suggested dilution by terrigenous sediment in
those areas. Nodules from high southern latitudes
differ from those in the equatorial region not only
in their lower metal content but also in their low
manganese-iron ratios. Cronan (1977, p. 37) sug-
gested that high detrital sedimentation rates
“could lead to low Mn/Fe ratios in view of the
greater amounts of releasable Fe relative to Mn in
the products of continental weathering,” and he
suggested that higher detrital sedimentation rates
in the Atlantic compared to the Pacific may explain
the differences in their manganese-iron ratios.

However, many of the stations outside the
Clarion-Clipperton zone in the Pacific, where
nodules are high in combined nickel and copper
(figure 14), as well as many stations where the
nodules contain 35 percent manganese or more
(figure 18) do, in fact, lie seaward of areas of
coastal upwelling along the eastern side of the
Pacific basin, close enough, perhaps, to receive
some of the organic debris generated by coastal
upwelling. But such a relationship is not evident in
the central South Pacific, where the nodules are
also high in combined nickel and copper (figs. 14
and 15).

Many of the regional variations in nodule metal
content relate to the physiography of the ocean
basins as it controls depth, organic productivity,
and sediment type. Cronan’s (1977) analysis of
variations in nodule metal contents from different
environments brings out, for example, the high
cobalt content of nodules from seamounts and
other submarine elevations, the high manganese
content of nodules from continental borderlines,
and the high combined nickel and copper contents
of abyssal nodules.

In summary, many factors may play a part in the
origin of subsea manganese nodules and the varia-
tions in their compositions: (1) the rate of deposi-
tion of sediment and its content of terrigenous and
biogenous matter, (2) the redox potential of the en-
vironment and the extent to which diagenetic proc-
esses are locally operative, (8) the local availability
of various metals, (4) the local availability of
nucleating materials, (5) the bottom topography
and water depth and the bottom-current activity

50

and character, and (6) the biologic productivity of
surface waters, which is, in turn, related to oceanic
circulation and its effects in locally bringing
nutrient-rich waters into the photic zone.

Combinations of these factors seem to explain, at
least partly, some of the features of nodule
distribution and composition. For example, the
high concentrations of cobalt in western Pacific
nodules relate to the highly oxidizing, essentially
nondepositional environment prevailing on the ex-
tensive seamounts and plateaus in that area. The
asymmetrical concentrations of the principal
metals in nodules on the eastern sides of the oceans
versus those on the western sides and their
latitudinal variations may be a function of slow
sedimentation at abyssal depths and oceanic cir-
culation. The main elements of oceanic circulation
are (1) two large circulating gyrals, one in the north-
ern hemisphere moving clockwise and one in the
southern hemisphere moving counterclockwise, (2)
an eastward-flowing equatorial countercurrent be-
tween them, and (3) areas of high organic produc-
tivity where cold, nutrient-rich waters upwell in
coastal areas along the eastern sides of the basins
in each hemisphere and along the equatorial
countercurrent. These elements combine to create
a widespread blanket of sediments on the abyssal
floor; this blanket varies regionally in character,
depending on whether biogenous, pelagic, or ter-
rigenous sediments are dominant, and is generally
below the lysocline where metals are liberated
from organic matter and where diagenic processes
are active in mobilizing and partitioning metals.

The differences in the average compositions of
nodules from ocean to ocean may reflect the major
differences in their geology and morphology. The
Atlantic Ocean, for example, receives much more
terrigenous matter per unit of area than the
Pacific, its abyssal plains and areas covered by
noncalcareous pelagic sediments are proportional-
ly much smaller, and its mean depth is nearly 10
percent less—all factors that would help to account
for the lower average contents of manganese,
nickel, and copper in Atlantic nodules.

But such broad controls are not much help in ex-
plaining many aspects of the regional trends— for
example, the continuation of the poleward de-
crease in manganese, nickel, and copper contents
of nodules to high latitudes, even in areas of high
organic productivity; the area of the central South
Pacific in which the content of these metals is high,;
the apparent localization of the manganese-rich (35



percent or more) nodules on the eastern side of the
Pacific basin and the northeastern equatorial
region east of the Clarion-Clipperton zone and
their lower nickel and copper contents; the higher
iron content of nodules on the western side of the
Pacific; and the anomalously high local content of
some normally minor metals such as tellurium,
lead, and zinc. Given the large number of factors
that may affect the composition of the nodules, it is
not surprising that it is difficult to determine their
interplay in accounting for specific variations. But,
plainly, a greater understanding of ocean proc-
esses and regional oceanography is needed to ex-
plain all the variations observed in the composi-
tions of subsea manganese nodules. If the reasons
for these variations do come to be understood, they
may facilitate, on one hand, prospecting for
economically valuable deposits; on the other hand,
the local composition of nodules may serve as an in-
dicator of locally prevailing environmental condi-
tions.

SUMMARY

Analysis of the publicly available data in the
Scripps Sediment Data Bank supports and extends
previous observations concerning the composition
of subsea manganese nodules. Although all nodules
contain amorphous iron oxide, one or more manga-
nese minerals, and phillipsite—all of which form by
accretion around a nucleus—and some admixed
silicate grains from extraneous sources, regional
variations in composition are pronounced. Nodules
from the Pacific average 1.42 times as much man-
ganese and 2.36 times as much combined nickel
and copper as those from the Atlantic and 1.2
times as much manganese and 1.5 times as much
combined nickel and copper as those from the In-
dian Ocean. The mean iron content of Atlantic
nodules is about 1.2 times that of Indian nodules
and nearly 1.5 times that of Pacific nodules. Within
each of the oceans, the composition shows both a
circumferential and a latitudinal variation.
Nodules richest in manganese, nickel, and copper
are found mainly in the eastern parts, and those
richest in iron and cobalt are found in the western
parts. The average manganese, nickel, and copper
contents of nodules within the 20° latitudinal zones
generally increase toward the equator in both
hemispheres, and iron generally decreases,
although its high is in the 20° to 40° S. zone.
Cobalt decreases slightly toward the equatorial
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region in the northern hemisphere but shows the
opposite relation in the southern hemisphere.
Nodule composition is also related to water
depth. The relation is not linear but is more in the
nature of a threshold depth of about 2,900 to 3,000
m, above which combined nickel and copper con-
tents greater than 1 percent are rare and below
which nodules containing cobalt in amounts
greater than about 0.6 percent are rare. Below the
threshold depth for combined nickel and copper
and above that for cobalt, the maximum metal con-
tents increase to an optimum depth (in the Pacific,
about 4,800 to 5,200 m for combined nickel and
copper and 800 to 1,850 m for cobalt) and then
decline. The manganese content shows little cor-
relation with depth, although there does appear to
be a decrease in the maximum and perhaps an in-
crease in the minimum with increasing depth.
Publicly available data on concentration are too
sparse to support generalizations about its varia-
tions, but nearly all measurements showing
nodules in concentrations of more than about 13
kg/m? are from depths of greater than about 3,700
m. The greatest concentrations of metalliferous
oxides, however, appear to be not in the nodules
but in the widespread encrustations on the mid-
Pacific seamounts at depths of 1,200 to 2,500 m.
Although the composition of the nodules varies
widely, three rarely overlapping, distinct composi-
tional types that are of possible economic interest
can be recognized. (1) Nodules containing more
than about 1.0 percent combined nickel and copper
only expectionally contain more than 0.5 percent
cobalt and 35 percent manganese. (2) Nodules con-
taining more than 0.5 percent cobalt rarely contain
more than 1.0 percent combined nickel and copper.
(8) Nodules containing more than 35 percent man-
ganese only exceptionally contain more than 0.5
percent cobalt, although they average nearly 1.1
percent combined nickel and copper. Geograph-
ically, nodules in these compositional groups occur
in the regions where they might be expected on the
basis of the relationships previously mentioned.
For example, areas in which nodules have high
cobalt contents are found mainly at relatively
shallow depths in the central Pacific. Nodules hav-
ing high nickel and copper contents occur mainly
at abyssal depths at low latitudes. The Clarion-
Clipperton zone in the northeastern equatorial
Pacific represents the largest accumulation yet
known of nodules averaging 1.8 percent combined
nickel and copper or more. Similar types also are



present in the southeastern equatorial Pacific and
the equatorial part of the Indian Ocean, but
nodules having high combined nickel and copper
contents also occur at higher latitudes. Nearly all
of the stations at which high manganese contents
have been found are in the eastern and northern
equatorial Pacific.

The data on high cobalt and high manganese
types are not sufficient to justify an attempt to
delineate the areas in which they are found as
targets for exploration, although the data available
would help in selecting regions where deposits of
those types might be sought. Rough exploration
targets for nodules having high combined nickel
and copper contents have been delineated, how-
ever, and indicate several large areas where ex-
ploration might be justified later on.

Nearly 60 chemical elements have been found in
subsea manganese nodules, many in concentra-
tions far exceeding their average abundances in
the Earth’s crust. Variations in the concentrations
of many of these elements with latitude, depth, and
metal type follow the principal metals. For exam-
ple, the highest means for magnesium, scandium,
chromium, and zinc are found in nodules contain-
ing more than 1.8 percent combined nickel and
copper; the highest means for phosphorus,
titanium, vanadium, calcium, strontium, yttrium,
zirconium, lanthanum, cerium, and lead are found
in nodules containing more than 0.5 percent cobalt;
the highest means for sodium and lead are found in
nodules containing more than 35 percent manga-
nese. However, the nodule groups having high
combined nickel and copper, cobalt, and
manganese contents do not include the maximum
values for several other elements, such as titanium
(8.9 percent), vanadium (0.5), zine (9.0), and lead
(0.75). Many of these maximums are higher than
the means by an order of magnitude or more and
may represent analytical errors. That this explana-
tion may not hold, however, is suggested by the
fact that the maximum for each ocean is also much
higher than the world mean. The world maximum
for zinc, for example, is from the Indian Ocean, but
the high values in the Atlantic and Pacific Oceans
are 8.0 and 7.0 percent, respectively. It seems
possible, therefore, that types of metal-rich
nodules other than those discussed here may exist
and that some of them may be of potential
economic value. Some minor metals in nodules rich
in combined nickel and copper and in cobalt may
also prove to be recoverable as coproducts.
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Molybdenum and vanadium, for example, would
seem to be candidates for recovery from nodules in
the Clarion-Clipperton zone.

Not many samples have been analyzed for pre-
cious metals, but the few analyses available in-
dicate that some are present in amounts much
higher than their average abundances in the
Earth’s crust, although they are still too low to be
of primary economic value. Platinum, for example,
has been found in a sample from the Clarion-
Clipperton zone and in one from the Blake Plateau
in amounts of 123 and 453 ppb, respectively.

Many of the variations in the composition of
manganese nodules are reflected in their miner-
alogy. It is now well established that the nodules
are mixtures of three manganese mineral phases
(vernadite, todorokite, and birnessite), an amor-
phous iron oxide phase, phillipsite, and admixed
clay and other silicate minerals from extraneous
sources. Fine-grained manganese and iron oxides
have the capacity to attract and hold by physical
adsorption a wide variety of metals; in addition,
the crystal structures of todorokite and birnessite
have sites in which small divalent cations such as
nickel and copper can replace Mn*? and other sites
that will accommodate large cations such as
potassium. It has also been established that
todorokite forms on the parts of nodules that are
buried in the uppermost layer of sediments as a
result of diagenetic processes in which manganese
(but not iron) is dissolved under the reducing condi-
tions prevailing in the sediments (perhaps created
by decaying organic matter), carried upward, and
precipitated under the oxidizing conditions prevail-
ing on the sea bottom. The amorphous iron-ver-
nadite phases are direct precipitates from
seawater and form on the tops of nodules exposed
to seawater or as crusts on bedrock surfaces where
there are no nucleating grains. Both groups of
minerals form in the same macroenvironment of
the deep ocean floor, and the mineral composition
of a nodule thus depends on its exposure to
seawater, as opposed to sediment in which
diagenetic processes are operating. That fact alone
does not explain the regional variations in nodule
composition, however, for the nickel and copper
contents of todorokite vary considerably.

Many factors may play a part in the origin and
composition of the nodules, and combinations of
these factors seem to explain at least partly some
of their variations. For example, the high cobalt
content of western Pacific nodules may be related



to the highly oxidizing, essentially nondepositional
environment prevailing on the extensive sea-
mounts and plateaus in that area. The circumferen-
tial and latitudinal variations may be related to
oceanic circulation, which creates areas of high
organic productivity along the eastern sides of the
basins in each hemisphere and along the equatorial
countercurrent and results in a slowly ac-
cumulating, widespread blanket of sediments on
the abyssal floor. The regional variation in the
character of this blanket depends on the
dominance of biogenous, pelagic, or terrigenous
sediments in which diagenetic processes are active
in mobilizing and partitionmg metals. The dif-
ferences in the average compositions of the
nodules from ocean to ocean may relate to major
differences in their geology and morphology. The
Atlantic, for example, receives much more ter-
rigenous matter per unit of area than the Pacifie,
its abyssal plains are proportionately less exten-
sive, and its mean depth is 10 percent less—all fac-
tors that would help account for its lower average
manganese, nickel, and copper contents. But a bet-
ter understanding of ocean processes and regional
oceanography and geology is required to explain
all the variations observed in the composition of
subsea manganese nodules.
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