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SUMMARY

I. Title of the study

Geochemistry of rare earth elements in two-colored core
sediments from the Korea Deep Ocean Study (KODOS) -90

area, western part of Clarion-Clipperton fracture zone, northeast

equatorial Pacific

II. Abstract

To study the geochemistry of rare earth elements (REEs) in two-
colored core sediments, ten box-core samples were sampled from
the Korea Deep Ocean Study (KODOS) -90 site located at the
western part of Clarion-Clipperton fracture zone, northeast
equatorial Pacific. Topmost sediment column is divided into two
layers by a sharp color boundary;, an upper pale brown layer (unit
A) and a lower dark brown layer (unit B). The color boundary is
interpreted to be a hiatus formed by intensified paleo- bottom

230

currents based on the excess activities of " Th and the assemblage



of Quaternary and Tertiary radiolarians. Contents of REEs as well
as fish remains, smectite aggregates, micronodules, heavy metals
(Mn, Cu, Ni), smectite, and severely deteriorated fossils (spicules
and spines) are high just below the hiatus.

REESs are not concentrated in the particles such as micronodules,
smectite aggregates, and smectite, etc.. On the other hand, they are
highly concentrated in the fish remains that was identified to be Ca-
P composites. A large amount of fish remains was expected to be
supplied to the sea bottom when the productivity in water column
was high. Productivity during the period of the hiatus was probably
high for the glaciation of the Antarctic region and steep temperature
gradient on earth surface. Moreover, the intensified bottom currents
could promote the reworking and winnowing processes, and
concentrate the coarse grains such as fish remains, micronodules,
and smectite aggregates just below the hiatus. It is suggested that
the enrichment of REEs in the upper part of unit B was due to the
fish remains abundant just below the color boundary. In addition,
abundant supply of the remains was probably responsible for the
great changes in paleoceanography (i.e., paleo- climatology) during

the formation of the hiatus.



Contents

List of Tables ~-=--m-mmmrmm e 9

I T A0 i Fa (T N ——— 10
L Introduction ~==-m=eemmm e 13
II. Regional Setting -=--==--=m-mmmmmmmmm oo e e 14
III. Sampling and analytical methods -----------mcemmmememmeeeeeo 15
IV. Results and Discussion ------===——commmmmmmmemm oo 18
V. Summary and Conclusion ——------==-mmmmemmem oo 23
VI. References =-—--==mmmmmmmm e e e e 24






List of Tables

Table 1 Summary of station numbers and the depth of color
boundary in box core sediments from KODOS-90 sites. Unit

13 9%

of CB. depth is “ecm” , and “ - ” means that unit A
occurs only in the core sediments without the color boundary.

Table 2 Summary of sediment characters in unit A and B of box-
core sediments from KODOS-90 site

Table 3 Contents of REEs in box core sediments from KODOS-
90 sites. All units of depth and REEs contents are ~ cm
and “ppm” , respectively.

Table 4 Statistical (maximum, minimum, average) and normalized
values of REE contents in box core sediments from KODOS-
90 sites.



List of Figures

Fig. 1 Sampling stations, seafloor morphology, and sedimentary
sequence above acoustic (air-gun) basement in KODOS-90 site

Fig. 2 Schematic diagram showing the vertical variation of
sediment characteristics across the color boundary (A: ratio of
Quaternary/Tertiary radiolaria, 2*°Th activity, content of illite,
B: contents of smectite, heavy metals (Mn, Cu, Ni), smectite
aggregates, micronodules, and fish remains, C: grain size
distribution)

Fig. 3 Excess activities of °Th in unit A and B sediments from
KODOS-90 site

Fig. 4 Grain size distribution of box core sediments from
KODOS-90 site. Filled triangle represents the color boundary

Fig. 5 Photographs showing the features of coarse grains in box
core sediments from KODOS-90 site; a) upper part of unit A,
b) lower part of unit A, ¢) upper part of unit B (just below the
color boundary), d) lower part of unit B

Fig. 6 Coarse grains typically observed in the upper part of unit B
sediments. Black (A), brown (B), and white (C) grains
represents micronodules, smectite aggregates, and fish remains,
respectively.

Fig. 7 EDS spectrum for the micronodule (A), smectite aggregate
(B), and fish remain (C)

Fig. 8 X-ray diffractogram with a large smectite peak, and EDS
spectrum with high Si and Fe peaks in fine sediments (<1 m)
at St.37



Fig. 9 Contents of smectite in fine fraction (>2 pm) of unit A

(filled circle) and unit B (open triangle) sediments in KODOS-
90 site

Fig. 10 Depth profiles of Ce anomalies (Ce/Ce*) in box core
sediments from KODOS-90 site. Ce/Ce* values decrease
abruptly across the color boundary in st.14, st.34, st.36, and
st.37

Fig. 11 REE contents in unit A, unit B, smectite, micronodules,
smectite aggregates, and fish remains in box core sediments
from KODOS-90 site. Note the enriched REEs in fish remains.

—_11—






I. Introduction

Rare earth elements (REEs) have been used as an useful tool for
the understanding of geochemical processes because of their similar
chemical properties and the low solubilities (Piper, 1974; Toyoda et
al.,, 1990). Diagenetic remobilization of REEs in marine anoxic
sediments is another important process discussed severely in recent

(Elderfield et al., 1981b; Elderfield and Sholkovitz, 1987; Murray et
al., 1991).

One of the hot issues on REE geochemistry is the assessing and
ranking the controlling parameters of REE contents in marine
sediments (Murray et al., 1991). Hydrothermal input, diagenetic
process, and the input of biogenic particles control the REE
composition of deep sea sediments (Piper et al., 1974; Elderfield et
al., 1981a; Toyoda et al., 1990). Tt is well known that REEs arc
highly concentrated in manganese nodules with positive Ce
anomaly and in philipsite with strong negative Ce anomaly, while
they are depleted in foraminifera and calcite (Piper, 1974; Elderfield
et al., 1981). Toyoda et al. (1990) reported that fish bone debris
readily accumulates REE with a large negative Ce anomaly in the
central equatorial Pacific.

The Korea Deep Ocean Study (KODOS) programme has been
carried out since 1989 by the Korea Ocean Research and
Development Institute (KORDI) for the environmental research and
manganese nodule exploration in KODOS area, western part of
Clarion-Clipperton fracture zone (C-C zone) in the northeast
equatorial Pacific. Based on the detailed analysis on core sediments
at the KODOS-89 and -90 sites, it was found that REE contents as
well as other geochemical and mineralogical properties in two-
colored core sediments are clearly different across a color boundary
between the upper light brown and the lower dark brown layers



(KORDY, 1991; Jung, 1994).

In this report, a primary controlling parameter for the vertical
variation of REEs across the boundary is discussed from the
chemistry of bulk sediments and their components.

I1. Regional setting

KODOS-90 site is located between 146~153 W and 7~12 N in
the western margin of the C-C zone (Fig. 1). Abyssal plain with
5,100~5,300 m in water depth is widely spread over the study area
with several seamounts on the plain. Radiolaria-bearing siliceous
sediments are distributed dominantly in the study area despite of

occasional occurrence of calcareous ooze on seamounts (Jung et al.,
1991; KORDI, 1991).

In the C-C zone, sedimentation rates are variable from less than

0.5 mm/ 103yr to several mm/ 103yr (Piper, 1977; Muller and
Mangini, 1980; Halbach et al,, 1988; KORDI, 1991). Local
redistribution of sediments by bottom currents is an important factor
for the large variation of the sedimentation rates (Piper and
Blueford, 1982; Skornyakova and Murdmaa, 1992). Antarctic
bottom water (AABW) characterized by high oxygen contents and
low temperature passes northeastwards through the Line Island
chain and then spreads over the nodule belt of C-C zone (Johnson,
1972; Halbach et al., 1988; Gordon and Gerard, 1970). Invasion of
the intensified AABW flow in the northeast Pacific is indicated by
the hiatus of the late Tertiary (Halbach et al., 1988).

A hiatus between the Quaternary and the Tertiary occurring



frequently in the north Pacific was created by the intensified
AABW flow during the middle Miocene to the early Pliocene
(Halbach et al., 1988; Jeong et al., 1994). The AABW flow, which
was stronger than the present AABW flow, was formed due to the
onset of major glaciation of Antarctica during the late Miocene
(Johnson, 1972; Savin et al., 1975, van Andel et al., 1975;
Halbach et al., 1988). Meanwhile, sedimentation in the equatorial
Pacific during the Quaternary and the Tertiary was affected nearly
continuously by two processes of reworking of older sediments and
resedimentation (Halbach et al., 1988).

Most of the nodules occurring in the study area are 2~4 cm in
diameter, ellipsoidal to discoidal in shape, and rough in surface
texture (Jeong et al., 1994). The nodules are abundant (> 10 /m’) on

the seamount belt of 10 N region (Jung et al., 1990; Lee et al,
1992) due to the seeding effect of hydrogenetic nodule fragments
created by the strong bottom currents (Jung et al., 1990; Lee et al.,
1992). Meanwhile, it was suggested that redistributional processes
of bottom currents seems to be most responsible for the regeneration
and concentration of nodules in the KODOS -89 and -90 sites
(Jeong et al., 1994).

IT1. Sampling and analytical metheds

KODOS-90 site was surveyed during the corporation between
KORDI and U.S. Geological Survey (USGS) using R/V Farnella in
1990 (Fig. 1). Ten box cores were collected using box corer, and
subsamples were taken into polyprophylene bottles at predesigned
depth intervals. Subsamples were stored in a refrigerator for the



additional analysis after sealing the bottles tightly with parafilm.
Sediment slabs were obtained from the box core sediments using a
transparent acrylic box with size of 20x35x2 ¢cm, and was described
after taking photograph of the slab.

Sediment subsamples were ground to pass 200 mesh nylon sieve

after drying them in a oven under 80 °C for 24 hours. These
sediment samples were digested with 4 ml, 3 ml, and 6 ml of
concentrated HF, HCIO,, HNO;, respectively, in a tightly-closed

teflon vessel on a hot plate with temperature less than 150 °C for 24
hours (Kitano and Fujiyoshi, 1980). After eluting the white cake of
digested sediments using 1 N HNO; solution, concentrations of Mn,
Fe, Cu, Ni, and Co were measured with a flame atomic absorption
spectrophotometer (AAS, Varian SPECTRAA-10). Concentration
of REEs in the eluted solution was analyzed using inductively
coupled plasma mass spectrometer (ICP-MS, VG element PQ-II).
Meanwhile, BCSS-1 and MAG-1 standard reference sediments
were analyzed simultaneously with KODOS sediments for the
checking of data quality.

For the analysis of excess 230Th activities (230Th = 230Tp -

234U), dried sediments (0.5~1.00 g) were digested with mixed
solution of concentrated HCL, HCIO,, and HNO;. After passing the
digested solution through ion exchange column (Dowex AGI-X8,

100-200 mesh, chloride form), Th and U were electroplated for 60

~90 minutes at 4 or 9 volts. Counting of uranium and thorium
isotopes was done by alpha spectrometers with silicon surface-
barrier detectors (Canberra, Oxford) mounted inside vacuum
counting chamber.

For the grain size analysis, wet sediments were dispersed in
0.1 % (NasPQ,)s solution using an ultra sonic bath (50 W, 27 kHz)
for 15 minutes after pretreating the sediments with concentrated



H,0,. Analysis was done using standard sieves (62 gm, 45 um, 25
pm) and a laser-scattering particle size analyzer (MALVERN

MasterSizer). Standard zircon grains (2 mm, 5 m, 16 pm,

MICROMERITICS) were used for the calibration of the grain size
analysis (Jung et al., 1993).

Clay mineralogy was analyzed with X-ray diffractometer (XRD,
Philips PW1710), after separating the clay grains (<2 tm) from bulk
sediments using pipetting method (Brunton, 1955; Biscaye, 1965).
Clay sediments (<2 um) separated from bulk sediments were dried,
weighed, and digested according to the above scheme for the
analysis of REEs. REE contents in the clay samples were analyzed
with a high resolution ICP-MS (VG element PLASMA TRACE).

Several hundreds of radiolaria, micronodules, and brown
particles were separated from coarse fraction (> 25 wm) by hand
using a plastic needle under a microscope equipped with a camera
(Leitz Vario-Orthomat modei). After collecting micronodules and
brown particles to several milligrams, they were dried, weighed, and
digested according to the analytical method of REEs. REE
concentration was measured by high resolution ICP-MS. In addition,
compositions of micronodules and brown particles were analyzed
qualitatively by the energy dispersive spectrometry (EDS) method
using a scanning electron microscope (SEM, Hitachi X-650)
equipped with EDS system (KEVEX 7000). Meanwhile, radiolarian
assemblages were identified after mounting coarse grains (> 62 um)
on a slide glass using the microscope.



IV. Results and Discussion

1. Geochronological and compositional characters in two-colored
core sediments

All the core samples in the study area are composed mostly of
siliceous clay with pale or dark brown color. A lot of bioturbation
traces can be observed in the massive sedimentary column without
sedimentary structure or laminae. The traces are different in color
from surrounding matrices; that is, light yellow traces are embedded
in the upper pale brown layer and pale brown traces are in the lower
dark brown layer (Fig. 2). We can not find any systematic trend in
the occurrence frequency of the traces with core depth.

Based on the variation of sediment color, core samples can be
divided into two layers; an upper pale brown layer (unit A; 10YR
6/4~6/6; Munsell, 1988) and a lower dark brown layer (unit B;
10YR 4/3~3/3). Among ten cores, four cores (st. 14, 34, 36, 37)
have a color boundary between unit A and B while the other cores
are composed only of unit A (Table 1). These color boundaries were
reported in the core sediments from the north Pacific (Piper and
Blueford, 1982; von Stackelberg, 1982; Kadkho, 1985; Piper et al.,
1987).

Excess ~°"Th activities in unit A are evidently higher (about 100
dpm/g) than those in unit B (about 1 dpm/g) (Fig. 3). The abrupt
decrease of 2>°Th activity across the color boundary indicates that
the boundary is a hiatus with an age difference of at least 0.5 Ma.
The age difference between unit A and B can also be referred from
radiolarian assemblages. Radiolaria is the most abundant and well-
preserved microfossil in the study area compared to others such as
silicoflagellate, coccolith, etc.. Quaternary radiolarians such as
Polysolenia spp., Anthocyrtidium spp., Spongaster t. dianae, and



Artostrobium miralestense are ubiquitous in unit A while Tertiary
or Quaternary~Tertiary groups (Euchitonia sp., Spirocyrtis scalaria,
and Theocampe mongolfieri) occur scarcely. In unit B, however,
Tertiary radiolarians such as Theocampe mongolfieri, Thyrsocyrtis
triacantha, Lithocyclia ocellus and Podocyrtis geotheana occur
frequently while Quaternary radiolarians are few. Occasional
occurrence of Quaternary radiolarians in unit B is due to the pale
brown burrow traces embedded in unit B. In DOMES site A lying
near the study area (Fig. 1), the boundary was assigned to be a
hiatus between the Quaternary and the Tertiary based on radiolarian
assemblages (Piper and Blueford, 1982; Piper et al., 1987). In the
central north Pacific, the boundary was reported to be a hiatus
between the late Miocene to the Pliocene based on '’Be activities of
piston core sediments (Kadkho, 1985).

Grain size distribution of bulk sediments in the core top
generally shows a bimodal pattern with a fine mode (60~70 um)

and a coarse mode (2~8 m) (Fig. 4). The coarse mode disappears
gradually with depth in unit A, and fine mode occurs solely in unit
B. Although coarse grains (> 25 pm) are mostly composed of
siliceous radiolarian tests and fragments in unit A sediments, coarse
grained black micronodules, reddish yellow smectite aggregates,
and water-white fish remains are also abundant in the upper part of
unit B (Fig. 5, 6). Radiolarian tests in unit A are preserved well
while severely deteriorated fossil fragments and spicules/spines are
abundant in the upper part of unit B (Fig. 5, 6). The preservation
state of the radiolarians in the lower part of unit B is better than that
in the upper part of unit B (Fig. 5). EDS spectrum shows that the
micronodule consists mostly of Mn with subordinate amount of Fe
(Fig. 7). The brown (pale yellow brown or reddish yellow brown)
particle shows an EDS spectrum with high peaks of Si, Fe and
small peaks of Al, K, Ca (Fig. 7). The brown particle is regarded to

—1 Qe
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be Fe-rich smectite (or nontronite) aggregate because of its similar
EDS spectrum to that of smectite (Fig. 7, 8, Welton, 1984). The
aggregates were also found in the bottom sediments of the
northwestern Pacific, and assigned to be smectite aggregates (Hein
et al, 1979).

Clay minerals (<2 mm) are mostly composed of smectite and
illite, and kaolinite+chlorite contents are negligible. Hence, depth
profiles of illite shows a mirror image with those of smectite (Fig.
2). Smectite contents increase abruptly across the color boundary
from approximately 45% in unit A to 80% in unit B (Fig. 9).
Although we can not do a quantitative analysis on the composition
of clay minerals, it seems that clay minerals are composed mostly of
smectite in the upper part of unit B because smectite peak is nearly
unique on the diffractogram while other peaks are negligible (Fig.
8).

All the sediment characters in unit A and B are summarized in
Table 2 and Fig. 2.

2. Factors controlling the REE contents in unit A and B sediments

REE contents in KODOS sediments vary greatly with sampling
location as well as with core depth (Table 3). Maximum values of
REEs in the study site are 5 (Ce) to 26 times (La) greater than the
minimum values (Table 4). Despite of the great difference, averaged
REE contents are comparable in a order of magnitude to those in
North American Shale Composites (NASC) (Table 4). All of the
REEs except Ce are enriched in KODOS sediments (Table 4).
Especially, heavy REEs are more enriched than light REEs (Table
4). Enrichment of the heavy REEs might be due to a lot of siliceous
fossil tests in KODOS sediments. Siliceous organisms can uptake
more amount of heavy REEs concentrated in sea water compared to
light REEs that have shorter residence time than heavy REEs



(Henderson, 1984). Meanwhile, averaged Ce contents in KODOS
sediments are lower than those in NASC (Table 4).

Although REE contents are nearly uniform with core depth in
unit A, the contents (except Ce) increase abruptly across the color
boundary (Table 2, 3; Fig. 2). All REE contents (except Ce) in unit
B of st.14, st.34, st.36, st.37 are three or four times higher than
those in unit A (Table 3). On the other hand, Ce contents in unit B
are similar to those mn unit A. Hence, Ce anomalies (Ce/Ce*) in unit
A and B are clearly different, and decrease abruptly across the color
boundary between unit A and B (Fig. 10).

Compositions of unit A and B sediments are different in many
aspects. Micronodules are abundant and heavy metals (Mn, Cu, Ni)
are enriched in unit B (Table 2, Fig. 2). Enrichment of heavy metals
in unit B is due to the abundant micronodules (Jung et al., 1991).
Compositions of micronodules are generally similar to those of
manganese nodules which have high concentrations of Mn, Cu, Nij,
etc.. (Jung, 1994; Addy, 1978). Meanwhile, it is well known that
REE contents in manganese nodules are generally higher than those
in deep sea sediments (Henderson, 1984). If REE contents m
micronodules are also higher than those in deep sea sediments,
enriched REEs in unit B might be due to the abundant micronodules
in unit B. To check this probability, REE contents in micronodules
were analyzed after picking a lot of micronodules from unit B
sediments. REE contents in the collected micronodules are not high
compared to those in unit A and B sediments (Fig. 11). Moreover,
micronodules have positive value of Ce anomaly while unit B
sediments have negative value (Fig. 11). Consequently, enriched
REEs in unit B with strong negative Ce anomaly are not considered
to be related with the abundant micronodules in unit B. Meanwhile,
smectite aggregates abundant in unit B are also not the probable
component for the enrichment of REEs in unit B because REE
contents in smectite aggregates are very low compared to those in
unit B sediments (Fig. 11).



REE contents in smectite are similar to those in unit B (Fig. 11).
If unit B sediments are composed mostly of smectite, the smectite
would be an important contributor for the enrichment of REEs in
unit B. However, unfortunately, we can not do a quantitative
analysis of smectite contents in sediments. Although smectite in

fine sediments (<2 pm) are the dominant clay minerals in unit B

(Fig. 8), it does not mean that the bulk sediments in unit B are
mostly composed of smectite.

A lot of white (or water-white) particles are identified to be Ca-
P particles (apatite) based on the results of EDS analysis (Fig. 7,
welton, 1984; Hein et al., 1979). These particles are fish bones or
fish remains (Hein et al., 1979). They make up a major part of the
coarse fraction (>25 im) which can be observed under microscope.
REE contents in these particles are more than ten times higher than
those in unit A sediments (Fig. 11). Fish remains can be considered
to be a probable contributor for the enrichments of REEs in unit B
sediments. Meanwhile, Toyoda et al. (1990) reported that a large
negative Ce anomaly and enriched REEs in Pacific pelagic
sediments are closely related with the abundant fish bone debrises
which are composed of biogenic calcium phosphate with abundant
REE:s and strong negative Ce anomaly.

Low sedimentation rate and high biological activity in the
Central equatorial Pacific result in a high contents of fish bone
debrises in sediments, which cause a large negative Ce anomaly
(Toyoda, 1990). Biological productivity in the central equatorial
Pacific was reported to be high during the latest Miocene to the
early Pliocene (Leinen and Stakes, 1979). Enriched REEs just
below the color boundary, which is the hiatus between the late
Miocene to the Pliocene, are considered to be the result of increased
input of fish bone debrises produced abundantly during the
formation of the hiatus.



V. Summary and Conclusion

Enhanced bottom currents during the late Miocene to the
Pliocene, which produced the hiatus of the color boundary between
unit A and B, are closely related with the glaciation of Antarctica.
The glaciation could result in a steep temperature gradient on earth
surface and mtensified flows of north and south equatorial currents
as well as equatorial counter current. Hence, productivity in the
water column during the late Miocene was probably increased, and
a large amounts of fish bones and skeletons enriched in REEs were
supplied to the seafloor. Moreover, strong bottom currents during
the hiatus period are considered to have promoted the reworking
and winnowing action and concentrated the coarse grains at the
hiatus layer of the upper part of unit B (Jung et al., 1996).

From the above, it is concluded that the enriched REEs in the
upper part of unit B were due to the fish remains abundant just
below the color boundary. Abundant supply of the remains were
probably due to the great changes in paleoceanography (i.e., paleo-
climatology) during the formation of the hiatus.
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Table 2 Summary of sediment characteristics in unit A and B sediments
from KODQOS-90 site

Sediment characteristics unit A unit B
Sediment color brown ~ pale dark brown
brown
Age Quaternary Tertiary
Preservation state of siliceous fossils fairly well severely corroded
preserved
Contents of micronodules, smectite rare abundant
aggregates
Occurrence of fish remains (spicules, rare abundant
spines, and fish bone debrises
Contents of metals (Mn, Cu, Ni, low high
REEs)




Table 3 Contents of REEs in box core sediments from KODOS-90 sites.

All units of depth and REEs contents are “¢cm” and “ppm” ,
respectively.
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Iable 3 (continued)
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Table 3 (continued)

St.34
Depth | La | Ce | Pr [ Sm | Eu | Gd [ Dy | Ho | Er [ Tm | Yb | Lu
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Table 3 (continued)

51.38

Depth| La | Ce | Pr |Sm | Eu | Gd | Dy | Ho | Er | Tm | Yb | Lu
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