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Rare earth elements (REE) along with selected major and trace elements were measured in laminated Ethmo-
discus rex diatom mats and associated sediments (diatomaceous clay and pelagic clay) in two sediment cores
collected from the Parece Vela Basin of the eastern Philippine Sea. REE distributions are characterized by
strong enrichment of middle REE (MREE) and heavy REE (HREE) over light REE (LREE) and slight enrichment
of MREE over HREE. This distribution pattern suggests that REE compositions of the laminated E. rex diatom
mats were not the product of E. rex blooms, an inference also supported by the fact that Ti-normalized REE
concentrations are not clearly different from those in the diatomaceous clay and pelagic clay. Comparison
of REE patterns with the vertical distribution of authigenic phases in the sediment indicates that LREE
were dominantly associated with detrital materials, whereas MREE and HREE were selectively enriched by
Mn oxyhydroxides and authigenic phosphates. In the pelagic clay, a weak negative Ce anomaly cannot be
linked to oxic depositional conditions but instead is attributed to the retention of a negative Ce anomaly as-
sociated with authigenic phosphates. In the laminated E. rex diatommats, a weak positive Ce anomaly is con-
sistent with depositional sulfidic anoxic conditions and is interpreted to represent enhanced scavenging of
reduced aqueous Ce3+ by barite in a strongly reducing environment. Moreover, variably negative to positive
Ce anomalies in the diatomaceous clay may reflect the concurrent operation of the two processes controlling
Ce accumulation in the laminated E. rex diatommats and pelagic clay. The study cores show a ubiquitous pos-
itive Eu anomaly owing to the presence of volcanic materials. The smaller Eu anomaly in the laminated E. rex
diatom mats and diatomaceous clay relative to that in the pelagic clay may be attributed to the release of re-
duced Eu2+ from mineral phases to the sediment pore water under strongly reducing conditions. Previous
studies have shown that the advection of Lower Circumpolar Water (LCPW) strengthened during the Last
Glacial Maximum (LGM), which should have resulted in better ventilation of the deep eastern Philippine
Sea. Evidence presented here for more reducing bottomwater conditions during the laminated E. rex diatom
mats formation implicates elevated primary productivity and enhanced organic sinking fluxes as primary
controls on redox changes in the eastern Philippine Sea during the LGM. Enhanced primary productivity
and more reducing bottomwaters during the laminated E. rex diatom mats deposition resulted in a larger re-
spired carbon pool in the deep eastern Philippine Sea, which may have been part of a larger-scale modulation
of atmospheric CO2 variation during Pleistocene glacial–interglacial cycles by deep-ocean carbon storage.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Laminated diatom mats (LDMs), formed by the accumulation of
giant and “shade flora” diatoms such as Ethmodiscus rex, Rhizosolenia
spp. and Thalassiothrix spp., have been found sporadically in abyssal
environments of the global ocean (Kemp et al., 2000, 2006; Romero
rights reserved.
andSchmieder, 2006). These species are capable of buoyancy regulation,
migrating vertically within the water column to exploit nutrients in the
sub-photic zone (Villareal, 1993). Blooms in the tropical ocean are
generally related to strong oceanic stratification, while blooms in sub-
tropical settings aremainly associatedwith frontal zones (i.e., interfaces
between ocean water masses; Yoder et al., 1994; Gingele and
Schmieder, 2001; De Deckker and Gingele, 2002; Gingele et al., 2002).
Owing to the massive flux of organic carbon and biogenic silica pro-
duced by these mat-forming diatoms to the seafloor, LDMs are likely
to play a significant role in the global carbon and silicon cycles (Kemp
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et al., 2006). However, the origin of LDMs and their role in forcing of
global climate change remain poorly understood.

During the Last Glacial Maximum (LGM), laminated E. rex mats
accumulated widely in the eastern Philippine Sea (Zhai et al.,
2009). E. rex blooms were probably controlled by changes in strati-
fication and nutrient availability within the intermediate watermass.
The LGM coincided with increased advection of Lower Circumpolar
Water (LCPW) into the eastern Philippine basin (Veum et al.,
1992; McCave et al., 1995; Pudsey and Howe, 1998), which may
have enhanced water-column stratification, producing conditions
favoring elevated primary productivity by E. rex. Advection of
LCPW waters is also thought to have increased ventilation of the
deep watermass of the eastern Philippine Sea (Siedler et al.,
2004), but evidence for intensification of reducing conditions in
bottomwaters during the LGM (Xiong et al., in review) suggests
that any improvement in ventilation was offset by an increased
sinking flux of organic matter associated with diatom blooms.

The rare earth elements (REEs) comprise 14 elements that increase
in atomic number from lanthanum (La) to lutetium (Lu), exhibit gener-
ally similar geochemical behavior due to their intrinsic chemical prop-
erties. In natural environments, all REEs occur in the trivalent state
(+3) except for cerium (Ce), which can change its valence to +4
under oxidizing conditions, and europium (Eu), which can change its
valence to +2 under reducing conditions (Elderfield and Greaves,
1982; Nozaki, 2009). Apart from redox-controlled fractionation of Ce
and Eu, the other REEs show ordered distributions that enable them
to be widely employed as geochemical tracers in marine environments.
REEs are useful for identifying detrital sediment provenance
(Munksgaard et al., 2003), monitoring climate change (Tanaka et al.,
2007), investigating diagenetic processes (Caetano et al., 2009), charac-
terizing the chemistry of seawater (Piper et al., 2007), pore water
(Haley et al., 2004), and particulate matter (Sholkovitz et al., 1994),
and reconstructing aqueous redox state (Morad and Felitsyn, 2001;
Jiang et al., 2007) and ocean circulation patterns (Lacan and Jeandel,
2001). The REE geochemistry of LDMs has received little attention to
date. In this paper, we present REE data from two late Pleistocene
cores collected in the eastern Philippine Sea in order to (1) document
REE concentrations and distribution patterns, (2) identify potential car-
rier phases of REEs, (3) investigate relationships of Ce and Eu anomalies
with redox conditions before, during, and after deposition of LDM, and
(4) demonstrate the importance of enhanced primary productivity for
development of sulfidic anoxic conditions in the eastern Philippine
Sea during the LGM. The results of this study provide insights regarding
the relationship of mat-forming diatom blooms to the REE geochemis-
try of marine sediments as well as the use of Ce and Eu anomalies as
indicators of paleoredox environments.

2. Materials and methods

2.1. Study cores

LDMs were analyzed for elemental geochemistry in two deep-sea
cores from the Parece Vela Basin of the eastern Philippine Sea (Fig. 1):
(1) core WPD-03, 405 cm long, recovered during the 2004 cruise
of R/V Science No. 1 in 5250 m water depth at 17°19.82′ N and
138°27.28′ E, and (2) core WPD-12, 100 cm long, obtained during
the 2003 cruise of R/V Science No. 1 in 4954 m water depth at
20°35.95′ N and 139°14.54′ E. Both of the cores contain little carbonate
because the study sites lie below the calcium carbonate compensation
depth. The longer core (WPD-03) comprises three discrete lithostrati-
graphic units. The upper unit (0–286 cm) is composed of olive-gray
and gray laminated diatom mats (LDM-03), which are dominated
by fragmented valves of the mat-forming diatom E. rex in near-
monospecific assemblages with extremely low abundances of other
diatom species and radiolarians (Zhai et al., 2009). The middle unit
(286–334 cm) is characterized by gray diatomaceous clays (DC). The
lower unit (334–405 cm) comprises massive red pelagic clays (PC).
Analysis of redox-sensitive and sulfide-forming elements imply that
the LDM-03 and DC were deposited under predominantly suboxic
(to rarely sulfidic anoxic) conditions, whereas the PC was deposited
under largely oxic conditions (Xiong et al., in review). The shorter
core (WPD-12) contains only the laminated diatom mat facies
(LDM-12), which resembles the LDM of WPD-03 but contains greater
quantities of non-biogenic silica. Siliceous material of non-biogenic
origin in eastern Philippine Sea sediments is sourced primarily from
alteration of seafloor volcanic materials and secondarily from an
Asian eolian dust flux (Xu et al., 2008). AMS14C dates indicate that
LDMs in the study area formed during the late Wisconsinan glacial
stage (mainly during the Last Glacial Maximum, ~18 to 28 kyr B.P.)
(Zhai et al., 2009).

2.2. Analytical procedures

For major, trace and rare earth element analysis, approximately
40 mg of dried and ground sample powders were weighed into a Teflon
vessel. After 2 mL HNO3 and 0.5 mL HF were added to it, the vessel was
sealed and allowed to settle for 2 h, and it was then heated overnight
(24 h) on hot plates at 150 °C. Later, 0.25 mL HClO4 was added to the
open vessel and evaporated to dryness on hot plates at 120 °C. The res-
idue was dissolved in 1 mL HNO3+1 mL H2O in an airtight vessel for
12 h at 120 °C before being diluted to 40 g with distilled and deionized
water. Blanks, duplicate samples, and a suite of USGS and Chinese rock
and sediment standards (QLO-2, BCR-2, BHVO-2, GBW07103,
GBW07316 and GBW07315) were also prepared by the same method
to monitor instrument precision and assess data quality. Major ele-
ments (Al, Ti, Fe, Mn, P), a trace element (Ba), and REEs (La to Lu)
were determined using a Thermo-Fisher iCAP6300 ICP-OES and a
Perkin-Elmer ELAN DRC II ICP-MS, respectively, at the Institute of
Oceanology, Chinese Academy of Sciences (IOCAS). Analytical accuracy
was assessed by the analysis of selected USGS and Chinese certified ref-
erence materials (BCR-2, BHVO-2, GBW07316 and GBW07315), which
gave results typically within ±10% of certified values (Table 1; Supple-
mentary Table 1). Analytical precision, given as the relative standard
deviation (RSD), was determined by analyses of several duplicate sam-
ples and was typically better than 5% for major, trace, and rare earth
elements.

Biogenic silica (BSi) was determined using the alkaline extraction
method of Mortlock and Froelich (1989), followed by measurement
by a Thermo-Fisher iCAP6300 ICP-OES at IOCAS. The values reported
here as opal content were calculated as %opal=2.4×%BSi, where
the coefficient 2.4 accounts for structural water and silica (Mortlock
and Froelich, 1989). The analytical precision (RSD), determined by
analyses of duplicate samples, was typically better than 9%.

2.3. Data presentation

Elemental concentrations were normalized to the detrital element
Ti in order to reduce or remove the dilution effect of opal (see Supple-
mentary Table 2 for large datasets). In the following analysis, we uti-
lize several calculated REE parameters. First, (Eu/La)N, (Yb/La)N and
(Eu/Yb)N are used to assess the enrichment of MREE relative to
LREE, HREE relative to LREE, and MREE relative to HREE, respectively
(Taylor andMcClennan, 1985; Johannesson et al., 2006); note that the
subscript “N” designates elemental concentration ratios normalized
to Post-Archean Australian Shale (PAAS) (Taylor and McClennan,
1985). Second, the concentration of “excess REEs” was calculated as
follows (Murray et al., 1993):

REExs ¼ REEsample−Tisample � REE=Tið ÞPAAS ð1Þ

where the subscript “xs” indicates excess concentration. Excess REE
represents the total concentration of REE minus the estimated detrital



Fig. 1. Locations of the WPD-03 and WPD-12 study cores containing laminated Ethmodiscus rex diatom mats (LDM) from the Parece Vela Basin of the eastern Philippine Sea. The
base map was drawn using the online map creation program at http://www.aquarius.ifm-geomar.de. The bathymetric data are from http://topex.ucsd.edu/cgi-bin/get_data.cgi.
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contribution and, thus, is a proxy for the authigenic fraction of REEs in
the sediment.

Third, Ce and Eu anomalies represent the enrichment or depletion
of these REEs compared to neighboring elements in the lanthanide
Table 1
Measured and certified concentrations of REEs for selected USGS and Chinese certified refe

Elements Certified reference materials (ppm)

BHVO-2 BCR-2

Measured Certified Measured Certifi

La 15.67 15 25.52 25
Ce 37.99 38 53.63 53
Pr 5.46 NAa 6.96 6.8
Nd 24.48 25 28.80 28
Sm 5.74 6.2 6.38 6.7
Eu 2.68 NA 2.37 2
Gd 5.68 6.3 6.44 6.8
Tb 0.96 0.9 1.05 1.07
Dy 4.96 NA 6.00 NA
Ho 0.99 1.04 1.32 1.33
Er 2.40 NA 3.46 NA
Tm 0.34 NA 0.54 0.54
Yb 2.00 2 3.31 3.5
Lu 0.28 0.28 0.50 0.51

a NA: not available.
series. Due to redox-controlled fractionation, Ce and Eu frequently
present distinctive deviations from the regular behavior of the REEs
(see Section 3.3.1). These deviations are generally expressed as Ce
and Eu anomalies, which are quantified as the ratios of their
rence materials.

GBW07316 GBW07315

ed Measured Certified Measured Certified

42.37 44 60.63 62
54.20 55 79.72 82
11.75 12 17.11 17
50.15 51 72.68 75
11.61 12 17.13 18
2.94 3 4.69 4.5

11.86 12 17.33 18
1.90 2 2.90 3.1

10.50 11 15.98 17
2.24 2.4 3.51 3.6
5.89 6.3 9.16 9.8
0.90 0.96 1.43 1.4
5.42 5.8 8.81 8.9
0.80 0.89 1.36 1.3

http://www.aquarius.ifm-geomar.de
http://topex.ucsd.edu/cgi-bin/get_data.cgi


Fig. 2. Depth profiles for the concentration of opal, total rare earth elements (REEs), Ti, Mn/Ti, P/Ti, Fe/Ti, Al/Ti and Ba/Ti ratios in core WPD-03. The vertical dashed lines show element/Ti ratios for PAAS (Taylor and McClennan, 1985). The
horizontal dashed line shows the position of the active oxidation front (Xiong et al., in review). LDM: laminated Ethmodiscus rex diatom mats; DC: diatomaceous clay; and PC: pelagic clay.
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normalized concentrations to the arithmetic mean of respective
neighboring trivalent REE (Nozaki, 2009). Unfortunately, the algo-
rithms for calculating Ce and Eu anomalies have not been standard-
ized (Holser, 1997). For analytical reasons Pr sometimes was not
reported in the older literature, so the Ce anomaly was calculated
using Nd or Sm (Grandjean-Lécuyer et al., 1993; Wilde et al., 1996;
Lerche and Nozaki, 1998), e.g.:

Ce anomaly ¼ log 3CeN= 2LaN þ NdNð Þ½ � ð2Þ

Ce anomaly ¼ log 5CeN= 4LaN þ SmNð Þ½ � ð3Þ

Ce anomaly ¼ log CeN= La2=3N � Nd1=3N

� �h i
ð4Þ

where N indicates the PAAS-normalized concentration. For the Eu
anomaly, the Eu/Sm ratio is commonly considered if data on Gd are
absent (Dubinin, 2004). However, with the advent of analytical tech-
niques that allow for measurement of all 14 naturally occurring REEs,
such as ICP-MS, Ce and Eu anomalies are now commonly and precise-
ly calculated based on neighboring REE (de Baar et al., 1983; Bau and
Dulski, 1996; Johannesson et al., 2006; Marmolejo-Rodríguez et al.,
2007):

Ce anomaly ¼ log 2CeN= LaN þ PrNð Þ½ � ð5Þ

Eu anomaly ¼ log 2EuN= SmN þ GdNð Þ½ � ð6Þ

Eu anomaly ¼ log EuN= SmN � GdNð Þ0:5
h i

: ð7Þ

In this study, we adopted Eqs. (5) and (6) to calculate Ce and Eu
anomalies, respectively. However, we calculated Ce and Eu anomalies
using all of the equations above and found no differences of signifi-
cance between the various methods (Supplementary Table 3). The
presence of a positive La anomaly, as found in modern seawater and
somemarine sediments, can complicate calculation of the Ce anomaly
(de Baar et al., 1991). Where a La anomaly is suspected, the Ce anom-
aly can be evaluated by calculating the value of Pr/Pr⁎:

Pr=Pr� ¼ 2PrN= CeN þ NdNð Þ: ð8Þ

Where Pr/Pr⁎ is equal to 1, no Ce anomaly exists; Pr/Pr*>1.0 and b1.0
indicate negative and positive Ce anomalies, respectively (Bau and
Dulski, 1996; Webb and Kamber, 2000). Although the majority of
the study samples do not exhibit a La anomaly, we have calculated
Pr/Pr⁎ as a check on Ce anomalies determined by Eq. (5). One point
to note is that “negative” and “positive” anomalies correspond to
values of b1.0 and >1.0, respectively, when calculated on an arith-
metic basis (e.g., Eq. (8)) and to values of b0 and >0 when calculated
on a logarithmic basis (e.g., Eqs. (2)–(7)).

3. Results and discussion

3.1. REE compositions: intra- and inter-core comparisons

Because study cores WPD-03 and WPD-12 exhibit similar elemental
concentration patterns within the LDM facies, we present only the
results of coreWPD-03 to illustrate downcore variations in geochemistry
(see Supplementary Table 2 for large datasets). The depth profiles of
opal, total REEs (∑REE), Ti, Mn/Ti, P/Ti, Fe/Ti, Al/Ti and Ba/Ti from
core WPD-03 are shown in Fig. 2. Here, the vertical profile of ∑REE
concentrations can be taken as representative of those of individual
REEs due to the similarity of their downcore patterns. The concentration
of opal, which ranges from 1.5% to 75.9% and reaches peak values in the
middle to upper portion of the LDM, dominates downcore compositional
changes. Downcore changes inmajor elements, trace elements, and REEs
vary inversely with opal, reflecting their strong dilution by BSi.
Ti-normalized ratios for individual REEs, light REEs (LREE, La to Nd),
middle REEs (MREE, Sm to Tb), heavy REEs (HREE, Dy to Lu) and
∑REE in the LDM-03, DC, PC and LDM-12 are illustrated in Fig. 3.

Ti-normalized individual REE concentrations are not obviously dif-
ferent among the LDM-03, DC and PC (Fig. 3). Accordingly, the con-
centrations of LREE, MREE, HREE and ∑REE normalized to Ti do
not discriminate well among the three lithostratigraphic units
above. Moreover, Ti-normalized ratios for the LDM-03 are also close
to those of the LDM-12. The relatively invariant ratios shown by Ti-
normalized individual REE, LREE, MREE, HREE and∑REE both within
and between the study cores indicate that, although biogenic opal di-
luted the detrital REE fraction, it made little direct contribution to
bulk REE concentrations (Elderfield et al., 1981; Pattan et al., 2005;
Tanaka et al., 2007). In general, diatom frustules have low REE con-
centrations (Piper, 1974a; Elderfield et al., 1981), which may explain
the limited contribution that diatoms made to bulk REE abundances
in the study units.

To understand the geochemical behavior of REEs in the study
cores, the mean and range of REE concentrations in the samples of
LDM-03, DC, PC and LDM-12 were normalized to PAAS (Fig. 4). On
the whole, all sample REE patterns in the four lithostratigraphic
units above display nearly the same characteristics: MREE and HREE
are strongly enriched compared with LREE, and MREE is slightly
enriched relative to HREE. These enrichment patterns are also con-
firmed by (Eu/La)N, (Yb/La)N and (Eu/Yb)N ratios, the means of
which are almost all more than unity in the four lithostratigraphic
units above (Table 2). Although the REE patterns of LDM-03 and
LDM-12 are the same as those of DC and PC, close inspection reveals
some slight differences. First, both LDM-03 and LDM-12 exhibit
small positive Ce anomalies, whereas DC exhibits a variably negative
or positive Ce anomaly and PC a weak negative Ce anomaly (Fig. 4).
Second, the DC and PC always exhibit a moderate positive Eu anoma-
ly, whereas the LDM-03 and LDM-12 show a weaker Eu anomaly that
is variably positive or negative (Fig. 4). Third, in core WPD-03, the en-
richments of MREE and HREE relative to LREE and of MREE relative to
HREE gradually decrease through time during the successive deposi-
tion of the PC, DC and LDM facies (Fig. 4), a pattern documented
also by changes in the ratios of (Eu/La)N, (Yb/La)N and (Eu/Yb)N
(Table 2). These slight differences among facies do not result from
REE contributions by biogenic opal but, rather, mainly from variations
in post-depositional uptake of REEs (see Sections 3.2 and 3.3).

3.2. Potential carrier phases of REEs

The concentrations and patterns of REEs are not controlled by the
content of biogenic opal in the study cores (see Section 3.1), indicat-
ing that the REE composition of the LDM is unrelated to blooms of the
diatom E. rex. Other processes that can potentially influence the en-
richment and depletion of REEs in marine sediments include detrital
input, authigenic removal, and early diagenesis (Sholkovitz, 1988).
Determining the carrier phases (mineral or organic) of REEs can pro-
vide insights into the relative importance of such processes for REE
accumulation in sediments. In this study, we explore potential carrier
phases of REEs in the study cores by (1) assessing REE enrichment or
depletion relative to expected detrital REE concentrations based on
PAAS, (2) calculating excess (authigenic) REE concentrations, and
(3) comparing REE patterns for the authigenic fraction of the study
samples with typical PAAS-normalized REE patterns for possible
authigenic host phases.

LREE concentrations in the LDM-03, DC, PC, and LDM-12 are close
to those of PAAS on a Ti-normalized basis (Fig. 3), suggesting that the
LREE fraction is carried primarily by detrital phases. This inference is
also supported by the PAAS-normalized REE patterns for the detrital
and authigenic fractions, because the sample/PAAS ratios of LREEs in
the detrital fraction are around 1 order of magnitude greater than
those of LREEs in the authigenic fraction (Fig. 5). MREEs and HREEs
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image of Fig.�3


Fig. 4. PAAS-normalized REE distribution patterns for (A) LDM-03, (B) DC, (C) PC, and (D) LDM-12. The gray field shows the full range of variation in REE values for each unit; the
green curve represents the average value for each REE, and the pink and blue curves give representative examples of REE distributions for samples from the upper and lower half of
each unit, respectively. See Fig. 2 for abbreviations.
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are strongly enriched relative to the PAAS standard (Fig. 3), reflecting
a combination of detrital and authigenic sources (Fig. 5). Lack of REE
fractionation in the detrital fraction is suggested by an absence of cor-
relations of (Eu/La)N, (Yb/La)N and (Eu/Yb)N with Al/Ti (Fig. 6A).

Substantial enrichment of MREEs and HREEs over LREEs in LDM-
03, DC, PC, and LDM-12 is indicative of the preferential removal of
the former elements from seawater to the sediment (Pattan et al.,
2005). Seawater is HREE enriched and has a more-or-less uniform
pattern of greater REE abundance with higher atomic numbers
(Fig. 7A; Elderfield and Greaves, 1982). The distinct HREE enrichment
relative to PAAS that is observed in LDM-03, DC, PC, and LDM-12 may
thus be indicative of large hydrogenous fraction resulting from REE
uptake directly from seawater. However, the study samples exhibit
significantly greater MREE enrichment, as reflected in (Eu/Yb)N ratios
Fig. 3. Variability of Ti-normalized ratios for individual REEs as well as for sums of the light,
LDM). Each box-and-whisker plot shows the median (horizontal line), 25th and 75th percen
circles represent extreme values (outliers). See Fig. 2 for abbreviations.
of 1.1–1.3 (Table 2), than seawater, which has (Eu/Yb)N ratios of
0.2–0.4. Thus, an additional source of MREEs is necessary to account
for REE distribution patterns in LDM-03, DC, PC, and LDM-12.

One interesting question is which authigenic phases control the
enrichment of MREEs and HREEs. The potential authigenic phases in
the core sediments are associated with Mn, P, Fe, Ba (Fig. 2), and
redox-sensitive and sulfide-forming trace elements (not shown).
First, the authigenic accumulation of redox-sensitive and sulfide-
forming elements cannot account for MREE and HREE enrichment
due to their trace amounts and absence of positive correlations with
(Eu/La)N, (Yb/La)N and (Eu/Yb)N (Fig. 6B, C). Second, marine barite
does not show an enrichment of MREEs and HREEs relative to
LREEs, although published studies have reported some variation in
its REE pattern (Fig. 7B; Piper, 1974a; Guichard et al., 1979). Third,
middle, heavy, and total REEs in cores WPD-03 and WPD-12 by lithofacies (DC, PC, and
tile values (bar), and minimum and maximum values (vertical line) for a REE/Ti ratio;

image of Fig.�4


Table 2
Range and average of (Eu/La)N, (Yb/La)N and (Eu/Yb)N for LDM-03, DC, PC, and LDM-12.

Unitsa (Eu/La)N (Yb/La)N (Eu/Yb)N

Range Average Range Average Range Average

LDM-03 1.53–2.66 1.80 1.40–2.23 1.57 0.98–1.27b 1.15
DC 1.74–2.13 1.93 1.43–1.72 1.56 1.18–1.34 1.24
PC 2.01–3.32 2.33 1.57–2.88 1.81 1.16–1.37 1.29
LDM-12 0.62–1.83c 1.62 0.86–1.42d 1.29 1.16–1.53 1.28

a n=81, 24, 32 and 50 in LDM-03, DC, PC and LDM-12, respectively.
b Only one sample with (Eu/Yb)Nb1.0.
c Only one sample with (Eu/La)Nb1.0.
d Only four samples with (Yb/La)Nb1.0.
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it is unlikely that organic materials control the MREE and HREE en-
richments because of the low TOC contents (0.08–0.35%) of the
study sediments (Xiong et al., in review).

Phosphates commonly display highly variable REE patterns due to
variations in their source, age and origin (Shields and Stille, 2001).
MREE enrichment is characteristic of old phosphate and biogenic
apatite in many marine formations (Grandjean-Lécuyer et al., 1993;
Fig. 5. PAAS-normalized REE patterns of the bulk, detrital, and excess (authigenic) fractions
Eq. (1) of the text. See Fig. 2 for abbreviations.
Kidder et al., 2003), probably owing to strong REE fractionation during
uptake by phosphatic phases (Byrne et al., 1996; Kidder et al., 2003)
although possibly as a consequence of pre-Cenozoic seawater having a
MREE-enriched composition (Grandjean-Lécuyer et al., 1993). Younger
marine authigenic phosphates tend to show strong HREE enrichment
(relative to MREEs and LREEs), mirroring distribution patterns seen in
modern northwest Pacific bottom waters (Fig. 7A; Piper et al., 1988,
Pattan et al., 2005). A lack of positive correlation of P/Ti with Ca/Ti
(r=−0.43) indicates that P in the study units is not primarily associat-
edwith either biogenic apatite or authigenic phosphate. Rather, positive
covariation of P/Ti with Mn/Ti (r=+0.90, p(α)b0.01) suggests that P
may be present primarily adsorbed onto Mn-oxyhydroxides (Glenn
et al., 1994; Jarvis et al., 1994).

MREE enrichment is also a striking feature observed in marine
authigenic Mn phases, such as ferromanganese nodules and crusts
(Nath et al., 1992; Kuhn et al., 1998; Takahashi et al., 2000)
(Fig. 7B), Fe–Mn coatings (Palmer, 1985; Palmer and Elderfield,
1986), and manganese micronodules (Addy, 1979). Therefore, the
pattern of MREE enrichment observed in the study cores probably
has an origin in co-precipitation with Mn and/or Fe oxyhydroxides.
for (A) LDM-03, (B) DC, (C) PC, and (D) LDM-12. The excess fraction was calculated per
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This inference is supported by positive correlations of (Eu/La)N and
(Eu/Yb)N with Mn/Ti (Fig. 6D). We also note that Fe/Ti shows poor
correlations with (Eu/La)N, (Yb/La)N and (Eu/Yb)N (Fig. 6E), suggest-
ing that MREE enrichment is associated with Mn oxyhydroxides rath-
er than Fe authigenic phases (i.e., Fe oxyhydroxides in PC and DC, and
Fe sulfides in LDM).

To summarize, LREEs are dominantly carried by the detrital frac-
tion of the two study cores, whereas MREEs and HREEs are derived
from a combination of detrital and authigenic sources. Strong MREE
enrichment (relative to LREE and HREE) is indicative of a large REE
contribution from Mn oxyhydroxides, while HREE enrichment (rela-
tive to LREE rather than MREE) is suggestive of a small contribution
from authigenic phosphate. These results are consistent with the
findings of Takebe (2005) that REEs in Pacific deep-sea sediments
are carried mainly by eolian dust from Asia, carbonate fluorapatites,
and Mn oxides.
3.3. Ce and Eu anomalies

3.3.1. Redox chemistry of Ce and Eu
Ce and Eu are the only redox-sensitive REEs. In suboxic/anoxic

marine environments Ce+4 is reduced to Ce3+, in which state it be-
haves similarly to other trivalent REEs, resulting in minimal fraction-
ation and little or no Ce anomaly in REE distributions. In oxic marine
environments Ce+3 is oxidized to Ce4+, in which state it tends to be
rapidly scavenged by colloids in suspension (German and Elderfield,
1989; German et al., 1991) or by Fe and Mn oxyhydroxides in the sed-
iment (Alibo and Nozaki, 1999; Nozaki, 2009). Such scavenging im-
parts a distinct negative Ce anomaly to seawater. Consequently, the
Ce-anomaly proxy has great potential for reconstruction of the
redox conditions prevailing at the time of sediment deposition
(Wang et al., 1986; Liu et al., 1988; Yang et al., 1999; Girard and
Lécuyer, 2002; Kato et al., 2002; Kakuwa and Matsumoto, 2006;
Feng et al., 2008; Azmy et al., 2009). However, various factors, e.g.,
detrital input, diagenetic alteration, and REE exchange between
pore water and sediment, may obscure the original Ce anomaly
(MacLeod and Irving, 1996). Pattan et al. (2005) emphasized the im-
portance of identifying the mineral phases responsible for the Ce
anomaly in the bulk sediment in order to validate its utility for anal-
ysis of bottomwater redox conditions. Some studies have explored
the diagenetic processes responsible for REE redistribution in the sed-
iment and noted caveats regarding use of the Ce anomaly as a paleo-
seawater redox proxy (Murray et al., 1991; Holser, 1997; Mazumdar
et al., 1999; Shields and Stille, 2001; Kidder et al., 2003). MacLeod
and Irving (1996) pointed out that the Ce anomaly often covaries
with paleoredox conditions but that too much uncertainty exists at
present to permit its use as a stand-alone redox indicator. Further-
more, de Baar et al. (1988) and German and Elderfield (1990) sug-
gested that the Ce anomaly does not provide an instantaneous
measure of ambient redox conditions but reflects the time-
integrated redox history of the sediment instead. In view of these un-
certainties, use of the Ce anomaly as a paleoredox proxy in marine
sediments must be approached cautiously.

Theoretically, Eu is oxidized to Eu3+ in oxic environments and
converts to Eu2+ in anoxic environments (Brookins, 1989). However,
reduction of Eu3+ to Eu2+ is favored only at high temperatures (i.e.,
>250 °C) (Sverjensky, 1984); thus, Eu anomalies are most common
in hydrothermal fluids, magmas, and igneous and metamorphic min-
erals (Dubinin, 2004). On the other hand, reduction to Eu+2 is rare in
low-temperature, near-surface environments such as the ocean ex-
cept under extremely reducing conditions (Sverjensky, 1984). Only
a few cases of development of Eu anomalies have been reported
from low-temperature environments, mostly in association with dia-
genesis in organic-rich, sulfate-reducing facies (MacRae et al., 1992;
Martinez-Ruiz et al., 1999).
3.3.2. Relationships between Ce anomaly and redox conditions
In core WPD-03, the depth profile of the Ce anomaly exhibits sub-

tle but systematic changes in relation to the three main lithostrati-
graphic units (Fig. 8A). The PC, DC, and LDM-03 show weak
negative, nearly neutral, and weak positive Ce anomalies, respectively
(Fig. 8A). Except for three positive outliers, all PC samples show neg-
ative Ce anomalies varying from −0.079 to −0.019, with an average
of −0.050. The predominance of negative anomalies in the PC is con-
sistent with observations by Toyoda et al. (1990) that red pelagic clay
samples from low-latitude Pacific sites generally show negative Ce
anomalies, whereas those from high-latitude sites show positive
anomalies.

Negative Ce anomalies in the study sediments cannot be attribut-
ed to the detrital fraction, which generally does not show a Ce anom-
aly (Piper, 1974a). Rather, the negative Ce anomaly is probably
hosted by the authigenic fraction of the sediment (Fig. 5C), which in-
cludes Fe and Mn oxyhydroxides and phosphates (Fig. 2; see
Section 3.2). Marine authigenic Fe–Mn oxyhydroxides of hydroge-
nous origin commonly show positive Ce anomalies owing to the oxi-
dation of Ce3+ in seawater to Ce4+ and its subsequent uptake as CeO2

by metalliferous nodules (Piper, 1974b; de Carlo, 1991; Nath et al.,
1992; Takahashi et al., 2000) (Fig. 7B). In contrast, hydrothermal
Fe–Mn deposits typically exhibit negative Ce anomalies (Elderfield
and Greaves, 1981; Kuhn et al., 1998). Because the Fe–Mn oxyhydrox-
ides in the study units are of hydrogenous origin (Xu et al., 2007), the
negative Ce anomalies in the PC cannot be attributed to the REE frac-
tion associated with Fe–Mn oxyhydroxides.

Young marine authigenic phosphate also is typically characterized
by a negative Ce anomaly (Piper, 1974a, b; Piper et al., 1988; MacLeod
and Irving, 1996) (Fig. 7A). Toyoda et al. (1990) and Toyoda and
Masuda (1991) suggested that, in samples of Pacific pelagic sedi-
ments, a positive Ce anomaly is caused by preferential scavenging of
Ce from seawater to the sediment while a negative Ce anomaly is in-
corporated with the phosphate phase. The magnitude of the negative
Ce anomaly may vary as a function of the source of phosphate: authi-
genic phosphate typically has a moderate negative anomaly whereas
biogenic phosphate has a strong negative anomaly (MacLeod and
Irving, 1996). We note that the negative Ce anomaly of the PC is rel-
atively weak (Fig. 8A) and, hence, potentially consistent with the in-
ference of a small contribution from authigenic phosphate (see
Section 3.2). Further, the negative correlation between the Ce anom-
aly and P/Ti (Fig. 9A) might be interpreted as evidence of an authi-
genic phosphate phase with a negative Ce anomaly in the study
sediments, although it might also be the product of an incidental cor-
relation resulting from adsorption of P onto Mn-oxyhydroxides (see
Section 3.2).

The LDM-03 yields a persistently weak positive Ce anomaly rang-
ing from 0 to 0.052, with an average of 0.024 (excepting three nega-
tive outliers; Fig. 8A). Although the LDM-03 is dominated by biogenic
opal, diatoms generally have a negative Ce anomaly and low REE
abundances (Piper, 1974a; Elderfeld et al., 1981) (Fig. 7A), indicating
that REE patterns in the LDM are probably controlled by authigenic
phases. Although a positive Ce anomaly can result from the presence
of hydrogenous Fe–Mn oxyhydroxides, Mn is present in very low con-
centrations in the LDM-03 (except for the uppermost 45 cm of the
LDM; Fig. 2). Smectite formed by the weathering of submarine volca-
nic rocks and glass also has a positive Ce anomaly (Desprairies and
Bonnot-Courtois, 1980; Tlig and Steinberg, 1982) (Fig. 7A). Neverthe-
less, the contribution of smectite to the positive Ce anomaly of the
LDM is probably minor because the Ce anomaly does not correlate
with smectite abundance (Fig. 9B). Thus, unlike the lithologically
sourced negative Ce anomaly of the PC, the positive Ce anomaly of
the LDM-03 is likely to represent a hydrogenous (i.e. seawater) signal.

REE investigations of suboxic/anoxic marine and lacustrine systems,
such as Chesapeake Bay, Black Sea, Saanich Inlet (British Columbia),
Cariaco Trench, Bannock Basin (eastern Mediterranean Sea), and Lake
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Fig. 7. Typical PAAS-normalized REE patterns of modern marine sediments and seawater. Data sources: Pacific ferromanganese crusts and nodules (Takahashi et al., 2000), smectite
(formed by the weathering of submarine volcanic materals) (Desprairies and Bonnot-Courtois, 1980), marine barite (Piper, 1974a; Guichard et al., 1979), young marine authigenic
phosphate (Piper et al., 1988), Northwest Pacific bottom water (Piepgras and Jacobsen, 1992), and diatoms (Ethmodiscus rex) (Elderfield et al., 1981).
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Vanda (Antarctica), suggest that REE cycling generally occurs at the
oxic/suboxic (or oxic/anoxic) interface and is closely associated with
redox cycling of Mn oxyhydroxides in the water column (de Baar
et al., 1988; Sholkovitz and Elderfield, 1988; German and Elderfield,
1989; German et al., 1991; Sholkovitz et al., 1992; Schijf et al., 1995;
de Carlo and Green, 2002). Reductive dissolution of Mn oxyhydroxides
in the deeper (subchemoclinal) water mass results in the (usually
weak) preferential release of Ce3+ relative to its trivalent-only REE
neighbors, reducing or eliminating the negative Ce anomaly produced
in oxic water masses (de Baar et al., 1988; German et al., 1991; de
Carlo and Green, 2002). In such reducing environments, preferentially
released Ce3+ can be scavenged by settling particulates and removed
to sediments (Sholkovitz et al., 1994; Kato et al., 2002), sometimes
yielding a positive Ce anomaly in bulk sediments. Since the LDM was
exposed to suboxic bottomwaters during its deposition and sulfidic an-
oxic porewaters subsequently (Xiong et al., in review), the weak posi-
tive Ce anomaly of this unit is likely to have had an origin through the
process of Mn-oxyhydroxide redox cycling.

Which phases in the LDM record the positive Ce anomaly? Fig. 5A
and D demonstrate that the positive Ce anomaly in the LDM is exclu-
sively incorporated in the authigenic fraction.We infer that barite and
Fe sulfides, which are the two main authigenic phases in the LDM
(Fig. 2), may have contributed to the development of the positive
Ce anomaly. Although the barite formation process is thought to
occur mainly in the upper water column, where most organic matter
decays, it can potentially take place at any water depth, including at
the sediment–water interface (Paytan and Griffith, 2007). Formation
of barite may have occurred at the sediment–water interface of the
study sites because sulfidic anoxic conditions existed during LDM de-
position as a result of an increased flux of organic matter to the sea-
floor (Xiong et al., in review). Barite forming at the sediment–water
interface may have scavenged Ce3+ from porewater and seawater,
leading to the observed positive Ce anomaly (Fig. 8A). This inference
Fig. 6. Crossplots of (Eu/La)N, (Eu/Yb)N and (Yb/La)N versus (A) Al/Ti, (B)Mo/Ti, (C) Cu/Ti, (D)M
alpha errors p(α) ≥0.05 and ≥0.01 correspond to correlation coefficients r2 of ≤0.17 and ≤0.
is supported by the strong positive correlation of the Ce anomaly with
Ba/Ti (Fig. 9C).

Uptake of Ce3+ by Fe sulfides is also possible, as coprecipitation of
REEs with metal sulfides has been reported (Brookins, 1989; Schijf et
al., 1995; Chaillou et al., 2006). For example, this process was invoked
to account for dissolved REE distributions in the anoxic brines of the
Bannock Basin (eastern Mediterranean Sea; Schijf et al., 1995). Fe sul-
fides are typically the dominant metal sulfides in marine systems, yet
the Ce anomaly and Fe/Ti do not show a good correlation in the LDM
(Fig. 9D). In addition, Fexs (average ~0.60%) only represents a minor
fraction (~34%) of total Fe (average ~1.78%) (Fig. 2), suggesting that
Fe sulfides are present at low levels in the LDM. Based on the consid-
erations above, Fe sulfides are probably not the main carrier phase for
the positive Ce anomaly in the LDM.

The DC shows Ce anomaly values intermediate between those of
the LDM-03 and PC, with a range from −0.040 to 0.013 and an aver-
age of −0.007 (Fig. 8A). As a transitional lithostratigraphic unit, the
Ce anomaly in the DC probably reflects the mixed effects of the litho-
genic signal in the PC and the authigenic signal in the LDM. Therefore,
the value of the Ce anomaly in the DC depends on the relative influ-
ence of these inputs.

3.3.3. Relationships between Eu anomaly and redox conditions
Previous analytical studies have shown that care must be taken in

the interpretation of positive Eu anomalies measured by ICP-MS, due
to various Ba-compound interferences (Dulski, 1994; Jiang et al.,
2007). The excellent linear but negative correlation between the Eu
anomaly and Ba/Ti in the WPD-03 core (Fig. 9E) suggests that the
Eu anomaly in the study sediments is not an instrumental artifact
and can be used as a paleoenvironmental indicator (Shields and
Stille, 2001; Jiang et al., 2007). Positive Eu anomalies of sediments
in the eastern Philippine Sea have been shown to result from the
presence of volcanogenic materials (Xu et al., 2008). On this basis,
n/Ti or P/Ti, and (E) Fe/Ti for coreWPD-03. For all graphs, n=137 and the probabilities of
22, respectively.
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Fig. 8. Vertical profiles of (A) Ce anomaly, (B) Pr/Pr⁎, and (C) Eu anomaly in coreWPD-03. Ce and Eu anomalies were calculated per Eqs. (5) and (6) and Pr/Pr⁎ per Eq. (8). Pr/Pr⁎ is a
check on Ce anomalies that is independent of possible La anomalies; see Section 2.3 for details. The dashed vertical lines show the zero value for each anomaly. The dashed hori-
zontal line shows the position of the active oxidation front (Xiong et al., in review).
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Eu anomalies in the study sediments could be interpreted in terms of
variable contributions of volcanogenic materials. However, the smal-
ler Eu anomaly of the LDM-03 and DC relative to the PC is unlikely to
represent decreased volcanogenic inputs because the depth profiles
of lithogenic elements (i.e., Al/Ti and Cr/Ti) imply that the detrital
flux to the site of core WPD-03 was constant during deposition of
the 4-m-thick study interval (Fig. 2). Here, we propose that the smal-
ler Eu anomaly in the LDM-03 and DC relative to the PC (Fig. 8C) was
the result of the reduction of excess Eu3+ of volcanogenic materials
Fig. 9. Crossplots of Ce anomaly versus (A) P/Ti, (B) %smectite, (C) Ba/Ti, and (D) Fe/Ti, and (
probabilities of alpha errors p(α) ≥0.05 and ≥0.01 correspond to correlation coefficient r2

rors p(α) ≥0.05 and ≥0.01 correspond to correlation coefficients r2 ≤0.22 and ≤0.28, resp
to Eu2+ under extremely reducing porewater conditions
(Sverjensky, 1984; MacRae et al., 1992; Martinez-Ruiz et al., 1999).
Although Eu2+ can substitute for Ba2+ in barite by virtue of its simi-
larity in size and charge (Guichard et al., 1979), this process appears
not to have operated in the LDM-03 and DC, because there is no pos-
itive correlation between the Eu anomaly and Ba/Ti (Fig. 9E). This ob-
servation suggests that excess Eu2+ was not re-incorporated into the
sediments and thus supports our inference with regard to the origin
of Eu anomalies in the LDM-03 and DC.
E) of Eu anomaly versus Ba/Ti for core WPD-03. For all graphs except D, n=137 and the
of ≤0.17 and ≤0.22, respectively. For graph D, n=81 and the probabilities of alpha er-
ectively.
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3.3.4. Diagenetic influences on Ce and Eu anomalies
The role of early diagenetic processes in controlling REE distribu-

tions in marine sediments has received limited attention (Pattan and
Banakar, 1997; Caetano et al., 2009), especially with regard to diagenet-
ic influences on Ce and Eu anomalies (German and Elderfield, 1990;
MacRae et al., 1992; Martinez-Ruiz et al., 1999; Shields and Stille,
2001). In core WPD-03, the Ce anomaly profile exhibits a weak mini-
mum and the Eu anomaly profile a strong maximum around a depth
of 45 cm, which coincides with the depth to which an active oxidation
front penetrated (Fig. 8) (Xiong et al., in review). This relationship sug-
gests that downwardmovement of the oxidation front resulted in some
degree of diagenetic remobilization of Ce and Eu within the sediment,
producing local features in the depth profiles.

Excess Ce3+ and Eu2+ existed in sediment porewaters due to
their respective reduction under sulfidic anoxic conditions during
the LDM deposition. These cations would have moved upward along
concentration gradients (MacRae et al., 1992; Pattan and Banakar,
1997) and been re-oxidized to CeO2 and Eu3+ upon reaching the ox-
idation front at a depth of 45 cm (Fig. 8). Eu that is oxidized to Eu3+

was directly incorporated into the sediment, yielding a local maxi-
mum in the depth profile. A similar mechanism was invoked by
MacRae et al. (1992) to explain the development of a positive Eu
anomaly in Pleistocene muds of the Amazon deep-sea fan. The behav-
ior of Ce in the diagenetic environment was probably more complex:
oxidized CeO2 may have been taken up by LDM sediments, but at the
same time barite may have scavenged reduced Ce3+ in the pore-
water. These two processes would have counteracting effects on the
Ce anomaly, yielding a compromise value that reflects neither strong
depletion nor enrichment of Ce at the active oxidation front.

3.4. Redox conditions and primary productivity during the LGM

Although the conditions of formation of E. rex diatommats are still
under debate (see review in Romero and Schmieder, 2006), mass
accumulations of this diatom in tropical ocean sediments are generally
related to strong oceanic stratification, while E. rex oozes in subtropical
marine sediments are mainly associated with frontal zones (i.e., inter-
faces between ocean water masses). As a ‘shade flora’ (Kemp et al.,
2000), E. rex is adapted to grow in subsurface waters with low-light
conditions and canmigrate vertically between the deep for nutrient uti-
lization and the surface for photosynthesis. This survival strategy is es-
pecially successful in stably stratified water masses (Villareal, 1993).
Because the study area in the eastern Philippine Sea is not proximal to
any frontal zones, the occurrence of LDMs in the study core ismore like-
ly to be linked to the ocean stratification. Stratification of the eastern
Philippine Sea during the LGM could have trappednutrients (i.e., nitrate
and silicic acid) in sub-photic-zone (i.e., intermediate) water masses
thatwere accessible by populations of E. rex owing to their ability tomi-
grate vertically in the water column. This scenario reconciles evidence
for high levels of primary productivity in the eastern Philippine Sea
during the LGM (Xiong et al., in review) with blooms of E. rex, which
are generally associated with water-column stratification and, hence,
reduced vertical mixing in tropical settings.

Redox conditions in the water column result from the interaction of
lateral ventilation of deep waters, vertical overturn (i.e., thermohaline
circulation), and primary productivity rates (Arthur and Sageman,
1994). High primary productivity rates and enhanced water-column
stratification favor more reducing bottom waters, but strong lateral
ventilation of deep waters can counteract these factors. Deep ocean cir-
culation and deepwater ventilation in the eastern Philippine Sea during
the LGM are poorly understood. In view of the depth of the seafloor in
the study area (5250 m), deep circulation is mainly controlled by the
Lower Circumpolar Water (LCPW) (Siedler et al., 2004), which origi-
nates from intermingling of North Atlantic Deep Water (NADW) and
Antarctic Bottom Water (AABW) (Kawabe et al., 2003). The rate of
NADW formation during the LGM may have been higher than during
the Holocene, as shown by model simulations (Kitoh et al., 2001;
Hewitt et al., 2003) and paleoceanographic data (Veum et al., 1992;
McCave et al., 1995). However, AABW production during the LGM is
more poorly constrained. Pudsey and Howe (1998) inferred stronger
flow of the Antarctic Circumpolar Current (ACC) during the LGM than
during the Holocene on the basis of sediment grain-size data from the
Scotia Sea, which may be an indication of enhanced AABW production
during the LGM. These considerations suggest that deep-water ventila-
tion in the study area should not have been lower, and was possibly
higher, during the LGM than at present.

Geochemical evidence suggests that eastern Philippine Sea
bottomwaters were more reducing during the LGM than today.
Evidence for redox changes is provided by Ce and Eu anomalies,
which suggest a gradual development ofmore reducing conditions dur-
ing DC deposition and sustained anoxia during LDM formation (Fig. 8).
Other evidence for redox changes is provided by trace-metal profiles,
which show modest to locally strong levels of enrichment in the LDM
of both study units (Xiong et al., in review). Although the degree of
trace-metal enrichment is lower than in laminated diatomaceous sedi-
ments of Saanich Inlet, British Columbia (Morford et al., 2001; Russell
and Morford, 2001) or Plio-Pleistocene Mediterranean sapropels
(Warning and Brumsack, 2000; Brumsack, 2006), uptake of tracemetals
may have been influenced by the low permeability of laminated E. rex
mats and consequent limited advection of waters across the sedi-
ment–water interface. In view of evidence for enhanced ventilation of
eastern Philippine Sea bottomwaters due to greater advection of
LCPW during the LGM (see above), the more reducing conditions in-
ferred during LDM formation are likely to have been the result of in-
creased primary productivity rates and higher sinking fluxes of
organicmatter. This inference is consistentwith evidence for higher pri-
mary productivity rates in the form of %opal (Fig. 2) and TOC and Baxs
concentrations (Xiong et al., in review).

The occurrence of laminated sediments is common in anoxic facies
owing to suppression of bioturbation under low-oxygen conditions
(Behl and Kennett, 1996; Bull et al., 2000). However, in the last two
decades, LDMs have been recovered from several deep-sea settings
where bottom waters are well oxygenated (Kemp and Baldauf,
1993; Bodén and Backman, 1996; King et al., 1998; Pike and Kemp,
1999). Preservation of laminae in these diatom oozes was not attrib-
uted to anoxic conditions but, rather, to rapid deposition of robust di-
atom mats and their intrinsic meshwork, which prevented or
restricted benthic activity (Kemp and Baldauf, 1993; Pike and Kemp,
1999). On the contrary, our results show that LDMs formation in the
eastern Philippine Sea coincided with more reducing bottomwater
conditions during the LGM, indicating that controls on LDM formation
are more complicated and varied than previously thought. Apart from
the high accumulation rates and low permeability of LDMs (Kemp
and Baldauf, 1993; Pike and Kemp, 1999), we suggest that elevated
primary productivity and its effects on benthic redox conditions
may also be important influences on the formation of LDMs in some
settings.

Paleoceanographic changes in the eastern Philippine Sea during
the late Pleistocene are not well understood due to the absence of car-
bonate fossils such as foraminifera and coccolithophores. The massive
accumulation of LDMs in this region during the LGM (Zhai et al.,
2009) may provide significant insights regarding contemporaneous
changes in environmental conditions. As an oligotrophic open-ocean
setting, the modern eastern Philippine Sea is characterized by low
primary and export productivity (Berger and Wefer, 1991). However,
our results indicate that high primary productivity rates were associ-
ated with blooms of the diatom E. rex during the LGM, which is differ-
ent from the productivity pattern at present. Enhanced primary
productivity during LDM deposition caused suboxic bottomwaters
owing to a high organic carbon sinking flux, consistent with the dee-
per respired carbon pool in the glacial equatorial and subarctic Pacific
Ocean (Jaccard et al., 2009; Bradtmiller et al., 2010). Our results from
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the eastern Philippine Sea thus support inferences of increased car-
bon storage at a basinwide scale in the glacial deep Pacific Ocean. En-
hanced storage of carbon in the deep Pacific may have played an
important role in modulating atmospheric CO2 variation during Pleis-
tocene glacial–interglacial cycles (Jaccard et al., 2009; Bradtmiller
et al., 2010).

4. Conclusions

(1) LDM-03, DC, PC, and LDM-12 show similar REE patterns
reflecting strong enrichment of MREE and HREE over LREE,
and slight enrichment of MREE over HREE. Meanwhile, the
four lithostratigraphic units above exhibit relatively uniform
Ti-normalized ratios for individual REEs. These observations
imply that biogenic opal in the LDM contributed very little to
the abundance and distribution pattern of REEs in bulk core
sediments and, thus, that REE compositions are not influenced
by blooms of the diatom E. rex. LREEs are dominantly associated
with detrital materials, whereas MREEs and HREEs have been
selectively enriched by adsorption onto Mn oxyhydroxides and
authigenic phosphates, respectively.

(2) The presence of minor authigenic phosphates imparts a weak
negative Ce anomaly to the PC, resulting in a signature that
does not conform with the oxic conditions of PC deposition.
Enhanced scavenging of reduced aqueous Ce3+ by barite in a
sulfidic anoxic environment produced a positive Ce anomaly in
the LDM that accurately reflects the strongly reducing conditions
of LDM deposition. Ce anomalies ranging from negative to posi-
tive in the DC may reflect the combination of effects associated
with Ce geochemical behavior in the LDM and PC.

(3) The positive Eu anomaly in core WPD-03 is derived from
feldspar-bearing volcanogenic materials. The smaller Eu anom-
aly in the LDM and DC relative to that in the PC is attributed to
the reduction of Eu3+ to Eu2+ and its subsequent release to
sediment porewaters under strongly reducing conditions rath-
er than to the decreased input of detrital materials.

(4) In view of increased ventilation of eastern Philippine Sea deep
waters by Lower Circumpolar Water during the LGM, persis-
tent bottomwater suboxia was probably the result of high pri-
mary productivity rates associated with blooms of the diatom
E. rex. Such blooms may have been the product of enhanced
water-column stratification in the eastern Philippine Sea, fa-
voring a ‘shade flora’ capable of vertical migration and produc-
ing a ‘deep chlorophyll maximum.’ These conditions persisted
throughout the interval of LDM formation from ~26 to 20 kyr
B.P.

(5) Enhanced primary productivity and more reducing bottom-
waters during LDM deposition is likely to have increased the
respired carbon pool in the deep eastern Philippine Sea. In-
creased carbon storage during glacial stages not only in the
eastern Philippine Sea but also across the deep Pacific Ocean
may have been an important factor in modulation of atmo-
spheric CO2 variation during Pleistocene glacial–interglacial
cycles.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.chemgeo.2011.12.012.
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