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Abstract : SiO2 and CaO are added to decrease the smelting temperature in the reduction-smelting method
for manganese nodule processing. These elements are components of the manganese nodules and might be
very important controlling factors in the processing due to the locally variable content. The 707 chemical
data of manganese nodules acquired from 1994 to 2001 in KODOS(KOrea Deep Ocean Survey) area were
used for the hierarchical cluster analysis. The chemical data were classified by the morphological types, and
the averages of the chemical data for each station were classified by the facies groups and the localities. All
data are plotted on the SiO2-CaO-MnO phase diagram at 1773oK to compare with the best compositional
area in the nodule smelting. Variations and distributions of SiO2 and CaO in KODOS nodules were also
reviewed. The mineral phases assigned by the cluster analysis are CFA(Carbonate Fluorapatite), Fe-oxide,
Al-silicate, and Mn-oxide. MnO contents are generally higher than SiO2 contents in most of the
morphological types except for the Is- and It-type. The Dt- and Tt-type show wider range and the E-types
show high anomaly in their CaO contents. The stations which belong to facies group A and B show
generally higher MnO contents than SiO2 contents, however, the stations of facies group C and D show
wide range in their MnO and SiO2 contents. It seems to be very important to control the SiO2 contents in the
processing because of the wide range in the northern area. The additions of approximately 10 wt.% CaO
and 10 wt.% SiO2 are recommended for the northern area, whereas, the additions of approximately 10 wt.%
CaO and 20 wt.% SiO2 are recommended for the southern area.

Key words : ������(KODOS), ����(manganese nodules), �����(reduction-smelting
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���� �� 	� �� ��� ���� ��(����

� 2002, 2003).

����� ��� ��� �� ��� SiO2� CaO�

���� 	��� ���� ���� Fe, Cu, Ni� ��

�	 Mn � ������� ���� ���� ����

�, ����� ��	 �� �� ���� 
�� � �

� ��. 	 ������ ���� ��� SiO2� CaO

� ����� ������� ��� ��, �����

�� ��� �	� �	�� ����� ��� �� �

�� ���� �� � ��.

� ����� ������� SiO2� CaO� �� �

�� �� ���� ���� SiO2-CaO-MnO� ���

�� ������ ����	�� ��� ��� ���

�, �� ���� ����� ���� �� � ���

�� �� ��� ���� ��.

2. ���� 

� ���� ��� ����� ����� 1994��

� 2001���� KODOS ���� ��� � 707��

��� �� ��		� 2001��� 2003��� ���

�� �� ��	 ����� �� ����� ����

����� ��	�(����� 2002, 2003, 2004).

��� 	� �� ����� ����� ���� �

�� SiO2-CaO-MnO� ����(����
 2000)� 	

���. SiO2-CaO-MnO� ����� 1773oK���

������ ��� L��	 ������ 	 ��� �

�� ��� 
� �� 1773oK�� ���� ����

��� S��� ��� ����� �� �� ����

���� ����(����
 2000). ���� ����

	��� ����� ��� 	 ��� ���	 �� �

� ���� ��� ���� ��� ���	 ����

��� � ��. ��� �� ��� ��		� SiO2-

CaO-MnO� ����� ������ ����, � �

	� �� ����� ��� Facies group�� ����

�
��.

�� �� ���� ���� SiO2� CaO� �� ��

�� ��� � �	� �� ����� ����� ��

�� ��� 	, SiO2� CaO� �� ����� ���

��, �� ��� SiO2� CaO� �� 10 wt.%
 ���

� ��, �� ��� SiO2 20 wt.%, CaO 10 wt.%�

���� ��� ���� ����. �� ����

� ������� ���� 	�� �� ����. �

��� ����� ���� ��� � �	� �

�

� ���� ����. 	� ��� ����� ���

� ����� ����� ��� �� ��� �� ��

� ���� ��	�.

3. ���� � ��

���� ����� �� ���� 
� 707�� ��� �� 14�� ��� � ��� �

�� ��		� ��� 	��� ����(Table 1)�

	��� �	��� ����. �	���� ���

4�� ���	 �����, � ��� CFA(Carbonate

Fluorapatite)� ����, 	��� ����� 0.949�

CaO� P2O5� 	 ���� ��� ��	�. � ���

Fe-oxide ��� ���� ����� 0.595 	��

Fe2O3, TiO2, CoO� ����� 	 ���� ��� ��

� ����. � ��� Al-silicate ��� ���� ��

Table 1. Pearson's coefficients for the chemical compositions of KODOS ferromaganese nodules (n=707).

SiO2 TiO2 Al2O3 CaO MgO K2O Na2O P2O5 MnO2 Fe2O3 CoO CuO NiO ZnO

SiO2 1.000

TiO2 0.293 1.000

Al2O3 0.877 0.329 1.000

CaO −0.108 0.033 −0.114 1.000

MgO 0.147 0.029 0.259 −0.078 1.000

K2O 0.802 0.230 0.808 −0.147 0.254 1.000

Na2O 0.006 −0.252 0.074 0.027 0.023 −0.016 1.000

P2O5 −0.065 0.028 −0.059 0.949 −0.118 −0.051 −0.037 1.000

MnO2 −0.697 −0.630 −0.650 −0.103 0.032 −0.567 0.289 −0.196 1.000

Fe2O3 0.237 0.874 0.265 −0.035 −0.112 0.245 −0.334 0.014 −0.636 1.000

CoO 0.026 0.595 0.032 −0.105 −0.095 0.096 −0.474 −0.045 −0.304 0.671 1.000

CuO −0.444 −0.782 −0.491 −0.039 0.036 −0.499 0.247 −0.126 0.790 −0.840 −0.465 1.000

NiO −0.465 −0.710 −0.403 −0.121 0.182 −0.382 0.211 −0.165 0.743 −0.751 −0.386 0.808 1.000
ZnO −0.405 −0.701 −0.499 −0.027 −0.043 −0.398 0.228 −0.120 0.723 −0.736 −0.467 0.813 0.690 1.000
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��� 0.254 	�� SiO2, Al2O3, K2O � MgO� ��

��� 	 ���� ��� ��	�. � ��� Mn-

oxide ��� ���� ����� 0.211 	�� CuO,

ZnO, MnO2, NiO � Na2O� 	 ���� ���� ��

��(Fig. 1).

�� 	��� ����� SiO2, Al2O3, K2O, TiO2 �

Fe2O3� �� ��� ���� ��� MnO2, NiO, CuO

� ZnO	�. �� MnO2, CuO, NiO � ZnO� �� ��

� ���� ��� SiO2, TiO2, Al2O3, K2O, Fe2O3 �

CoO	�.

��� 	� 	�� ����� �� �� �����

����, Al-silicate ��	 Fe-oxide ��� �� ���

� �� Mn-oxide� 	�	 ���� ��� ����.

�� CFA� 	� ��� 
� ��� ����.

����� ��� �� SiO2-CaO-MnO ����

����� ��� �� ����, ����, ��� �

� �� ��� ��� ��(Grant 1967; Meyer 1973;

Meylan 1974; Halbach & Ozkara 1979; Usui 1979). ��

��� �� � ��� ���� Grant(1967)� ���

���, Meyer(1973), Meylan(1974)� ��� ��� �

�, ��, �� �� ���
� ����� Moritani et

al.(1977), Usui(1979) �	 �� � �����.

KODOS ����� 	�� �
� ��		� ���

� �� ����� � �
�� ��	 �� �����

���� ��� ����. ����� �����, �

�� � �� �	� ��� ��(spheroidal: S), � �	

�� � �	 �� ����(ellipsoidal: E), � �	 ��

� �	 �� ���(discoidal; D), �� � �� ���

���(tabular; T), ��� ��� 
�� �� ����

(irregular; I), ��� � �� ���	 �� ��� ��

�� ����(polybate; P) ��� ����.

����� ����� �� 	���� ���� ��


�� ��� ��� �� ����. �� ��� �

��� ��� ��	 ��  3-4 mm ��� ���

		�(botryoids)� 
�� �� �� ��(rough

surface; r), ��� ��	 ���� ��	 �� �� �

����(smooth surface; s), ��� ��� ���� �

� 		�(transitional surface; t)�� ����, ����

� ���� ��� �� ���� ���� �	 
��

	�(Grant 1967; Meyer 1973; Meylan 1974; Moritani et

al. 1977; Halbach & Ozkara 1979; Usui 1979). �� ��

� �� ��� �� �	�� �� ��� ��� ��

� �� ��� �� �� ��� �	� ��� �� �

�� ����� ���� �� �	� ��� ����

	��(dimorphic surface; d)�� ����.

KODOS ������ ����	 ��� ��� ��

�� SiO2-CaO-MnO� ���� ���� ��, Is, It-�

� 
�� ����� D, T, E, P, S � � Id, Ir � ��

�� ����� MnO� ��	 SiO2� ���� ��

�	�. �� E-�� ���� CaO� ��	 �� ��

��� ����, Dt, Tt-�� ��� CaO� ��� ��

� �� �� � � ��(Fig. 2).

����� Facies group� �� SiO2-CaO-MnO ��

��

KODOS ���� ��� ����� ��� ����

(Mode), ��(Size), �

�(Abundance) �� ��� �

Fig. 1. Results of hierarchical cluster analysis for chemical
compositions of ferromanganese nodules (n=707).
A possible grouping demonstrates four phases at
least.

Fig. 2. Chemical compositions of ferromanganese nodules
from KODOS area classified by morphological
types, plotted on the SiO2-CaO-MnO phase dia-
gram at 1773oK. S: solid, L: liquid, BCA: the
best compositional area.
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����(����� 1999). 
 ����� ����

(Facies)� ����, � ��, �

�� ����� �

� ��	�� �� ���� ���� USL, USM,

USH, USH(s), UML, UMM, UMH, ULM, ULH, BLL,

BLH, BSH �	 �	 ��� � ��(Table 2). ��

USH� ��� ��� ����		 �� r �� ���

��� ���� � �	�� �� ��	�� sediment

� �� (s)� ��� USH(s)� ����.

	� ��� ����� ����� 	�� �� ��

���, ��� ��(Fig. 3)�� ���� ���� 	�

��� ��� ����� �� Facies group A, B, C, D

� ����� �� 	��� ���(crust)	� ���

(substrate)	 �����	� ����
�� �����

��.

����� ������ ��� ��� ������

���� �� ���, Facies group A(Unimodal small-

to medium- size and low abundance)� ��� ����

� ����� USL, USM, UML� ��� ��� 4 cm

	�� �� 	�� �

�� 5 kg/m2 ���� ���

��� ��	� ����
�� ���� ���� ��

	��	 ��� ��� �� ���� ��� ���.

SBP ����� ��� �����(TL: transparent layer)

	 �
� �
� ��	� ��� ���� �� ���

�. ���� ��� Er, Dr, Dt, Pt �	�.

B(Unimodal medium to high abundance buried in

sediments)� ��� ����� ����� USH(s),

UMM, UMH, ULM, ULH� ��� �� ��� ���

	 �

�� �
� �� ���� 	��	 �� �	

���	�. ��� ��	� ����
�� ����

���� �� ���	 �
� � �	 ��	�. SBP

����� ��� ������ ���� ��� ���

���� ���. ���� ��� Dt, Dd, Et, Pt	�

USH(s)� ����� ���� Dr, Er	 �� �����

��.

C(Unimodal small-size high abundance with bio-traces)

� ��� ����� ����� USH� ��� ���

4 cm 	�� �� 	�� �

�� 5 kg/m2 	���

��� ��� ��	� ����
�� ���� ���

� �� 	��	 �
� �� ���� �� 	��	 �

�� ����
�� ����� ���� ��	 �	

���� �	 ���	�. SBP ����� �����

(Stratified Layer)� ��� ���� ��� ���� 	

��� �	� ��� ��	� ���� ����� ��

����. ���� ��� Et, Pt, Dt, Ps, It, Id, Is �	�.

D(Bimodal)� ��� ����� ����� BLL,

BLH, BSH� ��� ��� bimodal� �	 ���	�.

��� � ��� ���� �

�� ��� ����

� BLL	 ����� ��. ����
�� �����

��� �� ��	� ���	 ���� �� ��� �

���� ���� �	 ��	�. ��� �� ��� �

Table 2. Criteria for the classification of the occurrences of KODOS ferromanganese nodules.

Mode
Unimodal The most common type having one peak in the 2-4 cm size.

Bimodal The type having each peak in 2-4 cm and in >8 cm.

Size

Small The frequency of nodules in <2 cm is higher than that in 4-6 cm, and no nodules in 6-8 cm.

Medium The frequency of nodules in 4-6 cm is higher than that in <2 cm, and always a few nodules in 6-8 cm.

Large The frequency of nodules in >8 cm is high, whereas, few or no nodules are found in <6 cm

Abundance

Low Abundance is <3 kg/m2 or weight of samples by free fall grab is less than 500 g.

Middle Abundance is 3-5 kg/m2 or weight of samples by free fall grab is 500 g-1 kg.

High Abundance is >5 kg/m2 or weight of samples by free fall grab is over than 1 kg.

Fig. 3. Schematic diagram showing the occurrence of nodule facies groups in KODOS area.
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��� ��� ��	 ���� ��� ����	 		

�� ��� ����� ��. ���� ��� � ��

Er, Dr, Dd	� � �� Et, Dt	�(����� 1999).

KODOS ����� � �	��� �� �����

��� Facies group�� SiO2-CaO-MnO� ���� �

��� ��, Facies group A� B� ��� ���� �

	� MnO� ��	 SiO2� ���� �� �	�. ��

� Facies C� D� ��� �	�� MnO� SiO2� ��

��� ��� �� �	�(Fig. 4).

����� ����� SiO2� CaO ����

KODOS ���� ���� SiO2� Al2O3� ��� �

�	 �� ����� �� ��  3% �  1.5%��


 �� �� ���. 	� �� ����� ���� �

	 �� �� �� ��� ��� �� Al-silicate ���

���� ��� ��� ����.

�� ��� SiO2� ��� 	�� ���� ���

�	��, ��� KR1 ��� ��� KR6, KR7 ��

(Fig. 5)��� 	�	 � ���� ��� �	�� 	

� ��� ����� ��	 �	 
�� ���, ��

� ��� �� ��� �� 	�� ��� �	� ���

����.

CaO� � 	�� �� ��� ��  2.5% ��� �

�� ������	 � �� �� ���(Table 3). 	

� �	����� ����� ��� ��� �� �

�� ��	�	� ��� �	 CFA� 	��� ��


��� ����.

�� �� ����� 	� ��� 	�� �� ��

��	�. �� �� ������ ����� �� ��

��� 	� �� ����� ���� ��	 �� ��

�� ���� ����.

���� ����, �� ��� ��� KR1, KR2 �

Fig. 4. Average chemical compositions of ferromanga-
nese nodules from KODOS area classified by
facies groups, plotted on the SiO2-CaO-MnO
phase diagram at 1773oK. S: solid, L: liquid,
BCA: the best compositional area.

Fig. 5. Locations of allocated area for Korea.

Table 3. Statistics of chemical data for each allocated area.

Area 
(No. of stations)

MnO SiO2 CaO

KR1
(36)

Average 32.31 17.38 2.26
Maximum 39.50 39.01 5.73
Minimum 9.69 12.74 1.61
Standard Deviation 6.05 5.77 0.64

KR2
(39)

Average 30.15 16.75 2.30
Maximum 37.48 28.74 3.04
Minimum 20.57 11.37 1.58
Standard Deviation 4.51 4.18 0.41

KR3
(12)

Average 37.38 14.12 2.26
Maximum 41.25 22.82 2.46
Minimum 31.03 11.23 1.69
Standard Deviation 2.62 3.02 0.21

KR4&5
(114)

Average 39.67 13.16 2.56
Maximum 45.34 24.95 8.21
Minimum 27.79 9.40 1.86
Standard Deviation 2.93 2.06 0.81

KR6&7
(15)

Average 39.95 14.95 2.81
Maximum 43.39 17.22 5.51
Minimum 35.27 12.97 2.33
Standard Deviation 2.32 1.09 0.79

Total

Average 36.60 14.70 2.46
Maximum 45.34 39.01 8.21
Minimum 9.69 9.40 1.58
Standard Deviation 5.59 3.82 0.72
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�(Fig. 5)��� SiO2� ��� �� 39.0%�� ��

11.4%�� � 	�� �� ��(Table 3), CaO� 1.6%�

� 5.7%��� �� �� 	�� ���. 	 �����

�� ��� ��� ���� ��� �� ��, �

���	 � �� ��� ��� �	� ��� ����

��.

����� KR3, KR4, KR5, KR6, KR7 ��(Fig. 5)

��� SiO2� ��� 9.4%�� 16%��� �����

�� ��� ����, � �	�� 25%� �� �� �

	��, 	 ��� ��� �� �		� 
� ����

����� ��� ���� ��� ��� ��� ��

���� ��. �� 	 �	�� ��� ��� ���

�� SiO2 ��	 ��� Mn� ��� ��. ���� 	

��� ���� SiO2 	��� �	� ���� 	 �

��. CaO� ��� ���� ������ 2%��

2.5%��� ��� �	� 
� ���� 5.5% ���

8.2%� 	
� �� �	 ���� 	��� ���(��

��� 2002, 2003).

	� �	 �� ���� SiO2� CaO� �� �� �

�� �� ��(KR1	 2)� �� ��(KR3, 4, 5, 6 � 7)

� ��� �	� ��� � � ��. 
, CaO� 
� �

��� ��� �� 	� �� ��� ��� �� 	�

�� �	�� ��� �� ����� � ��	 ��

��� ����. ��� SiO2� ��� ���� ���

	 �� ��� �� ���� 	�� �	 �� �� �

�� ������ SiO2� �� ��� �� ��� ��

�� �� �	�, 	� ����� �� ��� ��

������ ������� �� SiO2� �� ����

	 ��� �� ����.

���� �� �� ����� SiO2-CaO-MnO ���

� ��

����� �	� ���� ��� SiO2-CaO-MnO�

���� � �	� ������� ���� �� ��

����� �� ����� SiO2� CaO� �� 10 wt.%


 ���� ��� �� ����� SiO2 20 wt.%�

CaO� 10 wt%
 ���� ��� 		� �� ���

�.

�� ���� � ���� �	� ����� ���

�� ���� ��� 2002��� �� ��� � �	�

�

�� ���� ���� � ��� ����� �

� �
�� ���.

� ��� ������ ���� ����� ���

SiO2� CaO� �� 10 wt.%
 ���� ��� ����

� ��� ��� �� � � ���, �� ��� ��

�� ����� ���� � � ��. ��� �� ��

� ��� �� ���� ��� ��� �� ��� ��

	 �� ��� ����. ���� �� ����� ��

� SiO2� ���� � � ��	 � ��� ����. 

�� ��� ����� �� � SiO2� CaO� ���

10 wt.%� ��� ��� ���� � �	�� ����

�� ���� 	�� �� �� ��� � ������

����� �� ���� �� 	���	 � ��� �

���. ����� ��� ����� �
� ���

SiO2� ��� ���� ��� 	�	 ��� ��� �

���.

	�� 		� 	 �, �� ��� ����� ���

��� SiO2� ���� ���
 ��� ��. �� �

�� ���	 ��� ����� 
� ��� 
�� �

� �� SiO2 ���� 20 wt.%��� ��� ��� �

���.

� �� ��� ��	 �	� ��		� SiO2 20 wt.%

� CaO 10 wt.%� ���� ��� ��� �� ��

� �� �� �� ��� ��� ����� ���, �

� ��� SiO2� 	�� ��	 ���� �� ���

10wt.%� SiO2� ����� ��� ��� ����. �

�� �� ��� 20 wt.% SiO2 �� � ��� ���

���	� �	�� �� ���� SiO2� ���� 20

wt.%� ����	 � ��� ����. SiO2� 20 wt.%

Fig. 6. Average chemical compositions of ferromanganese
nodules for each station of KODOS area before
(open symbol) and after (closed symbol) the addi-
tion of 10% SiO2 and 10% CaO to the nodules
from northern blocks and 20% SiO2 and 10%
CaO to the nodules from southern blocks, plotted
on the SiO2-CaO-MnO phase diagram at 1773oK.
S: solid, L: liquid, BCA: the best compositional
area.
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���� �� SiO2� MnO� ���� �� �� �

��� ���� ����� ���� � � ��(Fig. 6).

4. �  � 

���� ���� ���, ����� ��� ����

�� ���� SiO2� CaO� �� ���� �����

����� �� ����� ��� 		� ��	 ��.

1) � 707�� ��� �� 14� ��� 	�� ���

�� 	�� �	��		, CFA, Fe-oxide, Al-silicate �

Mn-oxide� ��� 4� ���	 ���� Al-silicate �

�	 Fe-oxide ��� �� ���� �� Mn-oxide� 	

�	 ���� ��� ����, CFA� �� ��	 ��

��.

2) ��� ��� �� SiO2, CaO � MnO� ����

�, Is, It-�� ��� ���� MnO ��	 SiO2� ��

�� �� �	�, E-�� �� CaO� ��	 �� ��

��� ����, Dt, Tt-�� ��� CaO� �� ���

��.

3) ��� Facies(����) group� �� SiO2, CaO �

MnO� �����, Facies group A� B� ��� ���

� �	� MnO� ��	 SiO2� ���� �� �	�.

��� Facies C� D� ��� �	�� MnO� SiO2�

�� ��� ��� �� �	�.

4) CaO� 
����� �� 	��� �	�� ��

� ������ � ��	 �� ��� ����. ���

SiO2� �� ������� �� ��� ��� �	�

�� ���� 	�� �	 �� ��� ������

SiO2� ����� �� ��� ��� ����.

5) ������ CaO� 10 wt.% ��� ����� �

���� � ��� ��� ��� ��� ���� �

�, SiO2� �� ����� 10 wt.% ��� ���� �

������ 20 wt.% ��� ����	 ��� ���

���.

6) �� ��� �� SiO2� 	�� ���� �� �

� ���� �� 	�� ���� 	� �	� �, �	

�� SiO2� �� ��	 �� �	 ����, �� ��

� �� �� �� ���� ����� ��� ���

�� ��	 ����	� �� �� �� �� ���

����.

�  �

� ��� ����� ������������ �
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