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Abstract

Two piston cores (PCs), containing two full glacial cycles, were retrieved at Murray Ridge. One core (PC463) contains sediment
deposited at 920 mbsl within, the other (PC464) has sediment deposited at 1470 mbsl below the current oxygen minimum zone, OMZ
(O2: ≤2 μM). Variations in the organic carbon (OC) content correlate well between the two cores; high OC contents correspond with
periods of high insolation and are accompanied by a stable and intensive OMZ. The lithogenic fractions are similar and have a rather
constant composition. The V, Mn, Co, Cu, Se, Zn and Sb contents in these fractions are in fair agreement with the values in standard
shales (SS). The Ni content of the lithogenic fraction is higher than in SS due to its high content in the regional eolian input, and the Mo,
Re and U contents are higher as a result of syngenetic and(or) diagenetic overprints. In both cores, Mn and Co have a negative, the other
elements a positive correlation with OC. Four processes, contributing to sedimentary enrichment in trace elements, can be envisaged:
1) delivery, asminor or trace components, in hydrogenous and biogenic particles, 2) scavenging in thewater column, 3) (partial) retention
in the sediment during decomposition of host phases, 4) diffusion into the sediment across the sediment–water interface and subsequent
immobilization in response to reduction or precipitation as sulfides. Vanadium,Mo, Re, and Uwere found to be clearly enriched, andNi,
Cu, Zn and Se to be possibly enriched as a result of these processes. Enrichment or depletion in trace elements in PC463 relative to PC464
was tested as a proxy for bottom-water oxygen (BWO) conditions during periods of maximum accumulation rates of organic matter.
OnlyMo, Re and Re/Mo appear to be unambiguous proxies for differences in depositional conditions between sites 463 and 464. Using
these proxies, it was found that the OMZ expanded to at least the depth of site 464 from 155 to 135 ka.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A prominent feature of the modern northern Arabian
Sea is its extensive and intense oxygen minimum zone
(OMZ). Dissolved oxygen profiles (Fig. 1) show that the
O2 concentration drops to very low concentrations at a
depth of 150 m and only starts to increase again below
1150 m. This intense OMZ is the result of high oxygen
consumption rates by microbial mineralization of organic
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Fig. 1. a) Geographical positions of Murray Ridge stations 463 and 464 in the northern Arabian Sea; b) profile at Murray Ridge showing sea floor
topography at stations 463 and 464, the extension of the present-day OMZ and dissolved oxygen concentrations (Van Bennekom and Hiehle, 1994).
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matter (OM) exported from the euphotic zone and a
moderate rate of intermediate water ventilation (Olson
et al., 1993). The OMZ can be expected to change its
intensity and (or) extent upon changes in export pro-
ductivity (EP) and ventilation rate. Such changes oc-
curred in the past, as concluded on the basis of profiles
of sedimentary δ15N (Altabet et al., 1995, 2002), deep-
dwelling planktonic foraminifera (Reichart et al.,
1998), organic matter, nickel and vanadium (Von Rad
et al., 1999), manganese cycling (Schenau et al., 2002a)
and benthic foraminifera (Den Dulk et al., 2000).
Variations in the intensity of the OMZ have been as-
cribed to changes in the summer monsoon intensity
(Schulz et al., 1998), the production of intermediate and
deep-water masses (Schulte et al., 1999) and to deep
convective mixing during periods of cold and intensi-
fied winter monsoon (Reichart et al., 1998). Temporal
variations in OMZ intensity occurred at orbital and
suborbital time scales. There is a close link between the
cold phases of Dansgaard–Oeschger (DO) cycles and
breakdown of suboxic conditions in the OMZ (Reichart
et al., 1998; Schulz et al., 1998; Altabet et al., 2002;
Reichart et al., 2002). The occurrence of laminated
OM-rich layers in a sedimentary record of the last
30000 years showed that a stable OMZ existed during the
past 7000 years and during warm interstadial events (Von
Rad et al., 1999). In general, high productivity periods and
concomitant enhanced OM burial is related to periods
with an intensive OMZ, which in turn are related to pre-
cession minima (September, 35°N with an average time
lag of ∼7 kyr; Reichart et al., 1998) and(or) warm DO-
events (Schulz et al., 1998; Reichart et al., 1998, 2002).

Fluctuations in redox-sensitive element concentra-
tions in the sedimentary record can serve to reconstruct
past variations in the bottom-water oxygen (BWO)
concentration. Studies on trace metal behavior in
dysoxic and anoxic bottom water have been conducted
on numerous sedimentary records, such as for the Sea of
Japan (Piper and Isaacs, 1995a, 1996), Gulf of
California (Brumsack, 1989), California continental



Table 1
Geographical positions, water depths and current bottom water oxygen
(BWO) concentrations for two coring sites as well as the lengths of the
collected cores

Site
number

Position
(N)

Position
(E)

Depth
(m)

BWO
(μM)

Length
(m)

463 22°33.60′ 64°03.25′ 970 <2 14.3
464 22°15.00′ 63°34.70′ 1470 3.6 15.0
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margin (Dean et al., 1997), Black Sea (Brumsack, 1989;
Colodner et al., 1995), Cariaco Basin (Jacobs et al.,
1987; Dean et al., 1999; Yarincik et al., 2000; Lyons et
al., 2003; Piper and Dean, 2003), Saanich Inlet
(François, 1988; Calvert et al., 2001; Morford et al.,
2001; Russell and Morford, 2001), northwestern
Mexican Margin (Nameroff et al., 2002) and Peru and
Chilean Margins (Böning et al., 2004, 2005).

In our study we will focus on and discuss concentra-
tions of redox-sensitive and(or) sulfophile trace elements
in two piston cores (PC) collected in the northern Arabian
Sea during the Netherlands Indian Ocean Program
(NIOP) in 1992. Since these PCs were taken within rela-
tively close distance sedimentary fluxes can be expected
to be quite similar. However, since one core is retrieved
from within, the other from below the current OMZ, they
are excellently suited to study differences in redox sen-
sitive behavior. Elements considered in this study are
antimony (Sb), cadmium (Cd), copper (Cu), manganese
(Mn), molybdenum (Mo), nickel (Ni), rhenium (Re),
selenium (Se), vanadium (V), uranium (U), and zinc (Zn).
With the exception of Cd, Ni, and Zn, these elements can
occur in different oxidation states in the aquatic envi-
ronment. All these elements but Mn have a lower sol-
ubility under suboxic and(or) anoxic than under oxic
conditions. As a result, the degree of loss (Mn) and en-
richment (other elements) potentially reflect changes in
BWO concentrations. We will investigate the applicabil-
ity of the down-core distributions of these elements as
records of changes in the extent and intensity of the OMZ
in this part of the world ocean.

2. Regional setting

The modern Arabian Sea is very productive, largely
due to southwest-monsoon driven upwelling of nutrient-
rich intermediate water. The average export production
of OM in the northeastern part of the Arabian Sea is on
the order of 70 g C m−2 yr−1 (Van der Weijden et al.,
1999). Ventilation of intermediate waters in the Arabian
Basin occurs by O2-poor (∼45 μM) Indian Ocean
Central Water, with minor contributions by O2-rich Red
Sea (∼115 μM) and Persian Gulf Water (∼160 μM)
(Olson et al., 1993). The minimum O2 concentration is
<2 μM (Van Bennekom and Hiehle, 1994) and the
whole, 1-km thick, current OMZ can thus be called
suboxic (Wignall, 1994).

3. Materials and methods

The two PCs studied in this paper were collected at
Murray Ridge (Fig. 1) from within (PC463) and below the
OMZ (PC464) (Table 1). On board, the cores were cut into
1-m sections, which in turn were split lengthwise in half.
One half was used for sampling, the other for core de-
scription and archive storage. Fixed-volume samples were
taken with 10-cm spacing and their pore water contents
determined by the weight loss after freeze-drying, on the
basis of which dry and bulk densities could be calculated.
Part of the samples were thoroughly ground in an agate
mortar prior to an overnight digestion in an acidmixture of
HClO4–HNO3–HF in a tightly closed Teflon vessel on a
sand bath that was kept at 105 °C. After subsequent
evaporation of the solution, the residue was dissolved in
1MHCl and the solution was used for analysis ofMg, Al,
S, K, Ca, Ti, V and Mn by ICP-OES (ARL 34000) using
international and in-house sediment standards as refer-
ences. In general, the relative precision and accuracy of the
results is better than 3%. The carbonate content was
calculated from total Ca using a correction for clay-bound
Ca: CaCO3(sample)=2.5×(Casample− (Ca/Al)clay×Alsample)
where (Ca/Al)clay=0.345 (Turekian and Wedepohl, 1961;
also the average of ratios in upper continental crust (Taylor
andMcLennan, 1985) and North American shale (Gromet
et al., 1984)). For the analysis of trace elements, digestion
was carried out as described, but the dry residue was
dissolved in a 4.5%HNO3 solution and measured by ICP-
MS (Fisons Plasmaquad PQ2+). Three standard solutions,
freshly prepared from commercial available single element
stock solutions, were used for calibration. One standard
solution (low concentrations) was measured after every
seven samples to monitor and correct for drift, under the
assumption of linear change. After drift correction, counts
were corrected for variation in adjusted internal-standard
(115In, automatically added by the second channel peris-
taltic pump bywhich the analytes were introduced into the
plasma) counts. Every fourteen samples a new calibration
was performed. The isotope counts used in this studywere
of 59Co, 60Ni, 63Cu, 66Zn, 82Se, 95Mo, 114Cd, 121Sb, 187Re
and 238U. Calibration was performed by taking into
account natural abundances of the elements with respect to
abundance in the crust and using a matrix of 63 major and
minor elements. In this way, isobaric overlap of oxides and
double charged ions is matrix compensated. The overall
precision of the results is better than 10%. Samples older
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than 175 ka from core 464 have been excluded from
further analyses because of apparent analytical problems.

The organic carbon (OC) content was determined as
described in Reichart (1997) and Reichart et al. (1997).
Relative precision and accuracy of the OC analyses were
better than 3%.

The chronology of the Arabian Sea cores is based on
tuning the Arabian Sea δ18O record to that of a core from
the Mediterranean (Fontugne and Calvert, 1992) using
the sapropel chronology of Lourens et al. (1996). This
chronology is based on correlation of the Mediterranean
sapropel pattern to the astronomical record including a
constant 3-kyr time lag. Keeping this time lag constant
for the entire record enables comparison with other areas
(Reichart et al., 1998). This independent age model
produces an excellent correlation between characteristic
phenomena in the sedimentary record in the two cores,
although small offsets are inevitable (Fig. 2). Due to
coring disturbances, sediment was lost at the top of both
cores. The age of the base of the cores was established at
205 ka for PC463 and 225 ka for PC464.

4. Results

Element concentrations are given as supplementary
data. Symbols of elements will be italicized when repre-
senting concentrations. The Al content of the terrigenous
Fig. 2. Profiles of OC (data from Reichart, 1997). The age model is described
(1993). Even numbers pertain to periods of maximum insolation (precession
fractions—calculated as the average ofAl in the individual
samples multiplied by a factor 100/ [100−{(Σbiogenic
phases)+salt}] — is given in Table 2. In order to correct
for dilution by terrigenous sediment components, element
concentrations are often normalized by Al. A description
of the use of Al as a divisor is given in the Appendix.
Average values ofMg/Al,K/Al, Ti/Al and Fe/Al are similar
in both cores and, with the exception of Mg/Al, compare
quite well with those in standard shales (SSs).

Profiles ofOC are presented in Fig. 2 and show that in
both cores OC corresponds to the 35°N late summer
insolation (Reichart et al., 1998). Henceforth, the pre-
cession related maxima in OC are numbered by their
corresponding precession minimum (i.e. insolation
maximum) from young to old, specified by IP 2 to 20.
Corresponding peaks in OC values in core 464 are
systematically lower than those in PC463, however two
high OC intervals in PC464 show values similar to those
in PC463, namely between 155 to 135 ka (IP14) and —
for a relatively short interval — at about 170 ka (IP16).

The down-core profiles of trace element contents are
shown in Fig. 3a-l. The Al-normalized contents of V,
Mo, Cd, Re and U in PC463 are higher, and those of Mn
and Co are lower or about equal in comparison to
PC464. The normalized contents of Ni, Cu, Zn, Se and
Sb are partly lower in PC63 and higher in PC464. With
the exception of the one of Sb, the profiles in PC463 and
in Reichart et al., 1998, the concomitant insolation curve in Laskar et al.
minima).



Table 2
Summary of data on the composition of world shale average (WSA; Wedepohl, 1971), post-Archean shales (p-AS; Taylor and McLennan, 1985),
North Atlantic shale composite (NASC; Gromet et al., 1984) and average sediment at stations 463 and 464 on Murray Ridge

WSA p-AS NASC PC463 PC464 (normal) PC464 (anomalous)

Al (%) 8.84 10 8.97 8.23 (0.47) 8.69 (0.55)
Ti/Al (%/%) 0.055 0.06 0.054 0.064 (0.001)
Fe/Al (%/%) 0.55 0.51 0.49 0.56 (0.04)
Mg/Al (%/%) 0.18 0.13 0.19 0.45 (0.04)
K/Al (%/%) 0.34 0.31 0.37 0.32 (0.01)
V/Al (ppm/%) 15 15 – 15.4 (0.8) 18.1 (0.6) 20.5 (3.5)
Mn/Al (ppm/%) 96 85 56 89 (3) 81 (4) 76 (3)
Co/Al (ppm/%) 2.1 2.3 2.9 2.4 (0.1) 2.9 (0.3) 2.5 (0.2)
Ni/Al (ppm/%) 8 5.5 6.5 14.4 (0.9) 16.5 (1.3) 20.8 (2.6)
Cu/Al (ppm/%) 5.1 5.0 – 5.0 (0.6) 5.7 (0.3) 7.8 (0.9)
Zn/Al (ppm/%) 11 8.5 – 12.1 (0.8) 14.8 (0.9) 15.5 (1.5)
Se/Al (ppm/%) 0.07 – – 0.10 (0.02) 0.10 (0.03) 3.8 (1.8)
Mo/Al (ppm/%) 0.29 0.1 – 0.7 (0.3) 0.4 (0.1) 2.5 (1.8)
Cd/Al (ppm/%) 0.09 – – 0.014 (0.06) 0.105 (0.25) 0.35 (0.27)
Sb/Al (ppm/%) 0.17 – 0.23 0.19 (0.02) 0.19 (0.02) 0.3 (0.1)
Re/Al (ppb/%) 0.02 – – 0.5 (1.2) 0.8 (0.7) 0.6 (0.3)
U/Al (ppm/%) 0.42 0.31 0.30 0.8 (0.2) 0.8 (0.2) 1.5 (0.9)

The latter values are based on the statistics of the data set (Al through K/Al) or derived by extrapolation of plots of X/Al (V/Al through U/Al) versus
OC/Al. The graphically derived intercept values obtained by standard linear regression of y on x are given with a confidence interval ±2σ (bracketed
values). The values derived for PC464 (anomalous) are for samples within the age intervals (155–135 ka) with an alleged expanded OMZ. The Al
content is calculated on a (carbonate+pore-water salt+OM+opaline silica) - free basis.
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PC464 generally show changes synchronous with major
peaks in the precession related OC maxima (IP events 2
to 20, Fig. 2). The profiles of Mn show maxima in
between these OC maxima. Smaller scale rapid oscilla-
tions are probably related to higher frequency climate
changes such as the DO cycles (Reichart et al., 1998;
Reichart and Brinkhuis, 2003; Reichart et al., 2004).

The baselines of the profiles in both cores show a
pattern of generally decreasing and(or) increasing Al-
normalized contents which corresponds with the abrupt
changes in sedimentation rates visible in the profiles of
mass accumulation rates (MARs) (Fig. 4). The highest
peaks in the MAR profiles occur in the intervals 185–
135 ka, 90–60 ka and 20 ka–subrecent.

5. Discussion

Sediment can be divided based on its origin into two
main groups: (1) terrigenous material, and (2) marine
material. The latter can be subdivided again, based on its
mode of formation in biogenic (carbonates, opal, OM)
and hydrogenous (mainly authigenic inorganic oxides,
carbonates, or sulfides) material. The discussion will be
structured accordingly.

5.1. Terrigenous fraction

Several overviews of the average composition of
standard shales (SSs) have been published that might
serve as reference for the terrigenous fraction of marine
sediment (Table 2). The average values of Al calculated
for PC463 and PC464 are slightly lower than the shale
values, which suggests that sediments at both stations are
diluted with a phase–most likely quartz–devoid of Al as
well as trace elements. The profiles of K/Al and Ti/Al for
the two stations have nearly identical average values and
patterns (Fig. 5), confirming that sedimentation at the two
stations was similar. Ti/Al is slightly higher than in SSs,
which is most likely due to the distinctly different lithol-
ogical units on the bordering continents. The profile of
Mg/Al shows a trend of increasing values from the oldest
ages (core bottom) to ∼135 ka, then a decrease till
∼120 ka, after which the values increase again to themost
recent ages (core tops). Superimposed on this glacial–
interglacial variability, changes on a precession time scale
can be seen (Fig. 2). The profiles ofFe/Al (Fig. 5) show no
such trends and fluctuations more likely result from early-
diagenetic processes. Average values ofMg/Al and Fe/Al
in the two cores are identical, but Mg/Al is significantly
higher than in SSs. These higher Mg/Al values are prob-
ably due to input of dolomite and possibly palygorskite
dust from central Arabia during periods of high aridity
(Sirocko et al., 2000) and dolomite dust from the Persian
Gulf area during periods of low sea level stands (Reichart
et al., 1997). By and large, it can be concluded that the
terrigenous fraction at sites 463 and 464 has a quite uni-
form composition showing similar changes over time,
which is in line with their close proximity.



Fig. 3. Profiles of Al-normalized trace element concentrations (raw data in supplements).
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Fig. 3 (continued ).
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Fig. 4. Profiles of mass accumulation rates (MAR) (data in
supplements).
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Diagenetic, post-depositional, dissolution or forma-
tion of hydrogenous phases primarily depends on OM
decay. Biogenic phases other than OM are practically
Fig. 5. Profiles of Al-normalized Mg, K, Ti and Fe as a function of age for PC
al., 1997.
free of trace elements and no reduced hydrogenous
components form in the absence of OM. Therefore, the
intercept values of plots of X/Al— where X represents a
trace element— against OC can be used to estimate the
trace element contents of the terrigenous fraction, (X/
Al)terrigenous (Eq. (A.2)). These intercept values are sum-
marized in Table 2. For PC464, a separate column
(‘anomalous’) is added for the values calculated for the
periods 155–135 ka (IP14) and ∼170 ka (IP16). For V,
Co, Zn and Cd, the values are lower in PC463 than in
PC464(normal), and of Ni, Cu, Zn, Se, Mo and U in
PC464(normal) than in PC464(anomalous). The Al-nor-
malized values for Ni, Zn, Mo, Re and U are also still
higher than in SSs as a result of syngenetic and(or)
diagenetic overprints. Because the terrigenous fractions
in PC463 and PC464 are very similar in composition,
one would expect the intercept values in plots of X/Al
versusOC to be approximately equal. The (X/Al)terrigenous
values in PC463 and PC464(normal) are indeed similar
463 and PC464. Data for PC464 were published earlier in Reichart et



Fig. 6. Scattergram of pyrite-S versus OC for PC463 and PC464. The
pyrite-S values were calculated from bulk-S by adopting: pyrite-
S≈0.9×bulk-S−0.1 for PC463, within the current OMZ, and pyrite-
S≈0.83×bulk-S−0.14 for PC464, below this OMZ (Schenau et al.,
2002b). Linear curve fittings: pyrite-S=0.098×OC+0.38 (R2=0.43)
for PC463 and pyrite-S=0.21×OC+0.02 (R2=0.46) for PC464. For
comparison, the correlation for normal-marine oxygenated sedimen-
tary conditions is shown (Berner, 1984). Bulk-S values for PC464 are
from Reichart et al. (1997) and for PC463 from this work.
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(Table 2), with the exception of V, Cd and Zn. In the
anomalous, OM-rich, sections of PC464 the values for
Ni, Cu, Se and Mo are significantly higher than in the
rest of PC464. In these anomalous sections ratios for V,
Ni, Cu, Zn, Se, Mo and Cd are also higher than those in
PC463 although this core generally has a higher OM
content than PC464. The (X/Al)terrigenous values in
PC463 and PC464(normal) show for Mn, Co, Cu, Se,
and Sb a fair agreement with their values in SS. The Ni
content, on the other hand, is higher than in SS, which
is in keeping with previously suggested high atmo-
spheric deposition of Ni into the Arabian Sea (Chester
et al., 1991). Higher values of Al-normalized Mo, Re
and U are most likely the result of syngenetic and(or)
diagenetic enrichment.

5.2. Marine fraction

The marine fraction of the sediment consists pri-
marily of carbonates (PC463: 37±7%; PC464: 44±
5%), organicmatter (PC463: 2.26±1.08%; PC464: 1.14±
0.64%) and biogenic silica (BC(boxcore)463: ∼3%;
BC464: ∼2.5%; Van der Weijden and Van der Weijden,
2002). In addition hydrogenous phases are common sedi-
ment constituents.

The OC profiles at both stations (Fig. 2) are in phase,
indicating that the productivity at these stations co-
varied. The accumulation rates of OC (CARs) in these
cores are primarily controlled by surface water produc-
tivity, which in turn corresponds with monsoon-induced
upwelling intensity (Reichart et al., 1998). The different
amplitude of the OC profiles can be caused by the 500-
m shallower water depth and enhanced preservation of
OM at station 463 because of its position within the
OMZ (Van der Weijden et al., 1999). Sinninghe Damsté
et al. (2002), explained time-equivalent high CARs at
the two stations (median peaks at 168, 147 and 52 ka) by
a temporarily extended OMZ. High CARs at station 463
and at the same time much lower CARs at station 464 (at
123 and 95 ka) represent an OMZ similar to today's; low
CARs at both stations (e.g. at 20, 75, 110 and 158 ka)
correspond with low productivity, and thus also a much
weaker OMZ. With an OMZ similar to today's and
assuming that OM fluxes at the two sites were approx-
imately equal, the average preservation of OM at site
464 would be about half that at site 463.

A plot of calculated pyrite-S versusOC (Fig. 6) shows
the relation between these components. When S values at
OC>2% are excluded, ratios are similar to those of
normal-marine sediments, because most of them plot
within the range for these sediments as discussed by
Berner (1984). The lower than normal pyrite-S values at
relatively high OC in PC463 (and in a few cases in
PC464) could result from Fe limitation for pyrite for-
mation under conditions of intense oxygen depletion
(Schenau et al., 2002b). Scatter plots of bulk-S against
bulk-Fe showed a good relation with the S/Fe ratio of
pyrite in PC464 (Reichart et al., 1997) but not in PC463.
However, similar patterns in profiles of both cores of
pyrite-S and Fe⁎ (Fig. 7a,b) suggest that they still
primarily reflect variations in pyrite content.

5.2.1. Trace-element baseline concentrations and
climate change

As discussed in Section 4, the baseline concentrations of
Al-normalized trace element profiles (Fig. 3) reflect
climatic change on a time scale larger than that of pre-
cession. This might be caused by the export of previously
deposited material from shelf and upper slopes during
periods with a low sea-level stand, remobilizing reduced
solid phases and — assuming general circulation and
ventilation patterns equal to today— the OMZ descended
about 100 m. In addition, the more arid glacial climate
enhanced dust and reduced fluvial transport from the
continent. During warm and wet periods the situation is
reversed, with higher sea levels during interglacials. For
that reason, the transition from glacial to interglacial
(Fig. 4) can be expected to have affected long-term trends
in trace element profiles. In general, shelf and upper-slope
sediments store trace elements during high and become
sources for these elements during low sea-level stands. If



Fig. 7. Profiles of pyrite-S and Fe⁎ in PC463 (a) and PC464 (b). Fe⁎

was calculated by Fe⁎=bulk-Fe−0.56×Al, where the factor 0.56
represents (Fe/Al)terrigenous derived for the two cores (Table 2). In quite
a number of cases the calculated values of Fe⁎ are negative, indicating
that the factor 0.56 is too high. When a factor 0.44 (Schenau et al.,
2002b) is used, the Fe⁎ values become positive, but this lower factor
was derived in a sequential extraction step. Algebraically, the patterns
are equivalent. The profiles visualize the similarity of the profiles of
pyrite-S and Fe⁎ in each core, evidence of the presence of pyrite and
variation of its content.
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so, the differences in the baseline trends of element contents
between PC464 and PC463might be related to the position
of site 463 within and that of site 464 below the OMZ.

5.2.2. Transport of trace elements to the sediment
Apart from transport in the lithogene fraction, there

are two important carriers of trace elements to the
sediment: 1) Mn and Fe oxides (MFO), and 2) OM. In
oxygenated surface water, Mn and Fe oxides are stable,
both phases carrying incorporated trace elements such
as Co, Ni, Zn, Cu, Mo, V, and other trace elements when
settling at the ocean floor. Upon transit through an
intense OMZ or deposition on the SWI under very low
BWO conditions, reductive (partial) dissolution of MFO
(Saager et al., 1989; Schenau et al., 2002a; Brumsack,
2006) takes place. Manganous and ferrous ions present
in the OMZ (additionally acquired from previously oxic
slope sediments) will be oxidized again below the OMZ
(Schenau et al., 2002a) and the newly formed oxides
will settle to the ocean floor adding to the oxidation
capacity of the sediments. The fresh oxides may even-
tually incorporate or adsorb trace metals (Brumsack,
2006). The decrease of dissolved Mn and Fe from within
to below the OMZ, measured in profiles at a station in
the proximity of sites 463 and 464 (sta. 7, Saager et al.,
1989), is on the order of maximal 6 nM (Mn) and 4 nM
(Fe). Assuming that this can be attributed to formation
of MFO and considering that the concentration of trace
elements in marine MFO such as ferromanganese nod-
ules (which often have very long exposure time to
bottom waters) is only a few per cent (mostly present in
the birnessite phase), this will hardly effect dissolved
trace metal concentrations. Indeed, the concentrations of
Ni, Cu, Zn and Cd (sta. 7, Saager et al., 1992) continue
to increase with depth across the lower boundary of the
OMZ. Currently at station 463 hardly any Mn oxide
(∼0.007%) is present at the SWI and Fe oxide (top
value ∼0.55%) is consumed at a depth of 20 cm below
the SWI, while at station 464 all Mn oxide (top value
∼0.14%) is consumed at 5 cm and Fe oxide (top value
∼0.28%) at 25 cm below the SWI (Van der Weijden
et al., 1999). Taking this all together, the contribution
of fresh MFO to the trace metal concentrations can be
assumed to amount to a few ppm at most.

Organic matter plays an important role 1) as carrier
and scavenger of trace elements to the sediment, and 2)
in diagenetic enrichment (or depletion) in trace elements
(Fig. 8). Live plankton needs trace elements for growth.
After its decease, plankton may lose part of these trace
elements (Collier and Edmond, 1984; Fisher and Wente,
1993). On the other end, faecal pellets produced in the
food web reportedly have higher trace element con-
centrations than present in the zooplankton diet (Fowler,
1977), partly a result of co-ingestion of inorganic ma-
terial. Scavenging depends on seawater concentrations
and sorption affinities of dissolved species, on surface
area and surface reactivity of settling particles, and on
transit time. In fact, the largest part of OM is carried to
the ocean floor as faecal pellets. Although reactivity of
these pellets might be high, their settling velocities are
larger than of loose or aggregated (marine snow) plank-
tonic debris, resulting in limited time for scavenging of
trace elements. Trace elements associated with settling
OM may become liberated again upon oxic (in oxy-
genated water column) and suboxic (in OMZ with an
intensely O2-depleted water column) decay of OM
(Hong et al., 1995; Shaw et al., 1990). When the OM
flux to the sediment is small, not only the residual OC
but also the enrichment in trace elements will be small.
In combination with BWO concentrations, deposited
OM sets the stage for down-core redox zones. Berner
(1981) distinguished three sedimentary redox zones: 1)



Fig. 8. Schematic representation of scenarios leading to loss or
enrichment in trace element concentration upon degradation of organic
matter (OM) at and below the sediment–water interface (SWI). In this
scenario, the bottom-water oxygen (BWO) concentration is a key
factor controlling the depths of the induced redox boundaries (cf.
Meyers et al., 2005), which in turn affects the solubility of trace
elements. At low BWO levels, the down-core boundaries from oxic to
suboxic and suboxic to anoxic conditions are situated close to the SWI.
In contrast, these boundaries lie deeper under oxygenated bottom
water (BW). Release and (partial) escape to the BWof associated trace
elements causes a negative, whereas sorption, precipitation and burial
results in a positive trace element enrichment (TE). Under the
assumption that OM flux to the ocean floor at stations 463 an 464 was
not very different, oxic degradation of OM at station 464 (below the
present-day OMZ) causes a relatively large decrease in organic carbon
(OC) (Van der Weijden et al., 1999).
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oxic, where O2 is respired in the microbial degradation
of OM, 2) suboxic, where nitrate, manganese and iron
oxides (in that order) are used as electron acceptors in
the microbial decomposition of OM, and 3) anoxic,
where breakdown of OM is microbially mediated by
reduction of sulfate into sulfide. Trace elements liber-
ated after OM decomposition partly diffuse into the BW
or are (partly) immobilized in the major sedimentary
redox zones in accordance with their redox-sensitive
and(or) sulfophile character. Conversely, when concen-
trations of trace metals are higher in bottom water than
in pore water (PW), diffusional enrichment in trace
metals will occur. To which degree this enrichment
happens depends on the depth of the redox boundaries
below the SWI, the MAR, bioturbation depth, and the
concentration differences, together establishing the dif-
fusional concentration gradients. Within an intensive
OMZ, bioturbation is limited to shallow depth (present-
ly <0.1 cm at station 463 with bioturbation depth
∼1 cm; Van der Weijden et al., 1999), causing a very
shallow oxic–suboxic boundary in the sediment. In
sediment deposited below the OMZ oxygen, exposure
of OM plays an important role, bioturbation reaches
deeper, and the oxic–suboxic boundary is located
deeper (currently, ∼2 cm at site 464; with bioturbation
depth ∼7 cm; Van der Weijden et al., 1999).

5.2.3. Response of trace elements to changes in redox
potential

The redox potential (Eh) of the sediment is
determined by the degree of reduction of the major
oxidants: oxygen, nitrate, Mn and Fe oxides, and sulfate.
Current Eh–pH values (shipboard punch-in measure-
ments with platinum and glass electrodes against a
calomel reference electrode, calibrated with Zobell
solution for Eh and NIST-standard pH solutions) in
boxcores (BCs) changed from +115 mVand pH 7.45 (at
1 cm) to −0.44 mV and pH 7.23 (at 31 cm) at site 463
and from +140 mV and pH 7.35 (at 1 cm) to −10 mV
and pH 7.43 (at 26 cm) at site 464. These values are
indicative of suboxic conditions with reduction of Mn
and Fe oxides in the top thirty centimeters, while down-
core the Eh values decreased to the more negative
values typical for sulfate reduction with the concomitant
strong H2S smell. Trace elements respond primarily to
changes of redox conditions with a sequence of
reduction descending the Eh ladder, with highest values
in the oxic and lowest values in the anoxic zone. The
positions of the trace elements on the Eh ladder (in this
case based on a mix of observations reported by Calvert
and Pedersen, 1993; Piper and Isaacs, 1995a,b;
Thomson et al., 2001; Nameroff et al., 2002) indicate
the sequence of their reduction and precipitation. For the
trace elements in this study the inferred order of
immobilization is V, (Se), U, and Re in the suboxic
zone and Se, Mo, Cu, Cd, Zn, Ni in the anoxic(sulfidic)
zone). In the oxic zone, metals usually associated with
Mn oxide (for instance Co, Ni, Cu, Zn, Mo) and(or) Fe
oxide (for instance V), are considered to be immobile,
but once liberated by reductive dissolution ofMFO in the
suboxic zone, sulfophile metals may, after downward
diffusion, precipitate in the anoxic zone. The same holds
for sulfophile elements liberated by decomposition ofOM
in the suboxic zone. Another possibility is that liberated
elements are temporarily immobilized by sorption on
reactive phases and become sulfidized when, by progres-
sive burial, they enter the sulfate reduction zone.
Additionally, diffusion across the SWI into the sediment
and subsequent immobilization can be expected for
dissolved elements with a high concentration gradient
between BWand PWat the depth of immobilisation set by
their Eh dependence. Based on this redox scheme, V, Re,
U and Mo are the most likely candidates for enrichment,
their solubility decreasing sharply when they are reduced
from a high to a lower oxidation state or when they are
immobilized as sulfides (Böning et al., 2004).
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5.2.4. Relations between trace-element contents and
organic matter

Trace element contents of the marine fraction (X⁎) are
calculated according to Eq. (A.3). The so derived X⁎ and
OC data are plotted (Fig. 9) for periods with high OC
contents, corresponding with periods of high northern
hemisphere summer insolation (Fig. 2). It can be expected
thatX ⁎→0 whenOC→0 (Eq. (A.5)). This extrapolation
was used previously to derive (X/Al)terrigenous but — in
some cases — failed to fully correct for syngenetic and
diagenetic overprints. The slopes in the figures for the
selected data sets (Fig. 9) are similar to those based on the
complete data sets (not shown). The scatter in the plots of
the selected data for PC463 is large (R2<0.5) for all
elements but Mn, Zn and Re, whereas in PC464 less
scatter (R2>0.5) is present for Ni, Se, Mo, Cd, and Sb.
Taking into account the overall low coefficients of deter-
mination, it has to be concluded that there is no fixed
relation between X ⁎ and residual OC.

In PC464 slopes are steeper than in PC463 for
Mn⁎(negative), Ni⁎, Cu⁎, Zn⁎, Se⁎ and U⁎. These steeper
slopes can result frommore efficient decomposition of OM
at station 464 in combination with — at least partial —
retention of trace elements that were carried by this OM
to the ocean floor (Fig. 8). Partial trace element reten-
tion might also play a role for the other elements in
which the slopes in 464 are equally or less steep than in
PC463 (V ⁎, Mo⁎, Cd⁎, Re⁎), which implies that the
original observed slopes in PC464 should be even more
gentle. Better preservation of OM at station 463 would
explain the overall difference between the cores.

According to Schenau et al. (2002a), dissolved Mn
is removed from the suboxic OMZ and carried as
oxide to the underlying oxic water column. Conse-
quently, Mn enrichment is expected at station 464
compared to station 463. When plotted against OC, the
loss in Mn at station 464, however, seems to exceed
the loss at station 463 (steeper slope). Such a dis-
crepancy might be due to a better retention of liberated
Fig. 9. Scattergrams of X ⁎ againstOC in PC463 (black dots) and PC464 (open
(0.7% for PC463 and 0.35% for PC464) were subtracted from the originalOC d
the above-mean values of (OC−OCbackground) for the each of the maximum in
concomitant X ⁎ values. Finally, these averageX ⁎ values were plotted against th
to the number of the insolationmaximum (Fig. 2), where the time slices (in ka) w
91 (∼IP10), 128–120 (∼IP12), 152–139 (∼IP14) and 175–163 (∼IP16). As a
versus OC plots have a zero value. The concomitant X ⁎ values were calcula
(A.3)). Assuming that the terrigenous components have the same trace element
(normal) (Table 2, column 6) were used to calculate X ⁎ for the whole core. The
15 (V), 29 (Co), 14.4/16.5 (Ni 463/464), 5 (Cu), 12 (Zn), 0.1 (Se), 0.3 (Mo), 0.09
classical linear regression. With the exception of those for Mn⁎ and Co⁎, all
planktonic trace element contents (in ppm; Piper, 1994; Piper and Isaacs, 1995b
(0.5), Re (0.001) and U (1); Mn (2.6) (Collier and Edmond, 1984); Re (0.001
plankton, these values were converted as follows: XOC=2.8×Xplankton.
Mn under diagenetic conditions. The loss in Mn during
deposition of the anomalous section of PC464 plots on
the same (less steep) regression line as the losses in
PC463. This suggests that during these time slices the
OMZ was expanded till at least the depth at station
464.

Instead of a comparison of the slopes of the
regression lines for all IPs, a comparison can be made
on the basis of the differences in X ⁎ and OC between
the data for PC463 and those for PC464 for individual
precession-related productivity maxima (Table 3). The
rationale for such a comparison is that OC degradation
(ΔOC) drives loss/enrichment in trace metals (Fig. 8),
rather than the ultimately preserved OC. Negative val-
ues ofΔX ⁎ and negative slopes ofΔX ⁎⁎/ΔOC indicate
that X ⁎ is higher in PC 464 than in PC463. Although
ΔX ⁎ depends on the levels of the X ⁎ values, a small
ΔX ⁎ value (e.g. ΔSe⁎) strongly suggests that X ⁎ was
not lost during diagenesis (cf. Fig. 8). The negative
values of ΔCo⁎,ΔNi⁎, ΔCu⁎ and ΔZn⁎ for IP4-10
might be a result of enrichment by scavenging of these
elements byMnoxides formedbelow theOMZ(Hlawatsch
et al., 2002; Schenau et al., 2002a; Brumsack, 2006) and
their (partial) retention during subsequent diagenesis
(Fig. 8). The positive values of ΔV ⁎, ΔMo⁎, ΔCd ⁎,
ΔRe⁎ and ΔU⁎ may be caused by loss upon oxic
diagenesis or — more likely — by enrichment by
diffusional enrichment and subsequent precipitation
under conditions of low BWO. Clearly, shifts in ΔX ⁎/
ΔOC for the individual IPs are not equal, meaning that it
is not only the lower OC in PC464 that causes the offsets
of the data points (Fig. 9) for the cores. For all elements,
the shifts for IP14, comprising data represented by PC464
(anomalous), are highest.

5.3. Bottom-water conditions during insolation maxima

Records of redox-sensitive elements are often used to
reconstruct past variations in OMZ intensity (e.g. Reichart
circles). The data were obtained as follows: First,OC background values
ata. Then, the mean values of (OC−background) were determined. Next,
solation periods (even numbers in Fig. 2) were averaged as well as the
e corresponding average originalOC (a-l). Each datum point corresponds
ith peaks inOCwere 34–18 (∼IP4), 61–34 (∼IP6), 80–72 (∼IP8), 101–
consequence of the way in which X ⁎ was derived, intercepts of the X ⁎

ted by X ⁎=Xtotal−Xterrigenous=Al×{(X/Al)total− (X/Al)terrigenous} (cf. Eq.
content throughout PC464, the (X/Al)terrigenous values derived for PC464
values of (X/Al)terrigenous [ppm/%)], selected from Table 2, were: 88 (Mn),
(Cd), 0.19 (Sb), 0.0005 (Re), 0.4 (U). The linear fits of the data represent
slopes are positive. Also plotted are the planktonic contributions. The
) are: V (3),Co (1),Ni (7.5),Cu (11), Zn (110), Se (3),Mo (2),Cd (12), Sb
) (estimated). On the basis of the Redfield formula for composition of
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Table 3
Differences in trace element (all in ppm but for Re⁎ in ppb) and concomitant OC contents (%) in PC464 relative to PC463 as well as the slopes of
ΔX ⁎/ΔOC (ppm(or ppb)/%) for seven insolation phases (IP4-16; cf. Fig. 9a-l

IP→ 4 6 8 10 12 14 16

ΔOC 1.55 1.69 1.65 2.21 2.88 0.64 1.65
ΔMn⁎ ΔMn⁎/ΔOC −34 −19 2.1 −32 −37 −18 −20

−22 −11 1.3 −15 −13 −28 −12
ΔV⁎ ΔV⁎/ΔOC 8.5 5.1 2.6 17 31 30 28

5.5 3.0 1.5 7.9 11 47 17
ΔCo⁎ ΔCo⁎/ΔOC −2.2 −1.8 −0.4 −2.7 −1.7 0.3 1.3

−1.4 −1.1 −0.2 −1.2 −0.6 0.5 0.8
ΔNi⁎ ΔNi⁎/ΔOC −15 −3.9 −2.3 −3.1 15 2.0 5.3

−9.7 −2.3 −1.4 −1.4 5.2 3.2 3.2
ΔCu⁎ ΔCu⁎/ΔOC −4.8 −4.6 −3.3 −2.3 5.2 −1.6 3.1

−3.1 −2.7 −2.0 −1.0 1.8 −2.6 1.9
ΔZn⁎ ΔZn⁎/ΔOC −17 −13 −9.8 −6.4 −2.1 −8.6 −4.5

−11 −7.8 −5.9 −2.9 −0.7 −13 −2.7
ΔSe⁎ ΔSe⁎/ΔOC 0.l3 −0.03 0.04 0.01 0.12 −0.43 0.02

0.08 −0.02 0.02 0.00 0.04 −0.67 0.01
ΔMo⁎ ΔMo⁎/ΔOC 4.3 3.9 5.1 3.5 11 5.5 5.7

2.8 2.3 3.1 1.6 4.0 8.6 3.5
ΔCd⁎ ΔCd⁎/ΔOC 0.46 0.43 0.22 0.59 1.5 1.4 1.3

0.30 0.25 0.13 0.27 0.5 2.2 0.8
ΔSb⁎ ΔSb⁎/ΔOC −0.1 −0.06 −0.05 0.09 0.59 −0.22 0.12

−0.06 −0.04 −0.03 0.04 0.21 −0.35 0.07
ΔRe⁎ ΔRe⁎/ΔOC 20 16 20 26 59 25 27

13 10 12 12 20 39 16
ΔU⁎ ΔU⁎/ΔOC 0.4 0.1 0.8 2.5 5.2 4.3 2.6

0.3 0.04 0.5 1.2 1.8 6.7 1.6

Negative values indicate that X ⁎ in PC464 is higher than in PC463. Note that ΔOC<1 blows up the ΔX ⁎/ΔOC values for IP14.
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et al., 1997; Von Rad et al., 1999). Their interpretation is
based on the assumption that enrichment or depletion of
elements can be used as proxy for the depth of the redox
boundaries in the sediment that in turn depend on —
among other variables— the BWO concentrations. For an
unbiased interpretation, however, the total signals should
be corrected not only for the contributions by the
terrigenous (→ X ⁎) but also by biogenic fractions
(→ X ⁎⁎).

Piper and Isaacs (1995b) argued that the trace element
content carried by organic matter is similar to the com-
position of average modern plankton. The X⁎⁎ values,
calculated after subtraction of this planktonic contribution
(Eq. (A.6)), ideally should represent the contribution by
diffusion only. This implies that differences between the
X ⁎⁎ values in PC464 and in PC463 have to be explained
in terms of differences in BWO conditions. Taking
X ⁎⁎(463) as reference, the calculation (cf. Eq. (A.6)) of
X ⁎⁎(464) can be made using the actual OM464 or the
OM463 corrected for some loss in OM related to depth
difference between these sites. The last scenario assumes
that trace elements carried by OM are completely retained
in the sediment during degradation, whereas in the first
scenario elements carried by the diagenetically degraded
OM escape to the BW. Henceforth, the X ⁎⁎(464) values
based on the corrected OM463 will be used. These values
comprise enrichment by diffusion as well as by supply by
excess MnOx. The results are shown as bar graphs
(Fig. 10). A general observation is that in Fig. 10b,c,e, a
trend of increasing, stable and decreasing values for X ⁎⁎

similar to the trends in the baselines is present. This
suggests that the peak heights are related to climatic
changes and(or) sea level.

Fig. 10a shows the average values of pyrite-S/OC in
the cores. All ratios are lower than the average value for
normal marine sediment (∼0.36), even lower than the
envelope ratio (∼0.6) indicative of transition of normal to
euxinic sediments (Berner, 1984). This means that even
during these periods of relatively high accumulation of
OM, no euxinic conditions developed in the water
column. Schenau et al. (2002b) drew the same conclusion
on the basis of sedimentary records on the continental
margins off Oman (depth 516 m) and Pakistan (depth
1002 m) and in the central basin (depth 3570 m) of the
northern Arabian Sea. For OM-rich intervals they found
ratios<0.3, similar to the values for the relatively OM-
rich insolation phases 4–16 (Fig. 10a). Profiles of PW
concentrations in BC463 and BC464 show that suboxic



Fig. 10. Bargraphs of element ratios or contents (X ⁎⁎means: corrected for lithogenous and planktonic contributions) in cores 463 and 464. a) OC/pyrite-S (both in %); b)Mn⁎⁎ and (10×)Co⁎⁎ (both
in ppm); c) V ⁎⁎, Re⁎⁎, (5×)U ⁎⁎, (5×)Mo⁎⁎ (except for Re⁎⁎in ppb, all in ppm); d) Re⁎⁎/Mo⁎⁎ (as ppb/ppm); e) Ni⁎⁎, Cu⁎⁎, Zn⁎⁎, Cd⁎⁎ (all in ppm).
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3 In general, overcorrection by the adopted values for the lithogenic
and biogenic fractions is possible, especially when the corrections are
relatively large as is, for instance, the case for the values of element
contents in plankton in combination with high OC contents.
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conditions (reduction of MFO) prevail in the first 30 cm
(Van derWeijden et al., 1999). The sulfate profiles in PWs
of BC463, BC464 and PC463 show a linear decrease till a
depth of approximately 3.5 m (in PC463; unpublished
results) below the sediment–water interface (SWI) with
∼25% of their BW value, after which the concentration
remains approximately constant. The profiles in BC463
also show that, within an intense OMZ, dissolved Fe can
partly escape into bottom water. When these features are
representative for the records of the PCs, this means that
anoxic sulfidic conditions leading to pyrite formation
develop relatively deep below (>∼30 cm; also indicated
by the Eh-values mentioned in Section 5.2.3.) the SWI
and that, during periods of very lowBWO concentrations,
pyrite formation is limited by partial loss of ferrous iron at
and across the SWI.

A comparison of the Mn⁎⁎ and Co⁎⁎ values is
shown in Fig. 10b. Relative to the terrigenous input, the
sediments are lower in both elements. This shows that
suboxic manganese reduction not only resulted in the
loss of Mn at site 463, but also played a role in micro-
bially mediated OM decomposition at site 464, con-
firming what was observed in BCs collected at the same
sites (Van der Weijden et al., 1999). In general
Mn⁎⁎(463)<Mn⁎⁎(464), which is in line with the
present extension of the OMZ. During IP4 and IP8
Mn⁎⁎(464)< Mn⁎⁎(463), which might be explained by
more efficient retention of Mn in a carbonate phase which
formed as a consequence of sulfate reduction related
alkalinity increases. During IP4-8, Co⁎⁎ losses in PC463
are larger than in PC464, and during IP10 and IP12 there is
a loss in Co⁎⁎ in PC463 and a Co⁎⁎gain in PC464.
Considering that Co is a common element inMnOx (Clegg
and Sarmiento, 1989; Brumsack, 2006), suboxic release of
Co along with Mn dissolution is expected. Relative to
PC463), the losses in Co⁎⁎ in PC464 for IP4-12 are less
compared to the difference inMn⁎⁎. The concentration of
Co in oceanic deep water is too small to explain Co
enrichment by diffusion from bottom water into the
sediment. More likely, Co carried to the sediment by
MnOx below the OMZ is retained in the sediment upon
dissolution of its carrier phase.

Next on the Eh ladder and prone to enrichment by
diffusion across the benthic boundary are the elements V,
Re, U and Mo (Fig. 10c). For all IPs,Mo⁎⁎ and Re⁎⁎ in
PC463 exceed those in PC464. Rhenium is preferentially
enriched under suboxic andMo under sulfidic conditions
(Crusius et al., 1996; Morford and Emerson, 1999;
Crusius and Thomson, 2000; Vorlicek and Helz, 2002;
Vorlicek et al., 2004; Meyers et al., 2005; Algeo and
Lyons, 2006). This implies that Re⁎⁎/Mo⁎⁎ values
potentially can be used to distinguish BWO conditions
(Crusius et al., 1996). With the exception of IP14, the
ratios are higher in PC464 than PC463 (Fig. 10d),
indicating that during IP14 the OMZ expanded to at least
the depth of site 464. However, when interpreting Re⁎⁎/
Mo⁎⁎ ratios it must be realized that Re may become
remobilized relative to Mo upon a change — even
periodically — from suboxic to oxic BW (Crusius and
Thomson, 2003).

Between the cores, almost no difference is observed
for V ⁎⁎ and U ⁎⁎ during the periods IP4-8, while
during the older IPs these elements are higher in PC463
than in PC464, again in agreement with more oxygen-
depleted BW at site 463. At site 464, U ⁎⁎ is relatively
high during IP14, but V ⁎⁎ is not.

Finally, the contents of the sulfophile elements Ni,
Cu, Zn and Cd in both cores are compared (Fig. 10e).
Negative values are caused by apparent overcorrection
for lithogenic and(or) planktonic contributions.3 These
elements are brought to the sediments largely by MFO
and by biodetritius and are immobilized under sulfidic
conditions. (Böning et al., 2004). Overall, Cu⁎⁎ and
Zn⁎⁎ have very similar values in both cores. For all
IPs , Zn⁎⁎ (464) > Zn⁎⁎ (463) and Cd⁎⁎ (463)
>Cd⁎⁎(464), for IP4-10, Ni⁎⁎ and Cu⁎⁎ in PC464 are
larger than in PC463, whereas during IP12-16 Ni⁎⁎ is
larger in PC463 than in PC464.

In summary, of the proxies for differences in depo-
sitional conditions tested in this section, only Mo⁎⁎,
Re⁎⁎ and Re⁎⁎/Mo⁎⁎ can be interpreted unambiguous-
ly. A likely explanation is that the concentration
gradients of these elements between BW and pore
water are much larger than is the case for the other
elements. The trace element data indicate that only
during IP14 the OMZ expanded to the depth of station
464. Average element concentrations cannot be used to
confirm suggested OMZ expansions (Den Dulk et al.,
2000; Sinninghe Damsté et al., 2002) during IP6 and
IP16. Although the normalization proposed here gives
better insight in the processes involved in trace metal
(re)distribution, averaging over relatively long periods
is inevitably causing the loss of information on changes
taking place on shorter time scales. OMZ expansions
during IP6 and IP16 were relatively short lived, as is
also evident from the short interval with laminated
sediments during IP6, and did not affect trace metal
inventories on a precession time scales.
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6. Conclusions

– Major element contents indicate that the terrigenous
fraction of sediment deposited at stations 463 and
464 at Murray Ridge has a very similar composition.

– Graphically derived trace-element contents of the
terrigenous fraction of the cores are, generally,
similar and compare well with values for standard
shales; differences, especially for Mo, Re and U, are
due to syngenetic and diagenetic imprints.

– When attributed to residual OM, the trace-element
content of OM is, for most elements, higher than in
planktonic debris.

– Trace-element records of V, Ni, Cu, Zn, Se, Mo, Cd,
Re and U co-vary positively with OC, while
negatively for Mn and Co. Their down-core profiles
mostly display the highest amplitudes during periods
of high insolation; more frequent smaller oscillations
represent the dynamic character of the intensity and
extent of the OMZ during the last 200 kyr.

– An expansion of the OMZ to, at least, the depth of
station 464 (1500m) relative to the current depth of the
intense OMZ (∼1150 m) is deduced from differences
in Re⁎⁎, Mo⁎⁎, and Re⁎⁎/Mo⁎⁎ between cores 463
and 464 only for the interval from 155 to 135 ka.
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Appendix A. Use of normalization by Al content

The algebraic expression describing the relation
between a normalized element concentration X andOM is

X
Al

� �
tot

¼ aXcl þ bXsi þ cXca þ dXOM þ eXhy

Al
ðA:1Þ

where the italicized symbols represent element contents in
total sediment (tot), clays (cl), quartz+biogenic silica (si),
carbonates (ca), organic matter (om) and hydrogenous or
authigenic phases (hy), and a to e are the fractions of these
sedimentary phases.

When the contributions by the detrital and marine
fractions are considered separately, Eq. (A.1) can be recast
into

X
Al

� �
tot

c
Xterrigenous

Al

þ boX o
si þ cXca þ ðd=f ÞXOC þ eXhy

Al

ðA:2Þ

where bo represents the fraction and Xo the trace element
content of biogenic silica, and f is the conversion factor of
the trace element content in OM into the content based on
OC(f=2.8 when the Redfield ratio is adopted).

When Xsi
0, Xca, and e are negligibly small, a plot of (X/

Al)tot versusOC (=d/f ) orOC/Al intersects the ordinate at
the value of Xterrigenous/Al. Subtraction of the Xterrigenous/Al
values (Table 2) from the actual ratios can be used to
estimate the contributions of marine components to the
trace element content (X ⁎). Eq. (A.1) can be recast as

X⁎

Al
¼ X

Al

� �
total

−
Xterrigenous

Al

¼ b0X 0
si þ cXca

Al
þ dXOM þ eXhy

Al

ðA:3Þ

When b0 and(or) Xsi
0 and Xca are negligibly small, Eq.

(A.3) can be simplified:

X⁎

Al
¼ XOM � d

Al
þ Xhy � e

Al
ðA:4Þ

or, multiplying each term with the concomitant Al for
each sample,

X⁎ ¼ dXOM þ eXhy ðA:5Þ
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Owing to the way in which X ⁎/Al was derived (Eq.
(A.3)), a scattergram of X ⁎ versus OC has its intersect
with the origin. Since the hydrogenous enrichment of
trace element X by diffusion across the water–sediment
interface and immobilization in the sediment is a function
of the OM content, the best-fit linear slope in the
scattergram as well as the scatter of the data points
around this slope depend on the contributions by both
terms on the right-hand-side of Eqs. (A.4) and (A.5).

Finally, hydrogenous enrichment can be calculated from

eXhy ¼ X⁎−dXOM ðA6Þ
where reference values for plankton are adopted for XOM.
Appendix B. Supplementary data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/j.
margeo.2006.05.013.
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