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Growth rates of two manganese nodules collected in the Korea Deep Ocean Study (KODOS-89)
site in the Clarion-Clipperton Fracture Zones in the central Equatorial Pacific have been estimated
by employing uranium-series disequilibrium techniques to investigate the geochemical processes lea-
ding to the formation of deep-sea nodules. The growth rates estimated from the profiles of excess
20Th activities and ratios of excess 2°Th to 2”Th are in the order of a few millimeters per million
years. Growth rates at bottom-side of nodules are 2-3 times faster than those at top-sides. Diagenctic
supply of manganese could explain the faster growth at the bouom-side of nodules.
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INTRODUCTION

Ferromanganese nodules are authigenic forma-
tion of iron and manganese oxides on the deep-
sea floor. The high contents of various strategic
metals such as cobalt, nickel and copper in Mn
nodules make them be considered as potential re-
sources. Many studies of manganese nodules have
been directed toward resolving puzzies regarding
their origin. growth history, and metal geochemis-
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try. A multi-institutional research program, Ma-
nganese Nodule Program (MANOP). has studied
the genesis of manganese nodules and abyssal
geochemistry at MANOP sites H (hemipelagic),
S (siliceous ooze), and R (red clay) in the north
Pacific (Moore e al.. 1981; Bender, 1983; Dymond
er al., 1984; Finney et al., 1984: Huh and Ku, 1984;
Moore, 1984). The biological productivity and par-
ticulate flux to the seafloor decrease in order of
site H. S. and R (Bender. 1983). The growth pro-
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cess of nodules at sites S and R is both hydroge-
nous and oxic diagenesis (Dymond et al., 1984).

Major components of nodules are manganese
dioxide (MnO,) and iron oxide (Fe,O,). Major mi-
nerals of nodules are vernadite, todorokite and bi-
messite. Nodules are classified into 3 groups. hyd-
rogenous, diagenetic, and hydrothermal in ongin,
on the basis of element sources indicated by the
major minerals. Hydrogenous nodules of vernadite
form by direct precipitation or accumulation of
colloidal metal oxides from seawater, whereas dia-
genetic nodules of todorokite accrete Mn liberated
by diagenetic alteration of sediments and grow
down into the sediment column (Calvert and
Price, 1977). Remineralization of metals in sedi-
ment and the subsequent upward diffusion th-
rough pore water are most probable processes lea-
ding to the diagenetic formation of noduies. Hyd-
rothermal nodules of birnessite form near the sp-
reading centers and submarine volcanoes (Moorby
e al, 1984).

Uranium-series disequilibrium techniques have
been applied to determine growth rates of Mn no-
dules. Earlier estimation of nodule growth rates
in the order of 1~100 mm/ky from the inward
decreases of **Ra (Pettersson, 1955: Von Buttlar
and Houterman, 1950) turned out to be an overes-
timation caused by the existence of supported
Ra by its parent **Th within the nodules (Gold-
berg and Arrhenius, 1958). Based on the distribu-
tions of Th,, and *Th,/**Th (where *Th,=
Excess BTh=2Th,,—>U), the growth rates of
Mn nodules were revised to be in the order of
1~100 mm/My (Ku and Broecker, 1969; Ku. 1977;
Ku et al, 1977; Andersen and MacDougall, 1977,
Krishnaswami and Cochran. 1978; Ku and
Knauss, 1979. Moore e al, 1981: Huh and Ku,
1984). The slow rates of 1~100 mm/My have been
supported by other radiometric and non-radiomet-
ric growth rates deduced from '"Be and *Al profi-
les (Guichard et al. 1978 Turekian er al. 1979:
Sharma and Somayajulu, 1982; Krishnaswami ef
al, 1978; Segl et al, 1989). hydration rind dating
(Burnett and Morgenstein, 1976). biostratigraphy
(Harada and Nishida, 1976; Kadko and Burckle,
1980); amino acid dating using the racemization

of isoleucine (Bada, 1972); stratigraphic interpreta-
tion (Von Stackelberg. 1979): comparison of burial
rates, growth rates and size distribution of nodules
(Heath, 1979); K/Ar dating of basalt nuclei (Barnes
and Dymond, 1967); paleomagnetic stratigraphy
(Crecelius er al., 1973).

Most of deep-sea nodules are found lying on
the surface of sediment. While these nodules acc-
rete at rates of 1~10 mm/My. the sediment unde-
rlying the nodules accumulates at rates of about
1~10 mm/ky. It is questioned why nodules are
not buried by the avalanche of sediment. In an
effort to answer the question, diverse hypotheses
have been suggested, including bioturbation (Piper
and Fowler, 1980) and ocean bottom current (Gla-
sby, 1973) which rolls the nodules around. The
turnover time of nodules is estimated to be 1~100
ky using “Th difference between the top and bot-
tom sides of nodules (Krishnaswami and Cochran.
1978: Huh and Ku. 1984).

A number of manganese nodules and sediment
cores were collected in Korea Deep Ocean Study
(KODOS) site in the CCFZ during 1989~1992
(KORDI, 1990: 1992). Sedimentation rates in KO-
DOS area were estimated to be 0.2 mm/ky by bio-
stratigraphy (KORDL, 1991) and 0.29~1.61 mm/ky
by excess “*Th techniques (Moon, 1993). Hydroge-
nous nodules occur on abyssal hills in this area,
whereas diagenetic nodules are distributed on aby-
ssal plain (Kang and Han, 1988; Jung ef al., 1990).

The purpose of this study is thus twofold: 1)
to estimate the growth rates of manganese nodules
by employing uranium-series disequilibrium tech-
niques, and 2) to investigate the geochemical pro-
cesses acting in manganese nodules and their as-
sociated sediments. Results from this study will
shed some light on the ongin and formation pro-
cesses of the Pacific manganese nodules in the
KODOS-89 site.

MATERIALS AND METHODS
On-board works

Nodule samples analyzed in this study were co-
llected from the KODOQS-89 sites located between
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Fig 1. Bathymetry map of KODOS area showing the location of sampling area. Water depth in meters.

Table I. Location. water depth (m) and sea-bottom feature of coring sites. and average size of their associated nodu-

les
Station Nodule LD. Location Water Bottom Dimension of nodule
Latitude (N) Longitude (E) Depth (m) Topography (L*W*H) (mm)
KODOS89-15 MN-89-15 9° 20 152° 40' 5212 Abyssal plain 35X20X15
KODOS89-19 MN-89-19 9° 40 153° 22 4,800 Seamount 47X43X30

the Clarion and Clipperton fracture zones (CCFZ),
east of the Line Islands Ridge in central Equato-
rial Pacific (Fig. 1) during R/V Famella cruise in
1989 by KORDI. The location and water depth
of sampling sites is presented in Table 1 and Fig
1 (KORDL 1990: 1991).

Undisturbed manganese nodules and surface
sediments were sampled using a box corer. Imme-
diately after the corer was retrieved onto the deck.
scawater overlying the sediment was carefully si-
phoned off to photograph the nodules on sedi-
ment surface. Nodules were hand-picked. washed
with seawater, sealed in vinyl bags, and preserved
in refrigerator until analyzed. After the removal
of nodules, subcores of sediment were carefully
taken by inserting clear acrylic pipes (diameter 8§

cm) into the sediment by hand.
Sample preparation

Contiguous veneers of relatively uniform thick-
ness of nodule material were scraped off from no-
dule surface with a known area using a dental
drill. The thickness of each sampling interval was
calculated by:

thickness (cm)
_ weight scraped (g)
bulk density of nodule (g/cm¥)Xarea scraped (cm’)

assuming a bulk density of nodule to be 2.0 g/cm’
(Ku, 1976). The scraped nodule material was dried
at 60°C and sealed in plastic vials and stored in
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Fig. 2. Flow diagram showing the separation scheme of uranium and thorium isotopes in sediment and nodule samp-

les. Modified after Anderson and Fleer (1982).

a desiccator until analyzed.
Radiochemical Analysis

Fig. 2 shows the outline of separation and puri-
fication scheme of U and Th nuclides employed
in this study. Details of the analytical procedures
could be found elsewhere in literature (Anderson
and Fleer, 1982; Huh, 1982). About 20~100 mg
of powdered nodule material was leached for one
hour in 9N HCI in the presence of U and *Th
yield tracer (11.66 dpm/m/). Activities of uranium
and thorium isotopes were determined in the acid
extracts. Uranium was separated from thorium by

anion exchange using Dowex AG1-X8 resin (100~
200 mesh, chloride form). For further purification
of uranium and thorium. two types of resins were
used: a column of untreated AGI1 resin (C1°
form), and the second column of nitrate-type resin
converted from the Cl- form AGI1 (Joshi, 1985).
The purified U was electroplated at 9 volts, and
Th at 4 volts. for 60~90 minutes onto stainless-
steel planchets.

Counting

Activities of uranium and thorium isotopes were
counted by alpha spectrometry with silicon sur-
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face-barrier detectors mounted inside vacuum cou-
nting chambers. Detectors with an active surface
arca of 450 mm’ and a minimum depletion thick-
ness of 100 ym were connected to a Canberra Se-
ries 40 muitichannel analyzer with 2K channels
per detector, running on PHA mode.

RESULTS AND DISCUSSION

Reported growth rates of deep-sea Mn nodules
are in the range of 1~6 mm/My (Huh and Ku,
1984 and references therein). These slow growth
rates require a decrease in “'Th activity with factor
of two within one tenth of a millimeter. a thick-
ness that cannot be resolved by the avialable sam-
pling techniques. To overcome this problem. a
mean density of the nodules is used to evaluate
the thickness of the sampled layer (Ku. 1976). This
method of sampling contiguous layers could con-
taminate inner layers with surface material. yiel-
ding an apparent decrease in activity at the surface
due to dilution. The possibility of sampling artifact
was, however, ruled out by non-destructive alpha
track profiles of polished sections of Mn nodules.
displaying exponential decreases of alpha emitting
nuclides with depth (Heve and Marchig, 1977).

In our estimation of growth rates for the top-
side and bottom-side of each nodule. we have em-
ployed two different approaches: i) growth rate ba-
sed on decay profile of the excess *Th activities
(**Th,y): and ii) growth rate based on the activity
ratios (A.R) of **Th,,/*Th. Two growth rates by
the above different approaches were calculated to
examine their agreement.

Nodule MN-89-15

The growth rate of the top-side of nodule MN-
89-15 was estimated to be 1.17+027 mm/My by
MThy and 1224021 mm/My by AR. of *Th./
"Th, where errors based on “l-c standard error”
due to regression (Fig. 3, Table 2). The growth
rates estimaled by the two different approaches
agree within their l-c standard error (Table 4).
Our results are comparable to those reported in
previous studies on deep-sea nodules (Krishnas-
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Fig. 3. *'Th,, activity (a). and *'Th,/**Th activity ratio
{b). as a function of depth in the top side of
the nodule MN-89-15. Horizontal bars represent
the thickness of sampled layers and the vertical
bars lo counting statistics. G.R. represents gro-
wth rates. Two growth rates derived from both
methods are in good agreement.

wami and Cochran. 1978; Krishnaswami et al.,
1978: Huh and Ku, 1984).

The growth rates of the bottom-side of the no-
dule are approximately two times faster than those
of the top-side, estimated to be 288+ 062 mm/My
by *Th,, and 206029 mm/My by AR. (Fig
4). These two estimates of growth rates for the
bottom-side of the nodule MN-89-15 by two diffe-
rent techniques agree within their 1-o standard er-
rors, as in the case of the top-side.

Nodule MN-89-19

The growth rate of the top-side of nodule MN-
89-19 was estimated to be 141£022 mm/My by
Th, and 1.18%£ 005 mm/My by AR. (Fig. 5. Ta-
ble 3). The two estimates are in agreement within
their 1-¢ standard errors. The bottom-side of the
nodule grew at a rate of 290+ 037 mm/My esti-
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Table 2. Results of radiochemical analysis of U and Th nuclides in manganese nodule MN-89-15 (9° 20'N. 152°
40'E- water depth 5212 m). Ratios are activity ratios and errors quoted are lo erors based on counting

statistics.
Depth U-238 Th-232 Th-230 Th-230,, Th-230,/Th-232
(mm) (ppm) (ppm) (dpm/g) (dpm/g) Activity Ratio
Top-side
0-0.173 589+ 1.10 3461295 630+ 135 624+ 135 732+ 643
0.173-0.322 591+ 085 314+ 271 228+ 525 223+ 529 288+ 2.58
03220425 12.541+ 196 389+ 275 140+ 3.11 129+ 343 1354 1.02
0.425-0481 1204+ 209 - 27.5+2.89 391+ 1.74 258+ 2.59 381+0.55
Bottom-side
0-0.075 440+ 069 203+225 363+ 7.76 357+ 7.79 713+ 805
0.07540.205 6.68+ 093 3304233 381+ 804 373+ 809 459+339
0.205-0.285 934+ 1.12 364+ 276 272+ 575 265+ 5.81 296+ 234
0.285-0.373 8.04+ (.89 368+ 2.88 129+ 347 121+ 3.55 134+ 112
03730427 10.55+ 2.04 390+427 1191+ 431 111+ 459 11.6% 1.36
0.42740.546 11.66+ 138 399+ 362 1271442 117+ 4.54 120+ 1.18
MN-89-15 Noduie Bottom MN-89-19 Nodule Top
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Fig 4. Profiles of *Th, activity (a). and 27T, /A Th
activity ratio (b). in bottom side of nodule MN-
89-15.

mated by Th,, and 3724026 mm/My by AR.
(Fig. 6). Considering the range of their statistical
errors. the two growth rates of the bottom-side
show poor agreement. Nevertheless, it seems ob-
vious that the bottom-side of the nodule MN-89-
19 grew approximately 2 to 3 times faster than
the top-side (Table 4).

Fig. 5. *¥Th,, activity (a). and **Th,/**Th activity ratio
(b). as a function of depth in the top side of
the nodule MN-89-19. G. R represents growth ra-
tes.

Top versus Bottom

Faster growth rates at bottom sides of Mn no-
dules than at top-sides can be attributed to the
supply of the diagenetic manganese to the bottom
surface of nodules. The formation of ferromanga-
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Table 3. Results of radiochemical analysis of U and Th nuclides in manganese nodule MN-89-19 (9° 40'N. 153°
22'E; water depth 4800 m). Ratios are activity ratios and errors quoted are lo ermors based on counting

statistics.
Depth U-238 Th-232 Th-230 Th-230,, Th-230,/Th-232
{mm) (ppm) (ppm) (dpm/g) (dpm/g) Activity Ratio
Top-side
0-0.060 431+ 059 403+ 284 233+ 529 229+ 532 23.1+ 171
0.060-0.078 1041203 544+ 6.85 237+ 844 224+ 8.66 16.8+ 2.21
0.0784.120 N.D. N.D. N.D. N.D. N.D.
0.120-0.171 802+ 094 57.5+ 487 124+ 450 117+ 456 830+ 0.77
0.1710.231 875+ 0.81 69.4+ 3.07 116+ 253 110~ 2.60 641+ 032
0.23140.327 124+ 125 552+327 510+ 1.84 434+ 202 3.19+ 024
Bottom-side
0-0.084 882+ 0.70 5374273 892+ 16.2 882+ 16.2 66.8% 361
0.084-0.167 898+ 098 549+ 331 791+ 172 715+ 173 5751369
0.16740.261 809+ 0.68 535397 591+ 169 574+ 169 4361 348
0.26140.309 848+ 0.88 495+ 311 488+ 8.79 481+ 8.82 396+ 259
0.309-0.396 10.3+ 045 425+ 246 327+ 6.60 319+ 6.68 305+ 188

*N.D.: Not Determind
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Fig. 6. Profiles of Th,. activity (a), and Th/**Th
activity ratio (b). in bottom side of MN-89-19 no-
dule.

nese oxides are related to the oxidation of iron
and manganese. In deep-sea sediments, Eh value
decreases with depth due to the consumption of
oxidants. Because Fe*? oxidizes more readily than
Mn*2 the depth which marks the Fe*’~Fe™*
boundary (commonly indicated by a brown to gray-

Tabled. Growth rates of nodules estimated from the di-
stribution of activities of “¥Th. and *“Th./
““Th activity ratios

Nodule Top/

Growth Rate(mm/My)
1D Bottom Th-230xs  Th-230xs/Th-232
MN-g9-15 Top 117+ 021 122+ 021
Bottom 288+ 062 206+ 0.29
MN-89-19 Top 1412022 1.18%+ 0.05
Bottom 290+ 037 372+ 0.26

green color change) is below the Mn**~Mn™*
boundary. Most of deep-sea sediments in the study
area are oxidized enough to have brown clay near
the sediment-water interface (Jung er al. 1991). The
manganese reducing zone (ie. below the Mn™*~
Mn*? boundary). however, may exist at a shallow
depth causing Mn*? to diffuse upward in pore
water to allow oxidation and incorporation into
the nodules (Lynn and Bonatti, 1965). Dymond
et al. (1984) have divided the nodules of diagenetic
origin into two sub-groups: oxic diagenetic and
suboxic diagenetic varieties. Oxic diagenesis invol-
ves reactions in oxidized sediments that add tran-
sition metals to nodules (Heath and Dymond.
1977: Lyle er al. 1984). Suboxic diagenesis is driven
by organic carbon utilization of oxidants within
the sediment, which results in the reduction of
solid phase (Mn** and Fe*?) to soluble (Mn""
and Fe™ ) and subsequent upward diffusion in
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pore water (Froelich er al. 1979). This diagenetic
component of manganese (Lynn and Bonatti, 19
63) is distinguished from the hydrogenous compo-
nent of Mn which precipitates directly from sea
water (Calvert and Price. 1977). The diagenetic su-
pply of manganese to the bottom-side of nodules
on sediments surface would make the growth rates
of bottom-side faster than those of top-side.
The faster growth at the bottom sides of the
nodules, Mn-89-15 and Mn-89-19, strongly indica-
tes that the major source of metals in the nodules
is the remobilization of manganese and other mi-
ner metals during diagenetic alteration of sedime-
nts and the subsequent upward diffusion of these
metals through sediment pore water. Diagenetic
processes probably play the major role in the gro-
wth at the bottom-sides of nodules in the study
area. whereas hydrogenous source plays important
role in the growth at the top-sides of the nodules.

Normalization of *°Th Activity

The two thorium isotopes in Mn nodules. “'Th
and *Th, have significantly different geochemical
pathways. **Th in crustal rocks is released by
weathering processes, bounded by detrital phases.
carried to the ocean, and removed onto the sea-
floor, whereas **Th is continuously produced wi-
thin the water column by the decay of **U dissol-
ved in seawater and scavenged almost quantitati-
vely by settling particulates down to the seafloor.
In order to use “*Th in normalizing **Th activi-
ties, we assumed that no isotopic fractionation oc-
curred and chemical behaviors of the two isotopes
are identical throughout the processes of diagene-
tic alteration of sediments and nodule accretion.
Such assumptions are reasonable for the isotopes
of the same element with a negligible mass diffe-
rence of 2/230. Thus their identical chemistry per-
mits the normalization of excess ®°Th activity by
““Th.

Our results from two nodules display higher
goodness-of-fit values (R?) of the regression for the
plot of normalized “*Th,,/*°Th ratios than those
of ™Th, activity profiles (Fig. 1-Fig. 4). This may
demonstrate that the use of the **Th-normalized

ratios are preferable to the use of **Th activity
alone in estimating nodule growth rates.

CONCLUSIONS

Growth rates of two manganese nodules collec-
ted from the KODOS-89 site in the CCFZ of the
Central Equatorial Pacific are estimated to be in
the order of a few millimeters per 10° years by
applying **Th as a geochronometer. Growth rates
at bottom sides of the nodules are 2~3 times fas-
ter than those at top-sides in both cases, indicating
different sources of metals between top- and bot-
tom-sides. Diagenetic supply of manganese and
other minor metals from the sediment pore water
could explain the faster growth rates at the bot-
tom-side of nodules, whereas top-side accretes me-
tals of hydrogenous source.

Although the two thorium isotopes in Mn no-
dules, *Th and “*Th. have significantly different
geochemical pathways, their similar chemistry du-
ring sediment diagenesis allow us the normaliza-
tion of excess **Th activity by **Th. Our results
indicate that the use of the normalized ratios are
preferable to the use of **Th activity alone in esti-
mating nodule growth rates.
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