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4. GEOCHEMICAL STUDY OF ODP
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DIRECT OBSERVATION OF MN AND CE
OXIDATION STATES'
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ABSTRACT

Depth profiles of major element and rare earth element (REE) abun-
dances in sediment samples (mainly siliceous ooze and clay) recovered
from Holes 1179B and 1179C at Site 1179, Ocean Drilling Program Leg
191 (41.4°N, 159.6°E) were determined. The oxidation states of Mn and
Ce were determined by X-ray absorption near-edge structure. Some geo-
chemical indicators were tested, including the MnO/TiO, ratios, a
bivariate diagram of La/Ce vs. Al,O3/(AL,O;+Fe,05), and other discrim-
ination diagrams. The oxidation state of Mn is reduced Mn(Il) in the
depth profile below 0.60 meters below seafloor (mbsf), which is consis-
tent with relatively low and high abundances of Mn in the sediments
and pore waters, respectively. It is possible that the diagenetic effect on
the oxidation state and abundance of Mn makes it difficult for the
MnO/TiO; ratio to reflect the depositional environment. The normal-
ized ratio of La and Ce does not change very much with depth, suggest-
ing that the diagenetic effect does not affect the REE signature in the
sediments. On the diagram of La/Ce vs. Al,O;/(Al,O5+Fe,0;), the sedi-
ments studied here plot at the boundary of the pelagic and continental
margin fields. This suggests that continental material has contributed
to the sediment to some degree, even though Site 1179 is in a pelagic
region of the northwestern Pacific Ocean, >1600 km from Japan.
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INTRODUCTION

The abundances of trace elements in sedimentary rocks have been
employed to elucidate the sources and formation environment of the
sediments. For example, it is suggested that a cerium anomaly found in
the rare earth element (REE) patterns of chert reflects its depositional
environment, that is, whether it was deposited in the marginal sea, the
continental shelf, or the deep-ocean floor (Shimizu and Masuda, 1977).
Murray (1994) developed a similar method in chert and employed a di-
agram on which he plotted the ratio of La and Ce against the ratio
Al,03/(Al,O3+Fe,05). The MnO/TiO, ratio can be another indicator of
the depositional environment (Sugisaki et al., 1982; Yamamoto, 1983;
Sugisaki, 1984; Sugitani, 1996). To use these abundance data (Al, Ti,
Mn, Fe, La, and Ce) as geochemical signatures, it is necessary to care-
fully study various factors, such as diageneis, that can alter the initial
signature. In particular, redox-sensitive elements can be mobilized dur-
ing early diagenesis, altering the initial geochemical signatures. How-
ever, there have been few studies on the direct characterization of the
oxidation states of elements in sediments using proper physico-chemi-
cal methods (except for iron, which has been studied by Mdssbauer
spectroscopy).

Sediments recovered from ODP Leg 191 Site 1179 (41.4°N, 159.6°E;
water depth = 5565 m) located on the abyssal seafloor northwest of
Shatsky Rise, ~1600 km east of Japan (Fig. F1), are mainly siliceous ooze | F1. Site 1179 map, p. 11.
and clay overlaying cherty rocks (Kanazawa, Sager, Escutia, et al., 2001). -

We studied the oxidation states of Mn and Ce by X-ray absorption near- . WJ w

edge structure (XANES) on samples throughout the sediment core. It is b’ %3{ -
considered that these elements are immobile in their oxidized forms I A

(Mn[IV] and Ce[lV]), whereas they may be more mobile in their re- Tl

duced forms (Mn[lI] and Cel[lll]). Therefore, we compared the depth I

profiles of abundances and oxidation states of these elements in the
sediment core at Site 1179. The direct determination of the oxidation
states of these elements was used to explain the variation of abun-
dances of Mn and Ce in the sediments. Other discrimination diagrams
based on major element abundances are employed to compare the in-
formation obtained from the MnO/TiO, ratio and REE signature.

SAMPLES

Four sedimentary units, with a total thickness of 377 m, overlie ba-
saltic crust at Site 1179 (Kanazawa, Sager, Escutia, et al., 2001). Unit [, at
the top of the section, consists of clay- and radiolarian-bearing diatom
ooze. It extends from the seafloor to a depth of 223.5 meters below sea-
floor (mbsf), where it is late Miocene in age. Sediments from 0.01 to
35.0 mbsf were used in this study. The uppermost sediment samples
from 0.01 to 1.81 mbsf were recovered from Core 191-1179C-1H. Sam-
ples at greater depths were recovered from Cores 191-1179B-1H
through 4H, which cover depths between 0.60 and 35.00 mbsf. The pre-
cise depth of each sample examined in this study is shown in Table T1, | T1.Major element composition of
along with the major element composition. sediment samples, p. 23.

The core recovered at Site 1179 is of a typical abyssal sediment over-
lying chert (Kanazawa, Sager, Escutia, et al., 2001). Brief sample descrip-
tions are given in Table T1. Diatoms predominate over the collected
depth range, and radiolarians are common. Sponge spicules and silico-
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flagellates also contribute to the siliceous nature of the sediment. The
sediment can be regarded as a precursor of chert or siliceous shale. In
addition to the biogenic silica component, the sediment includes clay
and ash.

ANALYTICAL METHODS

Sediments were recovered from Cores 191-1179B-1H through 4H un-
der N, atmosphere to minimize exposure to oxygen. A part of each sam-
ple was packed in an airtight bag. These samples were used for XANES
analysis to determine the oxidation states of Mn and Ce. The remainder
of each sample was washed twice with Milli-Q water and dried for
chemical analysis.

The major element composition of the sediment samples were deter-
mined by X-ray fluorescence (XRF) spectroscopy (Rigaku ZSX-101e). The
samples were dried overnight at 110°C. The fusion glass was made from
a mixture of sample (2.00 g), flux (4.00 g; Li,B,0,:LiBO, = 1:4, Johnson
Matthey Spectro flux 100B), and LiNO; (0.60 g). Details of the proce-
dure used for the XRF analysis are found in Kanazawa, Sager, Escutia, et
al. (2001). Abundances of the REE were measured using an inductively
coupled plasma-mass spectrometer (ICP-MS) as described previously
(Takahashi et al., 2002b). Approximately 0.1 g of sediment sample was
first digested in a mixture of HCIO, and HF, and the solution was then
redissolved into HCIO, after being dried. The sample was redissolved in
HCI and evaporated. The residue was redissolved using 2% HNO; for
measurement with ICP-MS using In and Bi as internal standards.

XANES spectra were recorded at BL-12C in the Photon Factory, KEK
(Tsukuba, Japan) (Nomura and Koyama, 1996), or at BLO1B1 in SPring-8
(Hyogo, Japan) (Uruga et al., 1999). Experimental procedures are similar
to those in Takahashi et al. (2002a). A Si(111) double-crystal monochro-
mator was used to obtain the incident X-ray beam. The energy step was
typically 0.25 eV. The energy of the peak top did not shift >0.25 eV
throughout all measurements. All spectra were collected in the fluores-
cence mode with the sample positioned at an angle of 45° with respect
to the beam. The fluorescence yield was measured using a 19-element
Ge semiconductor detector. It was necessary to correct the single-chan-
nel analyzer windowed signal because of the increase in dead time
when the incoming count rate was high because of the large intensity
from fluorescence and scattered X-rays.

RESULTS AND DISCUSSION

Abundance and Oxidation State of Mn

In the depth region studied here, the sedimentation rate is ~30
m/m.y. (from paleomagnetic data: Kanazawa, Sager, Escutia, et al.,
2001) and the content of organic carbon ranges from 0.10 to 0.50 wt%
(Table T1). Stein (1986, 1990) classified the sediments on the basis of
the sedimentation rate and the content of organic carbon. According to
this classification, the samples studied here are formed under an open-
ocean environment. This is also indicated by the concentration profiles
of dissolved sulfate in pore water against depth (Kanazawa, Sager, Escu-
tia, et al., 2001). The dissolved sulfate concentration is >24 mM, which
indicates that sulfate reduction is not the predominant mechanism for
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the decomposition of organics in this region (Fig. F2). Dissolved nitrate
is observed even at 5 mbsf, and ammonium increases steadily with
depth (Kanazawa, Sager, Escutia, et al.,, 2001). The maximum of dis-
solved Mn is found at ~6 mbsf (Fig. F2) (Kanazawa, Sager, Escutia, et al.,
2001). These results suggest that the sediment at Site 1179 is in a fairly
oxic condition.

The major element composition of the sediment samples is shown in
Table T1. The silica content of the sediment samples ranges from 56 to
66 wt%, and the Al,O; content is between 11 and 17 wt%, mainly be-
cause of the presence of clay minerals. As expected, the MnO content is
highest near the seafloor (0.31 mbsf). This is due to the upward diffu-
sion flux of dissolved manganese within the sediments. Evidence for
this is the increase in dissolved manganese with depth up to 6 mbsf
(Fig. F2). Near the sediment/water interface, reduced manganese (Mn?+)
is oxidized to Mn(IV), as shown by the direct observation of the oxida-
tion state of Mn.

The oxidation state of manganese (Mn**/Mn?* ratio) can be eluci-
dated by the shift of the pre-edge peak in the Mn K-edge XANES spec-
trum (Schulze et al., 1995). Qualitatively, it is observed that the whole
spectrum shifts to higher energy because of the increase in the attrac-
tive force between the electrons and the nucleus when the effective pos-
itive charge of the nucleus increases (i.e., at a higher oxidation state). To
determine the average valence of Mn, XANES spectra of reference mate-
rials made by mixing 8-MnO, and MnSO, were measured (Fig. F3A).
The pre-edge structure was fitted by the combination of a Gaussian
function and a second-order polynomial function (Schulze et al., 1995).
The calibration line between the average valence of Mn and the shift of
the peak defined by the centroid of the Gaussian function is shown in
Figure F3B, suggesting that the average valence of Mn can be estimated
by the pre-edge structure. The XANES spectra at the pre-edge region for
the sediment samples are shown in Figure F3C. It is clear that Mn is
more oxidized at 0.60 mbsf compared with Mn at 1.82 mbsf. The depth
profile of the average valence of Mn (Fig. F4) shows that Mn in the sedi-
ment is mainly divalent below 0.60 mbsf. The reduced state of Mn at
depth, as determined directly by XANES, is consistent with the results
of the depth profiles of Mn abundances in sediments and pore water.

Sugisaki and his coworkers (Sugisaki et al., 1982; Yamamoto, 1983;
Sugisaki, 1984; Sugitani, 1996) suggested that the MnO/TiO, ratio can
be used to distinguish pelagic and continental sources of siliceous sedi-
ments. Sugitani (1996) studied the MnO/TiO; ratios of marine sedi-
ments at various distances from land. Sugitani (1996) divided these
values, plotted in Figure F5, into two groups: sediments <110 km away
from land are hemipelagic, and those >600 km are pelagic. We tenta-
tively define the boundary of these two groups at 400 km, which corre-
sponds to an MnO/TiO, ratio of ~0.5. This value can be used for
classifying sediments into the hemipelagic and pelagic origins. The
MnO/TiO; ratio of the samples studied here varies from 0.171 to 10.9
(Fig. F6). If we use the value obtained from the sediment samples of Site
1179, the sediments near the seafloor (above 0.6 mbsf) would be classi-
fied as pelagic. However, when we use the sediment below ~1 mbsf, the
MnO/TiO, ratio is more representative of the hemipelagic region. This
is caused by the change in Mn concentration, which is a result of the
early diagenesis. We suggest that the high mobility of Mn in the sedi-
ment column, confirmed by the depth profiles of Mn abundances in
the sediments and pore water and the oxidation state of Mn in the sedi-

4

F2. Dissolved manganese and sul-
fate, p. 12.

F3. Mn K-edge XANES spectra,
p- 13.

N B
H _,J/”\v\/A’

F4. Average valence of Mn, p. 14.

F5. MnO/TiO, ratio vs. distance
from land, p. 15.
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F6. MnO/TiO, depth profile, p. 16.
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ments by XANES, can obscure the clear characterization of the deposi-
tional environment using the MnO/TiO, ratio. It is necessary to
consider such a diagenetic effect when employing the MnO/TiO, ratio
to characterize sediments and sedimentary rocks, as has been shown by
Murray (1994) and the multiple references therein.

REE Signature and the Oxidation State of Ce

The degree of the Ce anomaly obtained from REE abundances can be
employed as another signature of the depositional environment of sili-
ceous sediment. To compare the MnO/TiO, ratio and the degree of the
Ce anomaly, we also measured the REE abundances in the sediment
samples at Site 1179. The results are shown in Table T2. Some of the
REE patterns normalized with post-Archean shales from Australia
(PAAS) (Taylor and McLennan, 1988) are shown in Figure F7. PAAS was
used for the normalization, because the REE pattern of PAAS normal-
ized with the C1 chondrite (Anders and Grevesse, 1989) creates a
smooth REE pattern. Although North American Shale Composite
(NASC) (Gromet et al., 1984) is generally used to obtain the ratio of nor-
malized abundances of La and Ce, it was not used here for the normal-
ization of the REE patterns of the sediments. This is because the REE
pattern of NASC normalized with C1 chondrite did not create a smooth
REE pattern, which suggests that the normalization with NASC is not
appropriate for the interpretation of the fine structures of REE patterns.
It must be noted that the REE patterns of the sediments studied here are
similar, which suggests that the chemical processes in this sedimentary
setting were rather similar during the past ~1 m.y. (corresponding to a
sediment depth of ~35 mbsf). Slight variations in the REE abundances
are observed, although the shapes of the REE patterns are very similar.
Among the major elements, TiO, shows a slight correlation with REE
abundances, represented by the Nd content, as shown in Figure F8,
where the data from the Hole 1179B cores are plotted. Since the origin
of TiO; is considered terrigenous, the abundances of REE indicate the
influence of terrigenous material within the sediments. The most strik-
ing feature recorded in the REE patterns of sediments is the degree of
the Ce anomaly, noted as Ce/Ce* (Shimizu and Masuda, 1977):

Ce/Ce* = Cey/(Lay Pry)'72,

where N indicates the normalized abundance with a proper reference
material. According to Shimizu and Masuda (1977), the normalization
was conducted with chondrite. A negative Ce anomaly implies that the
sediment was formed under a pelagic environment, whereas a positive
or no Ce anomaly implies formation at the continental margin. Murray
(1994) summarized the abundances of REE and other elements and pro-
vided a discrimination diagram by a bivariate plot of Lay/Cey and
AL,O;/(Al,05+Fe,05). Lay/Cey normalized with NASC was used here in-
stead of Ce/Ce*, where the meaning of the Lay/Cey ratio is similar to
Ce/Ce*. The continental margin sediments contain relatively high
amounts of Ce, leading to a low Lay/Cey ratio, and the pelagic sedi-
ments, depleted in Ce, show a high Lay/Cey ratio. The present data,
when plotted on this discrimination diagram (Fig. F9), are concentrated
near the boundary of the two fields of the pelagic and the continental
margin. This indicates that the sediments at Site 1179 exhibit interme-
diate characteristics between pelagic and continental margin origin.

T2. Abundances of REE in sedi-
ment samples, p. 24.

F7.PAAS-normalized REE patterns,
p-17.
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F9. La,/Cey ratio vs. Al,O;/(AL,O5 +
Fe,0,), p. 19.
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It is possible that the Ce oxidation state can change during diage-
netic processes, which may lead to the fractionation of Ce from other
REEs and to the alteration of the initial REE signature. We measured Ce
L,-edge XANES to elucidate the cerium oxidation state. The selected
spectra, with the results of peak deconvolution by the combination of
one arctangent and three Lorentzian functions, are shown in Figure
F10. The peak at ~5.726 keV can be ascribed to Ce(Ill), and the peaks at
5.730 and 5.738 keV are assigned to Ce(IV) (Takahashi et al., 2000a,
2002a). The XANES spectra show that Ce(Ill) is predominant in the sed-
iment samples at Site 1179, although it is not obvious whether Ce(IV) is
incorporated in the sediments because of the low quality of the spectra.
However, it seems that some Ce(IV) (<10% of total Ce) is incorporated
in the sediments at 0.60 mbsf. This indicates that the redox change of
Ce did not affect the REE patterns of the sediment samples, due to pos-
sible diagenetic effects, unlike the variation of the MnO/TiO, ratio (Fig.
F7C). This supports the idea that the REEs, including both Ce(IlI) and
Ce(lV), are fairly immobile during diagenetic processes and that the
REE signature is useful to deduce depositional environment of sedi-
ments.

In the depth profile of the Lay/Cey ratio, a slight decrease in the Lay/
Cey values near the surface of the sediments was observed, even though
the La,/Cey ratio was rather stable throughout the sediment column
(Fig. F11). It is possible that the slight variation in Lay/Cey values is re-
lated to the content of Mn, which increases in the subsurface to give
larger MnO/TiO, ratios, since the MnO, phase can accumulate Ce by
oxidative sorption of Ce (Takahashi et al.,, 2000b, and references
therein). The enrichment of Ce induces the decrease in the La,/Cey ra-
tio. However, it must be noted that the increase in the MnO/TiO, ratio
suggests that the deposition took place in a pelagic region, whereas the
decrease in the Lay/Cey ratio (or enrichment of Ce), presumably caused
by the increase of Mn, indicates that the deposition was at the conti-
nental margin. This inconsistency between the Lay/Cey and MnO/TiO,
ratios could result from the misuse of geochemical indicators. The large
Lan/Cey ratio indicates that the deposition was in a pelagic region be-
cause the increase in the Lan/Cey ratio with deeper seawater was gener-
ally observed (e.g., Piepgras and Jacobsen, 1992). If the REEs in the
sediments were mainly associated with a mineral phase like silica, the
fractionation of Ce by the sediments would have not occurred, which
suggests that the Ce anomaly or the La,/Cey ratio of the sediments was
similar to that of seawater. In this case, the large Lay/Cey ratio suggests
that the deposition of the sediments was in a pelagic region. However,
if the REE in the sediments was somehow incorporated in the MnO,
phase, the Lay/Cey ratio, smaller than that of seawater, induced by the
enrichment of Ce in the sediments may have led to the continental ori-
gin. This discussion implies that the Lay/Cey ratio should be employed
for siliceous sediments for the interpretation of the depositional envi-
ronment using the ratio.

Source Materials of Sediments at Site 1179

The REE signature suggests that the sediment samples from Site 1179
exhibit an intermediate character between pelagic and continental mar-
gin sediments. This implication is compared with other geochemical
studies. Roser and Korsch (1988) reported a discriminant function dia-

F10. Cerium L,-edge XANES spec-
tra, p. 20.

yyyyyyyyyyyyyyy

F11. Lay/Cey depth profile, p. 21.
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gram for the provenance signatures of sandstone-mudstone suites using
major element ratios. Two discriminant functions (DFs) are as below:

DF 1 = 30.638 TiO,/Al,0; — 12.541 Fe,030ay/Al,0; + 7.329 MgO/Al,0;
+12.031 Na,O/Al,O; + 35.402 K,O/Al,O; — 6.382.

DF 2 = 56.500 TiO,/Al,05 — 10.879 Fe,05oa/Al,05 + 30.875 MgO/Al,O;
— 5.404 Na,0/ALO; + 11.112 K,0/Al,0, — 3.89.

This method was to be used when the influence of biogenic CaO and
SiO, should be excluded to estimate the provenance of the sediments,
which is valid for the samples studied here. Based on the two discrimi-
nant functions, as shown in Figure F12, our data lie mainly at the
boundary of the quartzose sedimentary provenance, the intermediate
igneous provenance, and the felsic igneous provenance, suggesting that
clastic materials from heterogeneous sources were added to the biogenic
silica (diatoms and radiolarians) to produce the sediments at Site 1179.
Nakai et al. (1993) studied two sediments in the northwestern Pacific
on the basis of REE abundances and Sr and Nd isotopes: one (V20-122)
was from 46.3°N, 161.4°E, and the other (RC14-105) was from 39.4°N,
157.3°E. Site 1179 (41.4°N, 159.6°F) is located between these two points.
The above study suggested that arc volcanic products and weathered
surface matter from the Japanese Islands might be the source of the sed-
iment samples. This is consistent with the interpretation based on the
geochemical discrimination diagram, which showed the influence of
materials from continents and volcanic products. Further study is re-
quired for the distinctive identification of the source material incorpo-
rated in the sediments at Site 1179, which show geochemical character-
istics pointing to a continental margin, despite the fact that the conti-
nents are far away.

CONCLUSIONS

We tested some geochemical signatures, including the MnO/TiO, ra-
tio and Lay/Cey ratio, to deduce the depositional environment of the
sediments at Site 1179. Among these, diagenetic processes must be
taken in to account if the MnO/TiO, ratio is to be used to estimate the
depositional environment, since the early diagenesis can alter the MnO
record in the sediments. Diagenetic transformations of Mn with depth
were clearly visible in the profiles of manganese abundances in the sed-
iments and pore waters and with the direct observation of the oxida-
tion state of Mn in the sediments by XANES. REE signatures, such as
Ce/Ce* or La,/Cey, can be useful because they are not readily subject to
diagenetic effects. However, it is suggested that the Ce/Ce* or Lan/Cen
ratio should only be used for siliceous sediments. The presence of MnO,
as a major component in the sediments can cause the lower Lan/Cey ra-
tio, which creates a misleading conclusion for the estimation of deposi-
tional environment by the Lay/Cey ratio. The REE signatures and other
geochemical data suggest that a variety of materials from continents
and volcanic activities were added to biogenic silica to produce the sed-
iments at Site 1179.

F12. Relationship between two
discriminant functions, p. 22.
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Figure F1. Map of Site 1179, studied in this paper.
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Figure F2. Depth profile of dissolved Mn and SO, in pore water of sediments at Site 1179 (Kanazawa, Sager,
Escutia, et al., 2001).
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Figure F3. A. Spectra of Mn K-edge XANES for the reference materials made by mixing Mn(II)SO, and &-
Mn(IV)O,. Total concentration of Mn was 2000 ppm adjusted by diluting with quartz sand. The molar ratio
of Mn(II) and Mn(IV) is indicated in the figure. B. The relationship between the average valence of Mn and
the energy shift of the pre-edge peak in the reference material from the pre-edge of 5-MnO,. C. An example
of fitting results of the pre-edge of Mn K-edge XANES for sediment samples from 0.60 and 1.82 mbsf recov-
ered from Hole 11798 cores. It is clearly observed that Mn at 1.82 mbsf is more reduced than that at 0.60
mbsf.
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Figure F4. Depth profile of the average valence of Mn determined by XANES.
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Figure F5. Relationship between the MnO/TiO, ratio in marine sediments and the distance from land. Orig-
inal data were listed in Sugitani (1996).
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Figure F6. Depth profile of the MnO/TiO, ratio of sediments recovered from Site 1179.
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Figure F7. Post-Archean shales from Australia (PAAS)-normalized REE patterns of sediment recovered from
(A) Core 191-1179C-1H and (C) Cores 191-1179B-1H through 4H, and (B) samples employed for the Ce L
edge analysis at Site 1179 (Core 191-1179B-1H).
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Figure F8. Relationship between Nd and TiO, for the sediment samples recovered from Hole 1179B.
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Figure F9. Relationship between the La,/Cey ratio and Al,03/(Al,05+Fe,05) for the sediment samples from

Site 1179. The field of each depositional environment was reported in Murray (1994).
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Figure F10. Cerium L -edge XANES spectra of some sediment samples from Site 1179.
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Figure F11. Depth profile of the La,/Cey ratio of sediments recovered from Site 1179.

1 1 :I 1
0.8

| Continental margin

40

(Isqu) yidaqg

0.6 1.0 1.2 1.4 1.6
LaN/CeN

0.4



M. FUKUKAWA ET AL.
MN AND CE OXIDATION STATES 22

Figure F12. Relationship between two discriminant functions (DFs) (Roser and Korsch, 1988) for the sedi-
ment samples from Site 1179. DF 1 = 30.638 TiO,/Al,03 — 12.541 Fe,0301ay/Al,O; + 7.329 MgO/ALO; +
12.031 Na,0/Al,05 + 35.402 K,0/Al,053 - 6.382. DF 2 = 56.500 TiO,/Al,05 - 10.879 Fe,053ota/Al,O3 + 30.875
MgO/Al,O; — 5.404 Na,0/Al,03 + 11.112 K,0/AL,O; - 3.89. (For more information on DFs, see “Source Ma-
terials of Sediments at Site 1179,” p. 6, in “Results and Discussion”).
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Table T1. Major element composition of sediment samples recovered from Cores 191-1179C-1H and 191-
1179B-1H through 4H.

Core, section, Depth Major element oxide (wt%) LOI C (wt%)
interval (cm) (mbsf) SiO, TiO, Al,O; Fe,O3* MnO MgO CaO Na,0O K, 0 P,05 (wt%) (organic) (inorganic) Description
191-11798B-
1H-1 0.60 58.20 0.61 13.83 581 1.16 269 142 274 250 0.1 10.65 0.40 0.31 Siliceous ooze
1H-2 1.82 60.39 0.59 13.88 558 034 275 142 257 260 0.09 955 041 0.26 Siliceous ooze
1H-3 3.34 58.31 0.61 1404 632 030 298 1.09 275 277 0.09 1051 0.40 0.18 Siliceous ooze and clay
1H-4 5.16 60.09 0.56 13.72 4.77 0.22 232 140 340 243 0.08 10.61 0.36 0.21 Siliceous ooze
1H-5 6.45 59.41 0.54 1379 548 0.13 249 116 355 241 0.08 10.67 0.26 0.08 Siliceous ooze
1H-5 718 5717 0.49 1137 1017 0.63 3.73 099 251 247 0.07 1017 0.37 0.42 Siliceous ooze
2H-1 8.66 58.17 0.61 14.02 695 0.50 327 100 301 289 0.08 920 0.44 0.19 Siliceous ooze and clay
2H-2 9.89 66.01 050 13.79 4.08 0.12 185 138 337 269 0.07 588 0.20 0.06 Siliceous ooze
2H-3 1092 — — - = — — — — — - = 0.50 0.27 Siliceous ooze and clay
2H-4 1294 5991 0.64 15.04 6.19 034 3.04 110 264 295 0.09 7.84 042 0.29 Siliceous ooze and clay
2H-5 14.31 58.03 0.62 1461 795 031 320 097 186 286 008 9.04 0.19 0.11 Siliceous ooze
2H-6 16.14 56.73 0.67 1536 556 212 3.00 141 186 3.03 011 990 0.32 0.62 Siliceous ooze and clay
3H-1 17.47 62.65 064 1532 570 0.11 259 115 229 289 0.08 6.31 0.20 0.17 Siliceous ooze and clay
3H-2 19.05 60.26 0.72 16.29 549 0.29 330 1.13 182 325 009 7.12 043 0.28 Siliceous ooze
3H-3 20.76 58.88 0.69 1574 560 022 299 1.08 187 299 0.08 9.60 0.40 0.21 Siliceous ooze
3H-4 22.71 — — - — — — — — — - — 0.12 0.13 Siliceous ooze and clay
3H-5 24.51 62.74 0.55 1395 6.08 0.18 260 1.08 217 264 0.07 752 0.19 0.19 Siliceous ooze and clay
3H-6 26.13 6391 0.45 1395 4.06 0.08 185 1.07 254 329 0.07 8.51 0.14 0.05 Siliceous ooze and clay
4H-1 2710 — — - = — — — — — - — 0.42 0.18 Siliceous ooze
4H-2 28.38 — — - — — — — — — - — 0.33 0.34 Siliceous ooze
4H-3 2996 58.57 066 1561 547 054 289 1.14 185 299 0.08 997 0.35 0.28 Siliceous ooze and clay
4H-4 32.14 5838 0.66 1538 551 045 316 146 176 3.05 0.09 9.86 043 0.32 Clay
4H-5 33.62 59.53 0.59 1415 560 0.18 253 1.05 203 276 007 1126 0.29 0.10 Siliceous ooze and clay
4H-6 35.00 60.07 0.54 13.69 5.18 0.13 240 098 238 262 0.06 11.68 0.40 0.07 Ash
191-1179C-
1H-1, 0-2 0.01 — — — - — — — — — — - 0.52 0.23 Siliceous ooze
1H-1,10-12 0.11 5295 052 1395 546 1.18 240 1.25 3.13 231 0.13 16.31 0.41 0.27 Siliceous ooze and clay

1H-1, 20-22 0.21 5749 052 1351 526 344 232 134 361 227 013 972 0.18 0.20 Siliceous ooze and clay
1H-1, 30-32 0.31 57.55 0.51 1322 494 552 220 152 326 223 012 857 023 0.21 Siliceous ooze and clay

1H-1, 40-42 0.41 57.21 053 13.19 491 468 228 163 351 218 013 944 031 0.20 Siliceous ooze and clay
1H-1, 50-52 0.51 61.35 0.61 1455 561 041 248 1.74 321 238 012 7.31 0.47 0.13 Siliceous ooze

1H-1, 60-62 0.61 — — - — — — — — — - — 0.40 0.25 Siliceous ooze and clay
1H-1, 70-72 0.71 60.79 0.62 1425 591 024 279 127 289 263 010 826 0.54 0.14 Siliceous ooze and clay
1H-1, 80-82 0.81 60.09 060 1384 572 050 284 1.11 282 261 010 952 043 0.24 Siliceous ooze and clay
1H-1, 90-92 091 60.23 0.63 1410 6.55 020 3.02 1.15 278 270 0.10 832 0.1 0.21 Siliceous ooze and clay
1H-1,100-102 1.01 6255 0.65 14.82 536 0.19 298 120 225 284 0.09 683 047 0.24 Siliceous ooze and clay
1H-1,110-112 1.11 60.68 0.62 14.13 5.10 0.20 278 1.31 259 265 0.09 9.60 0.43 0.23 Siliceous ooze and clay
1H-1,120-122 1.21 61.02 0.63 14.60 523 0.20 294 130 271 275 0.09 827 042 0.20 Siliceous ooze and clay
1H-1,130-132 1.31 61.96 0.59 13.85 585 030 267 1.76 3.02 234 0.0 733 0.30 0.16 Siliceous ooze and clay
1H-1,140-142 1.41 61.23 0.56 13.67 558 031 270 136 312 255 0.09 859 0.38 0.15 Siliceous ooze and clay
1H-2,150-152 1.51 62.54 0.55 13.44 550 049 253 1.38 293 256 0.09 1067 0.30 0.19 Siliceous ooze and clay
1H-2,160-162 1.61 61.74 0.52 1296 6.21 042 265 136 3.03 256 0.09 823 0.31 0.24 Siliceous ooze and clay
1H-2,170-172 1.71 61.76 0.58 13.74 524 035 275 137 289 264 0.09 832 043 0.26 Siliceous ooze and clay
1H-2,180-182 1.81 6292 0.56 13.21 490 035 267 138 268 254 0.09 840 0.52 0.31 Siliceous ooze and clay

Notes: * = total Fe as Fe,O5. LOI = loss on ignition at 110°C, — = baking.
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Table T2. Abundances of REE in sediment samples recovered from Cores 191-1179C-1H and
191-1179B-1H through 4H.

Core, section, Depth Rare earth element (ppm)
interval (cm) (mbsf) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

191-11798B-
TH-1 0.60 295 633 712 256 545 1.27 458 0.806 4.38 0.861 255 0.388 243 0.391
1H-2 1.82 29.0 59.5 704 247 529 1.20 415 0.794 430 0.874 250 0.379 246 0.373
1H-3 334 320 675 775 267 578 1.25 439 0825 459 0917 270 0.396 266 0.396
1H-4 516 29.2 59.7 697 242 543 125 458 0850 4.83 0989 3.00 0452 295 0.458
1H-5 645 261 519 6.03 206 446 1.04 341 0.654 3.70 0.759 231 0.340 2.28 0.358
1H-5 718 249 573 6.09 23.0 497 1.01 426 0675 382 0.716 222 0.310 2.04 0.312
2H-1 8.66 336 720 814 285 590 1.29 447 0.845 453 0901 269 0.381 251 0.374
2H-2 9.89 219 489 558 216 476 1.03 465 0.794 4.66 0957 3.08 0447 296 0.462
2H-3 1092 345 723 831 286 6.07 131 461 0856 459 0913 268 0.396 256 0.395
2H-4 1294 346 750 834 314 666 139 588 0933 545 1.044 3.18 0431 290 0.441
2H-5 1431 314 636 730 254 539 144 490 0808 4.26 0.881 256 0375 245 0.377
2H-6 16.14 327 681 7.86 277 598 149 547 0944 519 1.078 3.26 0480 3.17 0.506
3H-1 17.47 284 628 681 256 553 1.17 514 0800 4.55 0923 279 0.395 2.65 0.404
3H-2 19.05 318 69.0 7.52 279 574 125 521 0.826 470 0951 280 0414 2.70 0.402
3H-3 20.76 326 671 794 279 588 137 515 0.887 4.64 0948 274 0.399 2.59 0.402
3H-4 2271 175 41.0 458 181 422 098 413 0.675 4.06 0.811 243 0.349 232 0.364
3H-5 2451 264 614 638 243 515 119 502 0.792 447 0899 263 0378 249 0.384
3H-6 26.13 262 57.2 630 219 465 1.16 433 0.738 4.12 0.849 259 0.381 259 0.401
4H-1 2710 319 719 750 289 6.00 099 530 0921 499 1.053 3.05 0444 3.10 0.434
4H-2 2838 303 674 712 272 564 1.04 549 0925 503 1.047 341 0.500 3.43 0.492
4H-3 2996 293 616 697 243 508 125 471 0823 438 0926 274 0405 2.70 0.434
4H-4 3214 338 683 817 285 6.13 145 561 0.898 472 0974 283 0407 266 0.399
4H-5 33.62 303 638 7.26 26.1 558 145 515 0886 4.62 0977 284 0415 256 0.402
4H-6 35,00 27.7 619 6.62 238 522 1.27 484 0.825 444 0901 262 0.378 2.53 0.393
191-1179C-
1H-1, 0-2 0.01 240 59.7 6.05 234 5.00 .06 483 0.750 4.16 0.830 250 0.361 239 0.377

1H-1,10-12 0.11 23.0 56.7 577 224 485
1H-1, 20-22 0.21 273 716 631 248 547
1H-1, 30-32 0.31 21.2 480 530 209 4.53
1H-1, 40-42 041 21.8 527 550 21.6 4.65

06 4.59 0.740 4.10 0.824 246 0.360 234 0.372
.08 526 0.818 4.83 0.899 284 0.411 282 0.411
02 433 0712 399 0.826 245 0.359 239 0.382
.07 469 0.755 421 0.876 259 0.374 243 0.379
1H-1, 50-52 0.51 23.7 538 593 228 488 12 467 0.764 4.28 0.874 2.59 0.378 245 0.381
1H-1, 60-62 0.61 257 605 639 246 520 15 489 0.778 4.28 0.865 2.58 0.365 242 0.364
1H-1, 70-72 0.71 249 549 6.07 231 480 1.01 436 0.708 390 0.779 229 0.329 219 0.331
1H-1, 80-82 081 283 69.0 6.24 239 514 096 456 0.712 420 0.787 246 0.343 232 0.331
1H-1, 90-92 091 276 640 598 230 488 089 433 0.658 4.02 0.770 230 0.336 2.24 0.310
1H-1,100-102 1.01 29.1 646 6.87 272 598 120 552 0827 486 0908 281 0413 2.84 0411

G Y

1H-1,110-112 1.11 26.6 57.1 6.16 24.7 534 112 513 0.771 449 0.861 263 0.383 255 0.367
1H-1,120-122 1.21 26.2 56.6 6.08 247 554 110 516 0.811 478 0.893 2.78 0.404 2.61 0.380
1H-1,130-132 1.31 239 550 572 233 548 1.19 548 0.818 482 0.933 276 0.404 272 0.403
1H-1,140-142 1.41 268 593 6.33 247 516 093 497 0810 4.50 0904 283 0378 2.77 0.393
1H-1,150-152 1.51 20.5 47.2 504 199 420 0.71 396 0.653 3.68 0.758 227 0.320 2.23 0.344
1H-1,160-162 1.61 26.1 583 6.33 254 558 1.09 513 0859 480 1.030 297 0425 2.88 0.434
1H-1,170-172 1.71  30.1 703 749 29.2 644 114 564 0963 501 0.997 299 0.434 284 0.409
1

1H-1,180-182 1.81 25.7 559 6.15 234 502 086 491 0822 440 0.898 268 0.382 260 0.393
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