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The rare earth element ( R E E )  distribution in nine deep-sea ferromanganese nodules 
and their associated siliceous sediments from the Central Indian Ocean Basin 
(CIOB) have been studied to elucidate the R E E  relationship among them. Total 
R E E  concentration varies from 398-928ppm in the nodules and 137-235ppm in the 
associated sediments, suggesting two- to four-jold enrichment in the nodules com- 
pared to associated sediments. R E E  of nodules and their associated sediments show 
a positive correlation, suggesting REE are supplied from a common source such as 
seawater. The positive correlation between REE of nodules and sediments from the 
CIOB is contrary to the competitive scavenging of R E E  between nodules and sedi- 
ment in the equatorial Pacific Ocean. REEs in the nodules are carried by Fe, P, and 
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156 J .  N .  Pattan et al. 

Ti, whereas in the sediment they are carried by P and Mn phases. A similar REE 
fractionation pattern with middle REE enrichment over heavy and light REE in both 
the nodules and their associated sediment suggest jractionation is independent oj  
REE abundance and their carrier phases. 

Keywords manganese nodules, deep-sea sediment, REE, Ce-anomalies, 
fractionation. Central Indian Ocean Basin. 

The rare earth element (REE) concentration relationship in ferromanganese nodules 
and their associated sediments is complex and provides information on the factors 
controlling their uptake (Elderfield et al., 1981). There are different views regarding 
which phases control the abundance of REE in ferromanganese nodules such as 
multiple phases (Elderfield et al., 1981; Nath et al., 1992a) and single phase 
(Glasby et al., 1987; Pattan and Banakar, 1993). REE analysis of surface sediments 
in the Central Indian Ocean Basin (CIOB) showed that calcareous ooze has the 
lowest REE content with a strong negative Ce-anomaly, siliceous sediment has 
higher REE concentrations with a moderate positive Ce-anomaly, and red clay 
has the highest REE content although both positive and negative Ce-anomalies 
were observed (Banakar and Jauhari, 1994; Banakar et al., 1998; Nath et al., 
1992b; Pattan et al. 1994). Upward diagenetic remobilization of REE in the sediment 
has been reported (Pattan and Banakar, 1997) and might be supplying REE to the 
lower buried portion of nodules. The coarse fraction of Indian Ocean sediment has 
a negative Ce-anomaly due to a biogenic component, whereas the finer fraction 
has a positive Ce-anomaly attributed to clays and oxyhydroxides (Tlig and 
Steinberg, 1982). 

There has been no systematic study to understand the REE behavior in nodules 
and their associated sediments in the CIOB as has been attempted in the Pacific 
(Courtois and Clauer, 1980; Elderfield et al., 1981; Glasby et al., 1987; Rankin and 
Glasby, 1979) and Atlantic oceans (Addy, 1979). The present study on nine deep-sea 
ferromanganese nodules and their associated siliceous sediment from the CIOB is an 
attempt to understand the REE relationship, distribution patterns, carrier phases, 
and fractionation patterns. 

Material and Methods 

Nine surficial nodule-sediment pairs were collected with box core and Pettersson 
grab in the CIOB (Figure 1). A11 the nodule-sediment pairs are from siliceous ooze 
area where biogenic opal varied from 20-35% (Banakar et al., 1998; Pattan et al., 
1992). Known amounts of finely powdered oxide layers of ferromanganese nodules 
and the bulk sediments were treated in a mixture of HF and HC104 in open PTFE 
beakers and evaporated to incipient dryness. Again HF  and HC104 were added and 
evaporated until cake was formed, and to that 1Oml of 6 N HCI was added and final 
solutions were made to 100ml with distilled water. Part of the solution was used for 
REE separation using Dowex AG 50W-X8 (200400mesh) ion exchange resin fol- 
lowing the procedure of Jarvis and Jarvis (1985). REE and a few major elements 
were analyzed on a Phillips simultaneous Inductively Coupled Plasma-Atomic Emis- 
sion Spectrometry (ICP-AES). International sediment (MESS and BCSS) and 
nodule (A-1 and P-1) standards were used to assess the accuracy of the analyses. 
The accuracy of the analysis of sediments is +/-Fe (2. I), Mn (0.8), Ti (4.6), P (6.6), 
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Nodules and Sediments in CIOB, REE Geochemistry 157 

70' - 75' 85' 90" 

Figure 1. Schematic map showing ferromanganese nodule and their associated sediment 
location. 

La (3.6), Ce (0.6), Nd (2.3), Sm (2.6), Eu (1.6), Gd (2.5), Dy (0.2) Er (6 .Q Ho (7.2) 
Yb (1.5), and Lu (O.l), and that for nodules is Fe (5.0), Mn (S.O), Ti (1.3), P (S.O), 
La (0.9), Ce ( 5 . Q  Nd (O.l), Sm (7.8), Eu (5.6), Gd (O.l) ,  Dy (3.3), Er (2.7), Yb (9.2), 
and Lu (10). Mineralogical study of ferromanganese nodules was determined on a 
Phillips X-ray diffractometer. 
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158 J. N .  Pattan et al. 

Table 1 
Rare earth elements (ppm) and Fe, Mn, Ti, and P (%) concentration in 

ferromanganese nodules and their associated sediments from CIOB 

Sam. 
NO N-35 N-52 Y-81 Y-90 Y-94 Y-97 Y-100 F-155 S-657 

La Nod-73.6 

Ce Nod-234.5 
Sed-21.3 

Sed-69.2 

Sed-23.0 

Sed-6.1 

Sed- 1.4 

Sed-5.3 

Sed-4.9 

Sed-0.9 
Er Nod-8.3 

Sed-2.7 

Sed-2.5 

Sed-0.4 
Fe Nod-4.8 

Sed-3.3 
Mn Nod-30.6 

Sed-0.37 
Ti Nod-0.18 

Sed-0.18 
P Nod-0.12 

Sed-0.06 

Nd Nod-99.4 

Sm Nod-22.9 

EU Nod-5.4 

Gd Nod-20.8 

Dy Nod-17.1 

HO Nod-3.2 

Yb Nod-7.7 

LU Nod-1.4 

121.5 
28.5 

410.6 
86.5 

149.7 
34.5 
32.9 
8.9 
7.8 
2.1 

31.3 
7.8 

26.3 
7.2 
4.9 
1.4 

13.1 
3.9 

11.0 
3.6 
1.8 
0.6 
8.0 
4.5 

28.6 
0.78 
0.27 
0.39 
0.15 
0.14 

137.5 
42.9 

365.4 
79.9 

155.8 
46.3 
32.8 
11.6 
8.0 
2.7 

34.5 
10.7 
29.6 
10.7 
5.8 
2.2 

16.0 
6.3 

13.2 
5.6 
2.2 
0.9 
8.4 
2.9 

21.4 
0.59 
0.32 
0.23 
0.29 
0.11 

94.3 
26.8 

203.5 
77.6 

112.0 
29.8 
23.8 

7.3 
5.6 
1.8 

21.9 
7.4 

18.1 
6.3 
3.5 
1.3 
9.1 
3.5 
8.1 
3.3 
1.4 
0.7 
5.5 
2.7 

30.6 
0.56 
0.19 
0.19 
0.12 
0.08 

59.2 
30.8 

186.8 
83.3 
83.7 
34.5 
19.9 
8.9 
5.6 
1.7 

12.2 
8.0 

14.0 
7.6 
2.6 
1.5 
6.8 
4.4 
6.2 
3.9 
1.1 
0.6 
3.3 
2.4 

30.0 
0.41 
0.16 
0.18 
0.10 
0.05 

84.1 
40.1 

233.6 
83.9 

104.2 
43.8 
23.0 
10.9 

5.5 
2.6 

21.4 
9.9 

18.0 
9.5 
3.4 
1.9 
9.0 
5.5 
8.1 
4.9 
1.4 
0.8 
5.3 
3.3 

31.4 
0.95 
0.19 
0.24 
0.15 
0.10 

97.8 
28.7 

349.4 
88.6 

121.2 
32.6 
27.0 

8.5 
6.5 
2.0 

26.1 
7.7 

21.8 
7.3 
4.1 
1.4 

10.9 
4.1 
9.8 
3.7 
1.7 
0.6 
7.1 
3.6 

29.4 
0.92 
0.23 
0.25 
0.14 
0.08 

134.1 
42.8 

504.9 
95.5 

158.5 
45.8 
34.8 
11.4 
8.2 
2.8 

34.6 
10.8 
27.7 
10.8 
5.2 
2.2 

13.6 
6.3 

12.1 
5.8 
2.0 
0.9 

10.6 
3.9 

23.6 
0.75 
0.50 
0.31 
0.25 
0.13 

125.5 
34.6 

525.3 
94.1 

146.7 
41.7 
31.5 
11.3 
7.6 
2.7 

32.4 
10.3 
26.9 
10.3 
5.1 
1.8 

13.7 
5.2 

12.0 
4.8 
2.0 
0.8 
9.2 
2.9 

26.2 
0.60 
0.31 
0.18 
0.19 
0.13 

Results and Discussion 

REE Distributions and their Relation between Nodule-Sediment Pairs 

REE concentration of ferromanganese nodules and their siliceous associated sedi- 
ments are presented in Table 1, and some of the REE parameters and ratios are given 
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Table 2 
Some REE parameters and ratios of ferromanganese nodules and 

their associated sediments 

Nod/ Tot. 3 +  Ce- La,/ La,/ Yba/ Mn/ 
Sample Sed REE REE anom Yb/n Sm/n Sm/n Fe 

N-35 

N-52 

Y-8 1 

Y-90 

Y-94 

Y-97 

Y-100 

F-155 

S-657 

Nod 
Sed 
Nod 
Sed 
Nod 
Sed 
Nod 
Sed 
Nod 
Sed 
Nod 
Sed 
Nod 
Sed 
Nod 
Sed 
Nod 
Sed 

494 260 
138 68 
81 1 400 
185 98 
81 1 435 
220 140 
50 1 298 
166 88 
398 21 1 
185 102 
512 278 
214 130 
676 327 
185 97 
936 43 1 
235 140 
929 403 
218 124 

0.13 
0.18 
0.17 
0.13 
0.08 

0.008 
0.13 
0.12 
0.09 
0.09 

-0.007 
0.20 
0.15 
0.23 
0.02 
0.28 
0.08 

-0.05 

0.82 
0.73 
0.94 
0.70 
0.89 
0.66 
1 .oo 
0.65 
0.82 
0.60 
0.89 
0.62 
0.85 
0.61 
0.95 
0.58 
0.90 
0.57 

0.58 
0.62 
0.67 
0.58 
0.76 
0.67 
0.72 
0.63 
0.54 
0.66 
0.66 
0.66 
0.74 
0.61 
0.70 
0.68 
0.72 
0.56 

0.71 6.29 
0.86 0.11 
0.71 3.58 
0.85 0.17 
0.85 2.54 
1.02 0.16 
0.72 5.54 
0.95 0.21 
0.66 9.92 
0.93 0.05 
0.74 5.87 
0.95 0.27 
0.76 4.09 
0.92 0.26 
0.73 2.23 
1.07 0.16 
0.80 2.86 
0.90 0.20 

Ce-anomaly calculated according to Elderfield et al., (1981). n is the North American Shale 
Composite concentration. 

in Table 2. Total REE concentration of nodules and sediments varies from 
398-928 ppm and 137-235 ppm respectively, suggesting a two- to four-fold REE 
enrichment in nodules compared to sediments (Table 1). REE concentration of 
CIOB nodules are more or less similar, whereas sediments are nearly two- to 
three-fold depleted compared to nodules and siliceous sediments from the equatorial 
Pacific ocean (Table 3) (Elderfield et al., 1981). A plot of total REE of nodules 
and their associated sediments from CIOB showed a reasonably good positive 
correlation (r = + 0.6) suggesting seawater as the probable source (Figure 2). Diage- 
netic remobilization of REE in a sediment core (Pattan and Banakar, 1997) from the 
siliceous sediment suggests supply of REE to the lower portion of buried nodule. The 
moderate positive correlation observed between REE of nodules and sediments in 
CIOB is quite different from that of the equatorial Pacific ocean where Elderfield et 
al. (1981) found that the highest REE in the nodules is associated with the lowest 
REE concentration in the associated siliceous sediment and vice versa, suggesting 
competitive scavenging of REE between them. On the contrary, Courtois and Clauer 
(1980) and Glasby et al. (1987) did not find any such relationship between nodules 
and their associated sediments from the southeast and southwest Pacific ocean 
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Table 3 
Comparison of average REE concentrations (ppm) in ferromanganese nodules and 

their associated sediments from CIOB and Equatorial Pacific Ocean 

Central Indian Ocean Basin # Equat. Pacific Ocean $ 

REE Nodule Sediment Nodule Sediment 

La 
Ce 
Nd 
Sm 
Eu 
Gd 
DY 
Ho 
Er 
Yb 
Lu 

103 
335 
12.5 
28 
7 

26 
22 
4 

11 
10 
1.6 

33 
84 
37 
9 
2 
9 
8 
1.6 
4.6 
4.2 
0.7 

101 
42 1 
143 
34 
8 

33 
30 
- 

16 
1.5 

65 
91 
93 
23 
5 

25 
23 

13 
12 

- 

# = Mean of nine ferromanganese nodules and their associated sediment. 
$ = Mean of seven ferromanganese nodules and their associated sediment (Elderfield et al, 

~ = data not available. 
1981). 

respectively. Todorokite and S-Mn02 are the only minerals identified in these 
nodules. The nodules with high REE content (e.g., samples 15.5 and 657) are associ- 
ated with comparatively more 6-Mn02 than todorokite, whereas nodules with low 
REE content (sample 94, 90, 97) are associated with comparatively more todorokite 
than 6-Mn02. Nodules with 6-Mn02 are associated with low Mn/Fe, suggesting a 
seawater or hydrogenetic source, while nodules with todorokite phase have high Mn/ 
Fe ratio, suggesting a diagenetic source (Halbach et al., 1981). 

The cerium occurs as Ce3+ under reducing conditions and is oxidized to insolu- 
ble Ce4+ under oxidizing conditions (Elderfield, 1988). Therefore, its concentration 
can be used to understand the redox conditions of a depositional environment. 
Cerium concentration in sediments and nodules varies from 70-95ppm and 203- 
SO4 ppm respectively suggesting a two- to five-fold enrichment in the nodules com- 
pared to associated sediments. The Ce-anomaly is calculated as log = [Ce/2/3/La + l /  
3 Nd] based on shale normalized values (Elderfield et al., 1981). Ferromanganese 
nodules have positive Ce-anomalies while associated siliceous sediment shows neg- 
ligible to moderately positive Ce-anomalies, suggesting a fairly oxidizing environ- 
ment (Table 2). As expected the Ce-anomaly in the nodules is more positive 
compared to the sediment. Two sediments (N-3.5) and Y-90) had more positive 
Ce-anomaly than their corresponding nodules (Table 2). This could be due to a 
low concentration of Ce and a larger diagenetic signature (high Mn/Fe ratio) of 
nodules suggesting nodule burial within the sediment, or the associated sediment 
might have a large quantity of Fe-Mn oxyhydroxide materials which have generally 
large positive Ce-anomalies. The positive Ce-anomalies in the siliceous sediment 
could be due to clays or authigenic components of Fe-Mn oxyhydroxides because 
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rr4.47 . 
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Figure 2. REE relation between ferromanganese nodules and associated sediments and REE 
carrier phases in nodules and sediments. 

siliceous oozes generally have negative Ce-anomalies (Elderfield et al., 1981 ; Piper, 
1974; Toyoda et al. 1990). A comparison of Ce-anomalies of nodules and their 
associated sediments does not show any significant correlation (Figure 2) and is 
contrary to equatorial Pacific Ocean nodule-sediment pairs where nodules with 
large Ce-anomalies are associated with small negative Ce-anomalies in the sediment 
(Elderfield et al., 1981). The negative Ce-anomaly could be due to the fact that 
siliceous sediment in the equatorial Pacific contains comparatively more phosphorus 
(P-0.23%, Elderfield et al., 198 1) which normally displays negative Ce-anomalies 
(Toyoda et al., 1990) while siliceous sediment from CIOB has positive Ce-anomaly 
due to Fe-Mn oxhydroxides which have generally positive Ce-anomaly. Therefore, 
different components present in the associated sediment affect the REE relationship 
between nodule-sediment pairs. Nodules with strong diagenetic signature (high Mn/ 
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162 J .  N .  Pattan et al. 

Fe ratio) are generally associated with low Ce-anomalies and vice versa (Figure 2), 
suggesting seawater as the source for cerium. 

REE Carrier Phase 

REEs in the ferromanganese nodules are carried by a single authigenic phase com- 
prised of Fe, P, and Ti (r = + 0.98, Figure 2). Phosphorous is enriched in the nodules 
(av 0.17%) nearly two-fold relative to the associated sediments (av 0.09%). The 
strong positive correlations between Fe and P (r=O.8) and Fe and Ti (r=O.8) in 
the nodules are consistant with ferriphosphate and colloidal Ti-hydrate containing 
an Fe-rich phase, respectively (Halbach et al., 1981; Pattan and Banakar, 1993; 
Pattan et al., 1994). A similar observation was made previously for the buried 
nodules from the same basin (Pattan and Banakar, 1993). Though Fe, P, and 
REE in nodules showed strong positive correlations, Nath et al. (1992a) suggested 
that the REE are carried by two independent phases containing P and Fe. In the 
present study our data clearly show that REE are carried by a single phase consisting 
of Fe, Ti, and P in a manner similar to buried nodules from the same basin (Pattan 
and Banakar, 1993). Associations of REE in the sediments appear to be more 
complex and show moderate positive correlation with P (r=+0.6) and Mn 
(r = + 0.5) (Figure 2). Phosphorus in the sediments is mostly in the form of biogenic 
apatite (fish teeth). Biogenic apatite is an important REE scavenger from seawater 
and displays high REE concentrations (Elderfield and Pagett, 1986; Toyoda and 
Tokinama, 1990). Apatite has large crystal defects and impurities that permit REE 
to be adsorbed on teeth enamel and incorporated into the lattice of the dentine 
(Toyoda and Tokonami, 1990). High biogenic opal concentration was noticed in 
the CIOB surface sediments (Banakar et al., 1998; Pattan et al., 1992), and the 
formation of Fe-rich smectite in the CIOB sediment was reported by Rao and 
Nath (1988). Iron-rich smectite is formed by the diagenetic reaction between opal 
and Fe-oxyhydroxides (Lyle et al. 1977). During Fe-rich smectite formation, the 
REEs associated with the Fe phase are released to pore waters and associated 
with Mn in the sediment. 

REE Fractionation Pattern 

The North American Shale Composite (NASC) normalized REE pattern of nodules 
and sediments exhibit a convex pattern (Figure 3). The ratios of light REE to heavy 
REE (La/Yb),, light REE to middle REE(La/Sm), and heavy REE to middle 
REE (Yb/Sm),, and shale-normalized pattern suggest enrichment of middle REE 
(MREE) over heavy REE (HREE) and light REE (LREE) (Table 2). The REE 
concentrations of nodules, when normalized to the REE content of associated sedi- 
ments (Figure 3) ,  show higher Ce values, and a gradual decrease from La to Lu 
suggesting seawater as the REE source. Similar patterns were noticed through the 
partition coefficient by De Carlo and McMurtry (1992) suggesting a seawater REE 
source. The seawater REE pattern is generally enriched in HREE over LREE with a 
strong negative Ce-anomaly (Elderfield and Greaves, 1982; Piepgras and Jacobsen, 
1992; Sholkovitz et al. 1994). The HREE enrichment over LREE in seawater has 
been explained as resulting from the greater tendency of HREE to form complexes 
with seawater ligands compared to LREE (Turner et al. 1981). As a result, LREEs 
are removed more effectively from seawater by adsorption or scavenging, leaving 
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Figure 3. Shale-normalized REE pattern of nodules and sediment and associated sediment 
normalized nodule REE concentration 

behind a HREE-enriched pattern. P is one of the REE carrier elements in both 
nodules and sediment which generally retains the seawater enrichment pattern, 
while Fe-Mn oxyhydroxides develop a positive Ce-anomaly and enrichment of 
middle REE. Therefore the fractionation patterns noticed in the present study are 
the result of a combination of P and Fe-Mn oxyhydroxides. 

Conclusions 

The REE studies of ferromanganese nodules and their associated sediment from 
CIOB suggest: 

1. REE concentration in the nodules are enriched two- to four-fold compared to 
the underlying sediment. Relation of REE between nodule and sediment 
depends upon the components present within the sediment. 

2. REE in the nodules are carried by Fe, Ti, and P, while that in the sediments 
are carried by P and Mn. 

3. The fractionation pattern is independent of REE concentration and their 
carrier phases. 
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The fractionation pattern is controlled by the combination of P and Fe-Mn 
ox yhydroxides. 
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