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Abstract—By R-mode factor analysis and enrichment factor calculations, most of the elements in abyssal
ferromanganese nodules and associated pelagic sediments (excluding common authigenic minerals like
apatite, barite, opal and carbonates) are found to be preferentially concentrated in one of the following
three major phases: aluminosilicates (e.g., Al, Si, Sc, Ga, Cr, Be, Na, K, Rb and Cs), Fe-oxides (e.g.,
Fe, P, S, V, Se, Te, As, B, Sn, U, Hg, Pb, Ti, Ge, Y, Zr, Nb, Pd, In, rare-earths, Hf, Th, Pa, Pu, Am,
Ru and Bi), and Mn-oxides (e.g., Mn, Tl, Ag, Cd, Mg, Ca, Ba, Ra, Co, Ni, Cu, Zn, Mo, Sb and
probably W). The specific association of elements with these three phases can be explained by the
difference in chemical forms of elements in seawater and by fundamental differences in physicochemical
properties (e.g., the pH of zero point of charge and dieletric constant) of these three phases.

INTRODUCTION

THE importance of hydrous Mn and Fe oxides in
controlling the concentrations of many elements in
deep-sea sediments, ferromanganese nodules and sea-
water was emphasized by Goldberg (1954). Jenne
(1968) also concluded that the concentration of
heavy metals like Co, Ni, Cu and Zn in soils, stream
sediments and continental waters are mainly con-
trolled by hydrous Mn and Fe oxides.

The calculations of correlation coefficients or plots
of correlation diagrams for various pairs of elements
(on the basis of bulk or acid leachate chemical com-
position data) in pelagic clays (Cronan, 1969/70;
Calvert and Price, 1977; Bischoff et al., 1979; Piper
et al, 1979), marine ferromanganese nodules
(Cronan, 1977; Calvert and Price, 1970, 1977; Cal-
vert et al., 1978; Piper et al., 1979), East Pacific Rise
sediments (Bostrom and Peterson, 1969; Horowitz,
1970; Crocket et al., 1973), basal metalliferous sed-
iment from the eastern Pacific (Cronan, 1976),
stream sediments and concretionary Mn-Fe oxides
(Nowlan, 1976), black coatings on stream boulders
(Carpenter et al., 1978) suspended particles of rivers
(Gibbs, 1977; Teraoka and Kobayashi, 1980), fer-
romanganese-oxide crusts and nodules from Lake
Michigan (Callender, 1973) all attest to the impor-
tance of hydrous Mn-Fe oxides as scavengers or ac-
cumulators of many elements. Furthermore, data for
the chemical composition of ferromanganese nodules
provide clues as to which elements associate pref-
erentially with hydrous Mn oxides or with hydrous
Fe oxides. For example, Calvert and Price (1977)
showed that Mg, Ba, Cu, Mo, Ni and Zn in ferro-
manganese nodules from the eastern central Pacific
are strongly correlated with Mn content, whereas Ti,
P, As, Pb, Sr, Y, Ce, Zr and Co are correlated with
Fe content.

The purpose of the present paper is 1) to sum-
marize the interelement relationship in abyssal Pa-

cific ferromanganese nodules and in associated pe-
lagic sediments using the statistical technique of
R-mode factor analysis, 2) to demonstrate that the
enrichment factors of inter-related elements in fer-
romanganese nodules relative to associated pelagic
sediments are generally very similar, and 3) to discuss
briefly possible causes of the observed interelement
relationship in nodules and associated pelagic sedi-
ments.

SAMPLES AND METHODS

The bulk chemical composition data of abyssal ferro-
manganese nodules and associated pelagic sediments (for
sediments, some acid leachate data were also included) from
the equatorial Pacific (28°N ~ 13°S, 117°W ~ 175°E,
excluding five sediment cores with high carbonate content),
by Calvert and Price (1977), Wahine area (8°20'N, 153°W,
near the Dome site 4) by Calvert et al. (1978) and Dome
sites (4 = 8°27'N, 150°47'W; B = 11°42'N, 138°24W; and
C = 15°N, 126°W) by Piper et al. (1979) were chosen for
R-mode factor analysis and enrichment factor calculation.
The above three sets of data are all from the same general
area. Calvert and Price (1977) and Calvert et al. (1978)
have performed Q-mode factor analysis on their manganese
nodule data. The interelement relationships obtained by Q-
mode and R-mode factor analyses are essentially the same.
But unlike R-mode factor analysis the multiple-regression
coefficient of variables (i.e., the concentrations of various
elements) on factors by Q-mode factor analysis is not nor-
malized to one for a perfect correlation; therefore R-mode
factor analysis is preferred here for ease of graphic pre-
sentation of several results and their comparison.

The computer program for R-mode factor analysis was
adopted from the “statistical package for the Social Sci-
ences” (SPSS) by Nie et al. (1975). For usual runs, the
following statistical information was extracted: means and
standard deviations of variables (in the present case, the
concentrations of various elements in a set of samples),
correlation matrix, communalities, eigen-values and pro-
portion of total and common variance, principal component
matrix, and rotated factor matrix (varimax). The SPSS
provides a concise definition for each of these terminologies.
The eigen-value was cut off at 0.5. Any possible association
of a group of elements in a set of given samples can usually
be deduced from the coherence of these elements in a three-

1053



1054

Y.-H. LI

Table 1. The correlation coefficients {in %) in ferromanganese nodules and associated sediments
from Equatorial Pacific (a), Wahine area (b) and Dome Sites (c)
Sediment (a) Nodule (a} Sediment (b) Nodule (b) Sediment (c) Nodule (c)

Al Fe Mn Al Fe Al Fe Mn Al Fe Cs Fe (M) Fe Mn
Al 100 =42 -52 100 -18 -73 100 35 -31 100 -35 -87 Fe -24 100 -65 100 -30
Si 72 -83 -85 88 -14 -78 40 6 -57 95 =52 -79 Mn -30 100
Ti -26 85 55 -7 73 36 90 29 -49 -1 91 -37 Cu =77 72
Fe =42 100 89 -18 100 45 35 100 =44 -35 100 -5 Ni -70 76
Ca -73 62 45 -53 44 26 -46 -7 S0 62 -40 =53 Co 9 -11 30 76 -2
Mg 14 -12 -43 2 -54 51 -7 3 17 -16 -10 32 Zn -54 63 86 -44 76
K 86 -53 =55 84 -42 =50 85 32 -53 52 -42 -32 Ba -50 56 46 -4 31
P -76 60 56 -19 86 -22 -15 -1 32 12 -12 ~-18 HE 50 -7 2 65 -56
Mn -52 89 100 =73 =45 100 =31 -44 100 -87 -5 100 Sb  -25 59 86 -3 73
CO3 -6 =34 -18 -28 69 -2 Th 82 =24 -40 78 =43
Corg =41 85 95 4 -17 3 u 45 19 21 70 =25
As =31 87 91 -13 83 =27 12 =44 20 -36 81 -1 Se¢ -4 =51 -5 25 -63
Ba 21 -31 -8 =45 -58 82 -53 -2 68 -4 -56 25 Cr 94 =35 -48
Ce -50 94 95 -19 49 6 47 4 -20 0 88 -41 Cs 100 ~24 =57
Co =54 87 99 -62 47 31 41 2 31 -35 92 -1 Rb 88 -10 -39
Cu -69 37 55 -10 -81 78 -6 -31 80 -30 -48 49 Ta 89 -5 -37
Mo =49 85 97 -48 -61 91 -46 -19 79 -69 =23 87 (Cu) =25 28 77
Ni -39 75 88 -36 -80 84 -30 -39 95 =47 -7 48 (Ni) -30 22 83
Pb =51 98 92 -28 76 =20 -3 23 14 -13 91 =23 (Co) 6 -i3 44
Rb 85 -52 =45 68 =42 =45 65 9 ~64 40 -1 =45 (Zn) =53 58 96
St -41 70 79 -66 717 9 =54 ~10 64 31 54 -59 (Mn) -47 65 100
Th 0 25 28 45 16 =54 36 -3 =24 12 74 =41 (Fe) -42 91 68
Y -76 44 45 -13 71 -17 -10 20 16 20 66 ~54
In -48 S1 28 -1l -59 46 =25 -9 67 -59 -31 80
Zr =29 83 74 -18 53 -19 54 23 -17 37 65 -62
(Mn)* -35 -46 99
(Fe) 1 15 =25

* Elements in parentheses represent the acid leachate data.

dimensional space of the principal component factors 1 to
3. Any pair of elements in a coherent group also should
have a reasonably high correlation coefficient in the cor-
relation matrix. Two words of caution concerning the in-
terpretation of factor analysis results are necessary: an ap-
parent correlation could also be caused by systematic error
in chemical analysis or be an indirect one, as will be illus-
trated later. An apparent lack of correlation may also be
produced, if the uncertainty in chemical analysis is greater
than the natural variability. Therefore, the results of any
factor analysis should always be checked for consistency
against other relevant information.

The enrichment factor, E',, is defined here as the average
concentration ratio of element i and the normalizing ele-
ment Al (C’/C*) in ferromanganese nodules compared to
this ratio in the associated pelagic sediments. The sea salt
contribution in nodules and associated pelagic sediment
(especially for Na and So,) was subtracted by assuming
that Cl in the samples is purely of seawater origin. If the
normalizing element is j instead of Al, then

= Eiu/E‘f\l-

and, if F4; =~ 1, then

i i
E; =~ Ey .

RESULTS AND DISCUSSION
1. R-mode factor analysis

The correlation coefficients of various elements
against Al (or Cs), Fe and Mn for three sets of data
are presented in Table 1. (The complete correlation
matrices will be provided on request by the author).
The extracted principal component factors 1 to 3 are
plotted (factors 1 vs. 2 and 1 vs. 3) in Fig. 1 for
ferromanganese nodules and in Fig. 2 for associated
pelagic sediments.

According to Fig. 1, elements in abyssal Pacific
ferromanganese nodules can be grossly split into
three major phase groups: 1) aluminosilicate group

(Al, Si, K, Rb and probably Sc), 2) Fe oxide group
(Fe, Ti, Zr, Hf, Th, U, P, Y, As, Ce, Pb and CO,),
and 3) Mn oxide group (Mn, Mo, Sb, Ni, Cu, Zn,
Ba and Mg). The Q-mode factor analysis of North
Pacific ferromanganese nodules by Bischoff et al.
(1981) indicates that Na also belongs to the alu-
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Fi1G. 1. Plots of the principal component factors ! vs. 2
and factors 1 vs. 3 for ferromanganese nodules from a) the
Equatorial Pacific, b) Wahine area, and c) Dome sites.



PACIFIC FERROMANGANESE NODULES

minosilicate group. The lack of strong correlation of
Th in Fig. 1a, P and Mg in Fig. 1b, and Ba in Fig.
lc with other elements may be caused by the en-
richment of these elements in more than one phase.
For example, in nodules P may also be associated
with authigenic apatite, Ba with barite, and Th and
Mg with aluminosilicates. The association of Sr (Fig.
la and 1b) and Ca (Fig. 1b) with Fe oxide phase
may be an indirect one because Ca and Sr may as-
sociate with phosphate and/or carbonate minerals
which in turn correlate with the Fe oxide phase. This
hypothesis needs further verification. Another anom-
aly is the association of Co with the Fe oxide phase.
Ferromanganese nodules from lakes (Callender,
1973), continental margin (Calvert and Price, 1970),
seamounts, oceanic plateaus and the abyssal Atlantic
(Cronan, 1977) all indicate a correlation between Co
and Mn oxide phase instead. Burns (1976) suggested
that the apparent Co-Fe correlation may represent
a Co-Mn correlation within the dMnQO, phase which
is epitaxially intergrown with FeOOH-X H,0.
Burns (1976) and Moorby and Cronan (1981) fur-
ther suggested that the fixation of cobalt in §MnO,
is a result of oxidation of adsorbed Co*? into Co*?
by Mn**, replacing Mn** in the edge-shared [MnOs]
octahedra. Laboratory results indicate that in sea-
water Co(II) is preferentially concentrated in MnO,
compared to hydrous ferric oxide (Takematsu, 1979).
Ce as well as other rare earth elements are also
strongly correlated with the Fe oxide phase of nod-
ules from the Wahine area (Elderfield ez al., 1981).
In Fig. 1b, Ni is related to Mn indirectly through
strong correlation with Cu. It is instructive to men-
tion that Mg, Ca, Sr, Ba, Co, Ni, Cu, Zn, Cd and
Mo are all strongly correlated with Mn in freshwater
lake nodules (correlation coefficient, r, of greater
than 0.7), while Fe is strongly correlated with As
(r=0.93) and weakly with Cr (r=0.59) and Pb
(r = 0.28) (Callender, 1973).

The electron microprobe technique has been used
to elucidate the interelement relationships in ferro-
manganese nodules (Burns and Fuerstenau, 1966;
Usui, 1979; Banning, 1979; Sorem and Fewkes,
1979). However, the results are often conflicting and
are not always directly comparable with the results
of bulk analysis (Usui, 1979; Banning, 1979). It is
quite possible that bulk analysis may provide inter-
element relationships when elements were first in-
corporated into nodules, whereas the microprobe
analysis records the interelement relationships after
incorporation and various degrees of diagenetic rear-
rangement.

According to Fig. 2 the elements in pelagic clays
can also be split into the same three major phase
groups. The elements belonging to Fe oxide and Mn
oxide groups, however, merge together in Figs. 2a
and 2¢ due to the positive correlation between Fe and
Mn in sediments. Furthermore, since the Fe content
in sediments is relatively low as compared to nodules,
the aluminosilicate phase may become the predom-
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F1G. 2. Plots of the principal component factors 1 vs. 2
and factors 1 vs. 3 for pelagic sediments from a) the Equa-
torial Pacific, b) Wahine area, and ¢) Dome sites.

inant contributor of Ti (Fig. 2b), as well as Th, Ta
and Cr (Fig. 2c). The lack of correlation of the Fe
oxide group elements in Fig. 2b (e.g., Fe, Zr, Y, Pb,
Th, As, P and Ce) and in Fig. 2c (Hf, U) may suggest
the importance of both aluminosilicate and Fe-oxide
phases as the contributors of these elements in sed-
iments.

A subgroup of P, Y and Ca in Fig. 2a indicates
the existence of phosphate minerals in sediments as
noted by Calvert and Price (1977). Elderfield ez al.
(1981) have also shown that rare earth elements
(except Ce, which is associated with Fe) in the Wah-
ine area sediments are mainly associated with phos-
phate minerals. The association of organic carbon
(Corg) with Fe/Mn oxide mixed phases in Fig. 2a
suggests the adsorption of dissolved organic matter
by Fe oxide phase (Parfitt er al., 1977; Tipping,
1981). On the other hand, the lack of correlation of
Corg With other elements (Fig. 1a) and low organic
carbon content in nodules (Calvert and Price, 1977)
may suggest that organic matter is oxidized during
the diagenetic change of nodules and that the organic
carbon is not an important site for the accumulation
of various elements in nodules. Ca and Sr belong to
the Mn oxide phase in the Wahine area sediments
(Fig. 2b) and Cs to the aluminosilicate phase in sed-
iments (Fig. 2c) from the Dome sites.

The interelement relationships in the acid leach-
ates of sediments are very similar to that in bulk
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sediments (Fig. 2b and 2c, leachate data are in par-
entheses) even though the percentage of dissolution
by acids varies greatly from element to element.
(Added note: The correlation matrixes of Tables 4
and 7 by Piper er al. (1979) cannot be reproduced
by using the raw data given in their Tables 3 and 6.
The sign for the correlation coefficient of Co-Fe and
Co-Ni pairs in their Table 11 should be reversed.)

In summary, most of the elements, both in abyssal
Pacific nodules and associated pelagic clay sedi-
ments, are preferentially concentrated in one of the
following three major phases, i.e., aluminosilicates
(Al, Si, Na, K, Rb, Cs and probably Sc), Fe oxides
(Fe, Ti, Zr, Hf, Th, U, P, Y, As, rare earths, Pb,
etc.) and Mn oxides (Mn, Co, Ni, Cu, Zn, Ba, Sr,
Ca, Mg, Mo, Sb, etc.). In addition, common authi-
genic minerals in deep sea sediments and nodules also
concentrate specific elements, e.g., phosphate min-
erals (P, Y, Ca, Sr, rare earths), carbonates (Ca, Sr,
CO,) barite (Ba, SO,) and siliceous ooze (Si). When
the Fe content of pelagic sediments is low, alumin-
nosilicates can become the predominant contributor
for some of the Fe oxide group elements (Ti, Th, Ta,
Cr) in sediments.

Y.-H. LI

The detrital or crystal lattice components of alu-
minosilicates can contain many kinds of elements,
but a significant fraction of alkali elements in alu-
minosilicates is concentrated by surface adsorption
processes (Li, 1981). Fe-oxide group elements exist
in seawater as oxyanions (P, As), hydroxide com-
plexes of tri- and tetravalent cations (Ti, Zr, Hf,
Th, Y, rare earths) and carbonate complexes (U, Pb),
whereas the Mn oxide group elements are mainly
mono- and divalent cations, except Mo and Sb which
exist as oxyanions in seawater (e.g., Brewer, 1975).
While further verification is needed, it is plausible
that Mo and Sb in the Mn oxide phase exist as man-
ganese compounds instead of as adsorbed species.

II. Enrichment factor calculations

If Mn oxide group elements are concentrated only
in the Mn oxide phases of both nodules and asso-
ciated sediments through the same enrichment mech-
anisms, then one would expect that the EX,’s of Mn
oxide group elements should be similar, or Eiy, (Mn
as normalizing element) should be close to one. This
should also apply to Fe oxide and aluminosilicate
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F1G. 3. Enrichment factors of elements in nodules relative to associated sediments (E%,) for samples
from a) the Equatorial Pacific, b) Wahine area and ¢) Dome sites.
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group elements. Figure 3 shows this to be the case.
For example, the E,’s of Mn, Co, Ni, Cu, Mo and
Sb (Mn oxide group) are high and very similar. The

s of Fe, Ti, Zr, Hf, Th, U, P, Y, As and rare
earth elements except Ce (Fe oxide group) are in
medium values and again similar. The Ei’s of Al,
Si, K and Rb (aluminosilicate group) are close to
unity. Notice that, in Fig. 3c, Sc instead of Al was
used as the normalizing element due to lack of Al
data. As will be shown later, ES; is close to unity;
therefore EY ~ E&.. The rare earth data in Fig. 3b
were obtained from Elderfield et al. (1981).

The few exceptions to the rule in Fig. 3 are ex-
plainable: The E4’s of Mg, Ca, Sr, Ba and Zn (Mn
oxide group) are much less than EX" because these
elements reside not only in the Mn oxide phase, but
also in other dominant phases of the sediments such
as aluminosilicates, phosphates, carbonates and bar-
ite. The E4’s of Pb and Ce (Fe oxide group) are
higher than EL;, suggesting some additional enrich-
ment mechanisms in nodules. For example, the for-
mation of PbO, and CeO, (Sillen, 1961) in nodules
can be postulated. One may reason that, during the
extremely slow growth of the mixture of amorphous
FeOOH and colloidal 6MnO, on the top of man-
ganese nodules, any organic matter is oxidized away
by aerated seawater, and a high pE environment
prevails in the FeEOOH-6MnO, mixture, facilitating
the oxidation of Pb*? to Pb™ and Ce** to Ce**.
Whereas in sediments the accumulation rate of pe-
lagic clays is relatively fast, the oxidation of organic
matter in sediments causes a relatively low pE en-
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Y (Fe oxide group) are lower than E%;, due to the
existence of phosphate minerals in Wahine area sed-
iments (Elderfield et al., 1981).

For the purpose of comparison, the E%,’s of various
elements in the world average nodules (using the
world average pelagic clays as the reference material)
were estimated and given in Fig. 4. Data for world’s
average nodule composition were taken from Cronan
(1976; some missing data were supplemented by his
Pacific Ocean data). Additional data are included for
rare earths (Piper, 1974), for Li, Be, Ge, Nb and Se
(Cronan and Thomas, 1972), for In (Glasby, 1973),
and for Na, Cs and S (Glasby ez al., 1978). The Na
and S data by Glasby et al. (1978) are preferred
here, since the sea salt contributions can be sub-
tracted using Cl data. The world’s average pelagic
clay data are mainly from Turekian and Wedepohl
(1961). Though better, more recent data are included
for the rare earths (Piper, 1974), for Bi (Marowsky
and Wedepohl, 1971), and for Au, Pd and Ir
(Crocket et al., 1973).

The enrichment pattern of common elements in
Figs. 3 and 4 are very similar. In addition, an E}
of close to one for Be, Sc, Ga in Fig. 4 suggests their
association with the aluminosilicate group. Since Na,
K, Rb and Cs belong to the aluminosilicate group,
one would also expect the association of Li with the
same group. However, an E%, of less than one for
alkali elements indicates a deficiency of alkali ele-
ments (especially Li) in nodules as compared to sed-
iments. The mineralogical difference of aluminosil-
icates in nodules (mainly phillipsite, Bischoff et al.,

vironment in sediments. In Fig. 3b, the E’s of Pand 1981, Burns and Burns, 1978) and in sediments (clay
3
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F1G. 4. Enrichment factors of elements in the world’s average ferromanganese nodules relative to the
world’s average pelagic clays (roughly in the increasing order of atomic number).
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minerals) may explain the deficiency of alkali ele-
ments in nodules, if alkali elements (especially Li)
are deficient in phillipsite compared to clay minerals.
The E; of less than one (Fig. 4) may be caused by
the oxidation of Cr(III) into more soluble CrO,~ in
the highly oxidizing nodule environment and indi-
cates the predominance of Cr in the aluminosilicate
phase of sediments.

The similar value of Ef{ and E'’s of additional
elements like B, S, V, Ge, Nb, Pd, In, Sn and Hg
in Fig 4 again suggests the association of these ele-
ments with the Fe-oxide phase. Adsorption experi-
ments have shown that B (Harder, 1959) and V
(Krauskopf, 1956) can be readily adsorbed by fine
iron oxide or hydroxide particles in a seawater me-
dium. The results from radiotracer experiments in
microcosms simulating the Narragansett Bay envi-
ronment (Santschi et al, 1980, and unpublished
data) also indicate similar rapid removal behavior
of Hg, Sn, Th, Pa, Pb, Am(III), Pu(IV), Cr(III) and
Fe from the seawater column to sediments. Though
Hg exists in seawater as strong HgCl;? complex, Hg
is not adsorbed by hydrous Fe oxide as chloro-com-
plex (Kinniburgh and Jackson, 1978) but more likely
as hydrolized Hg(OH), due to its very high hydro-
lysis constant. Pb is probably adsorbed by the Fe
oxide phase of sediments as PbCOj; and/or Pb(OH),
(again needs verification). Se is adsorbed more by
ferric oxide or hydroxide than by Mn oxide in sea-
water medium (Karkar et al., 1968). Fe and Bi are
also moderately correlated in nodules (data by Ah-
rens et al., 1967). But E\’s of Se and Bi are both
much higher than E%;, again suggesting some addi-
tional enrichment mechanisms for Se and Bi in nod-
ules (possibly as Fe,(SeOs); and Bi,O,). Te is also
very much enriched in nodules (Lakin et al., 1963).
Considering the geochemical similarity between Se
and Te, Te is likely related to the Fe-oxide phase.
After subtracting seasalt components, there is still
a significant amount of I and Br left in nodules
(Cronan and Thomas, 1972). It is likely that I and
Br are adsorbed by the iron-oxide phase of nodules
as 105 and BrOj species. In short, the additional Fe
oxide group elements are again oxyanions or anions
(B, S, V, 1, Br, Se, Te), hydroxide complexes of tri-
and tetravalent cations (Ge, In, Sn, Pa, Am, Pu, Nb,
Pd and Bi) except Hg which is chloro-complex in
seawater but probably adsorbed as Hg(OH),.

The E\’s of additional elements like Ag, Cd, W
and Ir are close to EX" but EL! is greater than EX"
(see Fig. 4). The affinity of Ag, Tl and Cd to Mn
oxide are well documented (Anderson et al., 1973,
for Ag; Vorkresenskaya and Usevich, 1957, for TI;
and Van der Weijden, 1976, for Cd). The fact that
ET! is greater than E4" may again be caused by the
formation of T1,O; in the highly oxidizing nodule

~ environment.

E#¥ is lower than EX" but is greater than one,
suggesting the association of Au with the alumino-
silicate phase of the sediments (Glasby ez al., 1978)
as well as with the Mn-oxide phase. Ag, Au and Cd
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form chloro-complexes in seawater (Brewer, 1975),
but like Hg, these elements are apparently not ad-
sorbed by Mn oxides as chlorocomplexes. Whether
W and Ir really belong to the Mn oxide group (like
Mo and Sb) needs to be verified independently.

II1. Causes of specific association

The specific association of elements with alumi-
nosilicates, Fe oxides and Mn oxides was also dem-
onstrated by the determination of the distribution
coefficients, Kd (= the concentration ratio of ele-
ments in solids and seawater at equilibrium). For
example, Duursma and Eisma (1974) found that the
Kd’s of **Rb, '*’Cs and **Zn in marine sediments are
positively correlated with the cation-exchange ca-
pacity or the aluminosilicate content of marine sed-
iments, whereas the Kd’s of **Fe, '%Ru, **Zr, '“’Pm,
144Ce and 2'°Pb are independent of cation-exchange
capacity and probably are correlated with the amount
of iron oxide coating on clay particles, as exemplified
by the positive correlation between Kd of '*Ru and
20% HCI extractable Fe in sediments. Takematsu
(1979) also found that the Kd’s of Mn(II), Co, Ni,
Cu and Zn are the highest in éMnO,, followed by
hydrous ferric oxide, whereas Na-monmorillonite
and ferromanganese-oxide-free red clay have the
lowest Kd’s for these transition metals.

The specific association of elements with alumi-
nosilicates, Fe-oxides and Mn-oxides can be ex-
plained by fundamental differences in physicochem-
ical properties of these three phases e.g., the pH of
zero point of charge (pH,,) and dielectric constant
(e)(Li, 1981). Briefly, according to James and Healy’s
(1972) adsorption model, the change in the Gibbs
free energy during the adsorption of ions on solids
(AG,4s) includes the contributions from the coulom-
bic electrostatic interaction (AG....), the secondary
solvation or hydration (AG,,,), and the chemical or
non-coulombic interaction (AG.m ) at the solid-so-
lution interface, thus,

AGadsA = AGcoul. + AGsolv. + AGchem, (1)

AG,,,. is equal to Ze¥, where Z is the valency of the
adsorbing ion, e the electronic charge, and ¥ the
potential at its equilibrium position in the interface.
¥ is, in turn, a function of both RT/e (pH,, — pH)
and the ionic strength of the solution. Therefore, at
oceanic pH of 8, ¥ is negative for aluminosilicates
with pH,,. = 3.3 to 4.6 for kaolinite and <2.5 for
montmorillonite (Parks, 1967) and is also negative
for 8MnO, with pH,, ~ 1.3 to 2.8 (Morgan and
Stumm, 1964; Balistrieri and Murray, 1981, 1982).
The negative ¥ facilitates the adsorption of positively
charged ion species (AG.. < 0) and hinders the ad-
sorption of negatively charged ion species (8Gcou
> 0). Furthermore, the change in the Gibbs free en-
ergy of solvation (AG;,,,) during the adsorption of
hydrated cation on solids is a function of

Zzez/'Y’[ 1 /Eimcrface - l/fwaler] (2)
where 4" = radius of hydrated cation, and €yerace and
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€water are the dielectric constants of the solid-solution
interfacial region and the bulk solution, respectively.
Therefore, as 1ong as €perface 1S l€ss than eyaer (=78
at 25°C), AG,,,. is always positive and hinders the
adsorption of hydrated cations. The dielectric con-
stants of aluminosilicates (¢ ~ 4.8 to 8, Keller, 1966)
are much smaller than that of manganese oxide (e
~ 32, Murray, 1975). Therefore, according to equa-
tion (2), AG,,,. is always much greater for alumi-
nosilicates than for manganese oxides, especially for
high valent, low ionic radius cations (e.g., transition
metals). This can explain why aluminosilicate phases
in the ocean strongly adsorb alkali elements but not
transition metals, while Mn oxide phases strongly
adsorb transition metals.

For Fe-oxide phases, ¥ is probably near zero at
an oceanic pH of 8 with pH,,. =~ 7.1 to 8.3 for a-
FeOOH in NaCl solution and artificial seawater
(Hingston et al., 1972; Balistrieri and Murray,
1981). Thus, the AG,,,. term is relatively small for
the Fe-oxide phases and is zero for neutral ion species
(e.g., hydroxide complexes of many tri- and tetra-
valent cations). There is no dielectric constant data
for hydrous iron oxide but it is likely to be greater
than that of aluminosilicates, and the hindrance of
adsorption by the secondary solvation should be rel-
atively small. For neutral ion species, AG,,.. is zero.
Thus the adsorption of neutrally or negatively charged
ions on Fe oxides are largely dominated by the
AGhem. term (e.g., covalent bond formation). The
relationship between AG,q, and the partitioning coef-
ficient in the ocean (the concentration ratio of ele-
ment in oceanic pelagic clays over seawater) for var-
ious elements are discussed elsewhere (Li, 1981).

CONCLUSION

Both in abyssal Pacific ferromanganese nodules
and associated pelagic sediments, the elements pref-
erentially incorporated into the Fe-oxide phase are
mainly oxyanions or anions (e.g., P, S, V, Se, Te, As,
B, Sn, I, and Br), hydroxide complexes of tri- and
tetravalent cations (e.g., Ti, Ge, Y, Zr, Nb, Pd, In,
rare earths, Hf, Th, Pa, Pu, Am and Bi) carbonate
complexes of U and Pb, and chloro-complex of Hg
in seawater. The elements associated strongly with
the Mn-oxide phase are mono- and divalent cations
(e.g., T1, Ag, Cd, Mg, Ca, Ba, Ra, Co, Ni, Cu and
Zn), and oxyanions like Mo, Sb and probably W,
which may form manganese compounds. The ele-
ments predominant in the aluminosilicate phase are
alkali elements and crystal lattice components such
as Be, Sc, Ga, Cr, and sometimes Ti, Th, or Ta. In
addition, elements are also concentrated by common
authigenic minerals in deep-sea deposits such as
phosphate minerals (P, Y, Ca, Sr and rare earths),
barite (Ba and SO,), carbonates (Ca, Sr, CO;) and
opal (Si).

The specific association of elements with alumi-
nosilicates, Fe oxides and Mn oxides can be explained
by fundamental differences in physicochemical prop-
erties of these three major phases.
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