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Abstract

The accumulation of extraterrestrial 3He, a tracer for interplanetary dust particles (IDPs), in sediments from the
Ontong Java Plateau (OJP; western equatorial Pacific Ocean) has been shown previously to exhibit a regular cyclicity
during the late Pleistocene, with a period of ~100 ka. Those results have been interpreted to reflect periodic
variability in the global accretion of IDPs that, in turn, has been linked to changes in the inclination of Earth’s orbit
with respect to the invariable plane of the solar system. Here we show that the accumulation in OJP sediments of
authigenic 2*°Th, produced by radioactive decay of 2>*U in seawater, exhibits a 100-ka cyclicity similar in phase and
amplitude to that evident in the 3He record. We interpret the similar patterns of 2Th and *He accumulation to
reflect a common origin within the ocean—climate system. Comparing spatial and temporal patterns of sediment
accumulation against regional patterns of biological productivity and against the well-established pattern of CaCO;
dissolution in the deep Pacific Ocean leads to the further conclusion that a common 100-ka cycle in accumulation of
biogenic, authigenic and extraterrestrial constituents in OJP sediments reflects the influence of climate-related changes
in sediment focusing, rather than changes in the rate of production or supply of sedimentary constituents.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cycles of climate variability to subtle variations in

Earth’s orbit has gained widespread acceptance

The Milankovitch hypothesis that links regular among paleoclimatologists [1-4]. A perplexing

weakness of this theory, however, is that the forc-

ing associated with the 100-ka eccentricity cycle in

Earth’s orbit seems to be too weak to account for

; v the 100-ka cyclicity in global ice volume that has

ment of Earth, Atmospheric, a‘nd Planetary Sciences, E34-172, dominated late-Pleistocene climate [5,6]. Muller
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ice volume is linked to changes in the inclination
of Earth’s orbit relative to the solar system invar-
iable plane. One proposed consequence of this
mechanism is that the flux of extraterrestrial ma-
terial reaching the Earth would also vary with a
100-ka periodicity [9,10], allowing the hypothesis
to be tested by reconstructing the flux of inter-
planetary dust particles (IDPs) over a period of
sufficient duration to detect 100-ka cycles. A con-
venient geochemical proxy for IDPs is *He, which
is present at high concentrations in these particles
[11]. If the 100-ka cycle in inclination of Earth’s
orbit creates significant variability in the accretion
of extraterrestrial material, then this should be
apparent in records of extraterrestrial He accu-
mulation in marine sediments.

Approximately 30000 tons of IDPs are depos-
ited at the Earth’s surface every year [11]. Only
about 1% (or those IDPs <30 um) of the total
IDP flux to Earth retains its solar wind-implanted
He signature and it is this *He that serves as a
proxy for past changes in IDP accretion [12]. The
average size of these *He retentive IDPs has been
estimated to be ~ 10 um or less. In deep-sea sedi-
ments, the extraterrestrial source dominates the
total supply of *He. Corrections for the small
contribution of 3He from terrigenous sources
can be made using appropriate values for the ter-
rigenous *He/*He ratio together with the mea-
sured *He and “He concentrations [13,14].

Following this approach, Farley and Patterson
[13] reported a 100-ka cycle in the accumulation
rate of extraterrestrial *He in North Atlantic sedi-
ments (Site ODP607) during the interval between
250 and 450 ka. Later, Patterson and Farley [15]
found evidence for a 100-ka cycle in *He accumu-
lation over the past 700 ka in sediments from the
Ontong Java Plateau (OJP; Site ODP806) in the
western equatorial Pacific Ocean. While the exis-
tence of a 100-ka cycle in *He accumulation ap-
peared to support Muller’s hypothesis ([7,8]; see
above), some important concerns have been iden-
tified.

For example, Marcantonio et al. [16-18] found
100-ka cycles in IDP accumulation during the
past 200-300 ka in four cores from the central
equatorial Pacific Ocean. These cycles were elim-
inated when 3He accumulation was re-evaluated

by normalizing to >**Th [16,17], leading Marcan-
tonio et al. to postulate that these features re-
sulted from climate-related changes in sediment
focusing (i.e. the focused deposition of sediment
transported laterally by deep-sea currents), rather
than from changes in the supply of IDPs from
space. Subsequently, the study of 12 additional
deep-sea cores from a variety of different sedimen-
tary environments in the Atlantic, Pacific, and
Indian oceans found no evidence for 100-ka cycles
in 2Th-normalized rates of 3He accumulation
over the past 300 ka [19].

Here, we re-examine the record of *He accumu-
lation in OJP sediments by comparing concentra-
tions and accumulation rates of *He to those
of initial (decay-corrected) unsupported >*°Th
(xs>**Th(0)). Accumulation of xs*°Th(o) exhibits
a 100-ka cycle nearly identical in phase and am-
plitude to that observed for *He, suggesting that
the origin of these 100-ka cycles is internal to the
ocean—climate system rather than involving
changes in delivery of IDPs from space. The pat-
tern of xs**°Th(o) accumulation is diagnostic of
climate-related changes in sediment redistribution,
which must have influenced the accumulation of
IDPs as well.

2. Study area

The OJP has been an area of extensive pale-
oceanographic research. Because the plateau rises
to depths as shallow as ~ 1500 m, CaCO; pres-
ervation there is better than throughout most of
the deep Pacific Ocean. Consequently, sediments
from the OJP have been studied extensively to
reconstruct changes in ocean chemistry, produc-
tivity, and hydrography throughout the late Qua-
ternary [20-24].

A study of Holocene OJP sediments by Broeck-
er et al. [25] provides evidence for higher accumu-
lation rates of carbonate and clays at the equator
than off the equator. Subsequently, by measuring
xs?*°Th(o) and Al/Ti ratios in surface sediments at
some of the sites studied by Broecker et al., Hig-
gins et al. [26] concluded that sediment is focused
into a narrow belt along the equatorial region of
the OJP. Those results further indicated that the



S.M. Higgins et al. | Earth and Planetary Science Letters 203 (2002) 383-397 385

LATITUDE
=
I

2°st

RC17-177% |, &

ODP806

vOntc‘j:ng JavaPlateau - -

#

RNDB-74P

1 1 1 1 1 1 1 1 1 1 1 | 1 1 1
152°E 154°E 156°E 158°E 160°E 162°E 164°E

LONGITUDE

Fig. 1. Map of the Ontong Java Plateau showing locations where cores discussed in this paper were recovered. Isobaths at

2000 m, 2500 m and 3000 m are also shown.

detrital and biogenic fractions of the sediments, as
well as the xs?**Th(o) derived from water column,
have all been focused without detectable fraction-
ation among the sedimentary constituents. On a
longer timescale, Schwarz et al. [27] concluded
that climate-related changes in sediment focusing
have influenced the pattern of deposition on the
OJP over the past ~200 ka.

To determine if the pattern of sediment focus-
ing observed in Holocene sediments extends into
the past on a regional scale, and to establish
whether climate-related changes in sediment re-
distribution may have influenced the accumula-
tion rates of *He and of other sedimentary con-
stituents, two deep-sea cores were chosen for
xs>°Th(o) profiling on the OJP: Site ODP806
(0°19'N, 159°E) and RC17-177 (1°45'N, 159°E;
Fig. 1). These cores were recovered from approx-
imately the same water depth (2.5-2.6 km). Both
of these cores have detailed oxygen isotope strat-
igraphies for the last ~ 250 ka and they have also
been examined in detail to determine climate-

related changes in sediment composition and in
CaCOj; dissolution [20,22,24].

3. Methods
3.1. Uranium/thorium analyses

Concentrations of thorium and uranium iso-
topes were measured in 1-g aliquots of bulk
sediment. The samples were analyzed at L-DEO
by isotope-dilution inductively coupled plasma
mass spectrometry (VG PlasmaQuad2 ICP-MS).
Details of the chemical dissolution and separa-
tion methods, along with spike information, are
provided in Higgins [19]. Initial excess **Th
(xs?°Th(0)) activities were calculated by decay-
correcting xs?*°Th using an independent chronol-
ogy derived from the oxygen isotope stratigraphy
of each core [22,28]. Total (measured) 2*Th
activities were also corrected for both detrital
20Th and 2°Th ingrowth from authigenic ura-
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nium (~0.2 dpm g !). Detrital corrections (~ 0.1
dpm g™!) were made using measured >>Th con-
centrations and the known **Th/>Th ratio in
average shale [29]. These corrections are quite
small and affect the final 2°Th values by < 2%,
so add negligible uncertainty to our overall recon-
struction of xs?°Th accumulation. Analytical un-
certainties for xs>*°Th(o) activities are less than
* 3%.

Approximately 25 discrete samples each were
collected from cores ODP806 and RC17-177 to
provide 7-10-ka resolution over the past 200 ka.
At site RC17-177, the 880 age based model was
taken from Le and Shackleton [22]. For ODP806,
the samples were taken from Hole C, as samples
from Hole B, used by Patterson and Farley, were
no longer available in this portion of the core.
The composite depth scale of Lyle et al. [30] al-
lowed mapping of these samples back onto the
depth scale of Hole B. However, little modifica-
tion of the depth scale was necessary in these
upper few meters of the record.

In addition, we measured xs*°Th(o) in 10 sam-
ples from Site ODP806 Hole B covering the last
240 ka. K. Farley provided these samples as ali-
quots from the material used in the analysis of
helium isotopes by Patterson and Farley [15]. Un-
like the discrete samples described above, these
samples were originally collected as homogenized
composite samples, varying between 40 and 80 cm
in length. These depth intervals were chosen
to provide ~25-ka (range 18-29 ka) coverage
each, and generate an ‘average’ value for each
interval. An average age was assigned to each of
these samples at the approximate midpoint of
each interval based on the orbitally tuned §'%O
age model of Berger et al. [15,28]. This model
uses a template derived from a simple ice volume
model and the primary Milankovitch frequencies.
The only control points were known paleomag-
netic and biostratigraphic datums over the last
2 Myr. Unlike RC17-177, this ‘quasi-continuous’
age model was not tuned to other records but to
an orbital template model where sedimentation
rates could be derived. These sedimentation rates
averaged between 1.8 and 2.8 cm/ka throughout
the record. Analytical uncertainties for *He anal-
yses are ~ 2% and the average sample reproduc-

ibility for replicate He measurements was esti-
mated at £15 to 18% [15].

3.2. Excess thorium-derived mass accumulation
rates

One strategy to correct for sediment redistribu-
tion when evaluating sediment mass accumulation
rates (MAR) is to exploit the known rate of sup-
ply of 2°Th. The excess 2*Th-profiling method is
based on the assumption that the regionally aver-
aged rain rate of particulate 2°Th sinking to the
seafloor (Fry) is equivalent to the known rate of
20Th production by 2*U decay in the overlying
water column (Pry) [31]. This is a reasonable as-
sumption in that *°Th is very particle reactive
and, thus, has a short residence time (= ~40
years) in the water column [32]. Furthermore,
this assumption has received substantial support
from recent studies in which fluxes of particulate
20Th have been evaluated using sediment traps
[33,34]. Indeed, Fp, is estimated to be within
30% of Ptn over ~70% of the seafloor [35]. Be-
cause the residence time of dissolved U in the
oceans is long (~400 ka; [36]), the production
rate of 2*Th in seawater has remained virtually
constant over the past few 10° years.

Consequently, the rain rates of any sedimentary
component may be deduced as F; = CyF,,, or as:

. C,-'ﬂ-z
Fi= o0 Tho) m

where F; is the flux of a given component ’; Cj is
the concentration of i’ in a given sediment sam-
ple; Bz=Pr,, where B=2.6X10"° dpm cm 3
ka~! and z is depth of the water column in cm.

3.3. Focusing factors

Suman and Bacon [37] introduced the concept
of a focusing factor () to quantitatively describe
the effect of lateral sediment redistribution on the
measured accumulation rate of 2*Th in sedi-
ments. The sediment-focusing factor is defined as:

I/ [xs>**Th(o)]py-dr

T =
Prn(ti—12)

: (2)
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Fig. 2. (A) Concentrations of initial unsupported 2°Th plotted against age for RC17-177 and ODP806 (Hole C), determined by
analyzing discrete samples, and for ODP806B, determined by analyzing homogenized composite samples covering intervals of 40—
80 c¢cm in length. The composite samples correspond to those analyzed for *He. (B) Concentrations of extraterrestrial >He in
ODP806B determined by analyzing homogenized composite samples covering intervals of 40-80 cm in length. *He results from

Patterson and Farley [15].

where r; is the depth at interval i in the core, ¢; is
the age at depth i, [xs***Th(o)] is the concentra-
tion of xs**Th(o) in the sediment, Py, is the pro-
duction rate of 2**Th in the water column above
the core site, and py is the bulk dry density of the
sediment. A value of ¥>1 indicates sediment fo-
cusing to the site, whereas ¥'<< 1 indicates net loss
of sediment (winnowing) from the site. Evaluating
¥ provides a direct measure of climate-related
changes in sediment redistribution by deep-sea
currents. As can be seen in Eq. 2, errors in the
sediment chronology propagate to errors in 7.

4. Results and discussion

The down-core pattern of xs>**Th(o) concen-
tration in sediments from ODPS806 is similar to
that obtained from RC17-177 (Fig. 2a; Tables 1
and 2). However, the composite samples from
ODPS806B used previously for *He measurements
[15] show a potential sampling bias in the upper
portion of the record where the higher-resolution
data from spot sampling ODP806C clearly docu-
ment an interval (~ 30-60 ka) of lower xs>*°Th(o)
concentration (Fig. 2a). The remainder of the
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Table 1

Radioisotopic data for ODP806C

Depth Age? 20T 1 S.D. 22Th 1 S.D. B8y 1 S.D. xs20Th(o) 1 S.D.
(cm) (kyr) (dpm g) (dpm g) (dpm g)

30 12 4.50 0.10 0.052 0.003 0.200 0.01 4.96 0.17
48 19 5.14 0.11 0.205 0.010 0.214 0.03 5.93 0.21
55 23 4.46 0.04 0.171 0.007 0.172 0.01 5.35 0.15
55 23 4.20 0.23 0.193 0.008 0.209 0.01 5.01 0.22
77 32 2.62 0.04 0.194 0.008 0.156 0.01 3.66 0.13
100 40 3.27 0.01 0.154 0.006 0.306 0.02 4.47 0.11
120 50 2.73 0.05 0.137 0.005 0.614 0.03 3.83 0.13
162 72 2.28 0.02 0.115 0.007 0.209 0.01 4.14 0.14
180 80 3.16 0.06 0.142 0.006 0.153 0.01 6.32 0.22
192 87 2.58 0.04 0.154 0.006 0.447 0.02 5.05 0.18
205 94 225 0.02 0.126 0.005 0.227 0.02 4.94 0.12
227 103 2.24 0.06 0.152 0.006 0.219 0.01 5.33 0.19
240 110 2.02 0.06 0.113 0.010 0.285 0.01 4.94 0.17
250 115 2.06 0.03 0.119 0.005 0.305 0.02 5.23 0.21
270 126 1.88 0.03 0.164 0.007 0.487 0.02 4.74 0.17
281 139 1.71 0.04 0.166 0.007 0.653 0.03 4.18 0.19
298 148 1.51 0.08 0.144 0.006 0.10 0.03 3.85 0.13
311 155 1.76 0.04 0.222 0.009 1.002 0.05 3.73 0.18
329 164 1.57 0.03 0.168 0.007 1.006 0.06 3.09 0.11
348 173 3.03 0.03 0.124 0.005 2.373 0.12 4.57 0.16
355 177 2.03 0.03 0.211 0.011 0.571 0.03 3.53 0.12
370 184 0.86 0.01 0.139 0.006 0.256 0.01 3.36 0.09
372 185 1.36 0.03 0.195 0.009 0.697 0.03 3.94 0.14
385 190 0.92 0.02 0.142 0.006 0.341 0.02 3.44 0.12
390 193 0.94 0.02 0.133 0.005 0.317 0.02 3.79 0.13
400 197 0.77 0.03 0.106 0.004 0.240 0.01 3.34 0.08
400 197 0.88 0.03 0.106 0.006 0.427 0.02 2.98 0.16
415 202 0.85 0.02 0.145 0.006 0.460 0.02 2.70 0.12
420 205 0.88 0.01 0.133 0.005 0.356 0.02 3.60 0.21

4 Chronology is taken from Berger et al. [28]. Mapping of depths between Site ODP806 Holes B and C is taken from Lyle et al.
[30]. but little modification was required in the upper 4 m of the section. These discrete samples were collected over ~4-cm inter-
vals. Depths shown mark midpoint of the sampled intervals.

Table 2

xs2°Th and *He data for ODP806B

Samples Average depth  Average age >He? 28y 22Th 20Th xs23Th(o)

(cm) (ka) (pcc STP 1 S.D. (dpm 1 S.D. (dpm 1 S.D. (dpm 1 S.D. (dpm 1 S.D.
g™h gh g g gh

Cycle 1 (9-51 c¢cm) 30 14 0.49 0.08 0.16 0.003 0.12 0.002 4.70 0.141 524 0.14
Cycle 2 (51-101 cm) 75 36 0.51 0.08 0.15 0.003 0.15 0.003 3.88 0.128 5.14 0.21
Cycle 3 (101-161 cm) 130 63 0.40 0.07 036 0.007 0.15 0.007 3.08 0.092 5.08 0.18
Cycle 4 (161-211 cm) 185 89 0.43 0.07 0.32 0.006 0.13 0.003 2.51 0.075 5.19 0.23
Cycle 5 (211-260 cm) 235 114 0.47 0.08 0.20 0.004 0.12 0.002 2.10 0.042 5.50 0.19
Cycle 6 (260-311 cm) 285 139 0.31 0.05 0.38 0.008 0.14 0.004 1.70 0.102 4.94 0.17
Cycle 7 (311-361 cm) 335 164 0.31 0.05 096 0.023 0.15 0.003 2.23 0.067 3.75 0.13
Cycle 8 (361-416 cm) 387 189 0.32 0.05 0.66 0.013 0.16 0.003 1.44 0.043 4.75 0.11
Cycle 9 (416471 cm) 443 214 0.51 0.08 029 0.011 0.12 0.006 0.89 0.035 4.41 0.15
Cycle 10 (471-520 cm) 495 238 0.41 0.07 031 0.006 0.12 0.007 0.76 0.038 4.12 0.22

2 3He data, average ages, and depths from Patterson and Farley [15]
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Fig. 3. Accumulation rates of initial unsupported >**Th (discrete samples from Hole C) and 3He (composite samples from Hole
B) at ODP806. Accumulation rates of 2°Th and *He were calculated by multiplying measured concentrations by bulk sediment
MARs (Fig. 4), which, in turn, were derived using the '®O-based age model and measured in situ densities. Marine isotope stages
(MISs) are indicated along the age axis.

Table 3

Radioisotope data for RC17-177

Depth Age 22Th 1 S.D. 238U 1 S.D. 230Th 1 S.D. xs20Th(o) 1 S.D.
(cm) (ka) (dpm g1 (dpm g1 (dpm g™") (dpm g™")

5 4 0.10 0.004 0.21 0.004 432 0.01 441 0.12
14 10 0.12 0.004 0.21 0.004 420 0.06 4.50 0.17
26 17 0.15 0.006 0.15 0.003 432 0.08 4.92 0.20
37 20 0.20 0.007 0.15 0.006 3.99 0.03 4.62 0.18
53 24.5 0.12 0.003 0.23 0.005 3.17 0.09 3.82 0.15
65 39 0.15 0.006 0.25 0.005 278 0.02 3.77 0.08
77 55 0.11 0.004 0.19 0.004 2.33 0.06 3.65 0.15
85 57 0.14 0.004 0.22 0.004 2.10 0.01 3.28 0.13
95 67 0.16 0.007 0.24 0.005 227 0.09 3.88 0.16
104 73 0.10 0.003 0.22 0.004 1.89 0.01 3.40 0.10
114 83 0.12 0.004 0.22 0.004 1.94 0.03 3.82 0.15
124 93 0.14 0.003 0.17 0.003 2.21 0.05 4.88 0.20
133 97 0.09 0.005 0.19 0.004 2.02 0.14 4.58 0.18
143 107 0.14 0.004 0.13 0.002 2.12 0.24 5.35 0.21
153 114 0.10 0.003 0.16 0.003 1.95 0.05 5.19 0.21
162 119 0.10 0.004 0.17 0.004 2.07 0.07 5.78 0.23
173 124 0.10 0.003 0.11 0.002 1.53 0.01 4.48 0.18
184 137 0.15 0.006 0.17 0.003 1.35 0.04 423 0.18
195 150 0.12 0.003 0.15 0.003 1.08 0.05 3.78 0.15
203 155 0.19 0.005 0.09 0.002 1.05 0.01 3.97 0.16
213 162 0.13 0.004 0.18 0.004 0.84 0.02 3.00 0.12
223 178 0.14 0.006 0.18 0.002 0.81 0.09 4.66 0.19
234 183 0.13 0.004 0.20 0.004 0.78 0.06 4.89 0.20

Chronology from Le and Shackleton [22].
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xs?%Th record from ODP806B agrees well with
the other ODP806 data. The down-core pattern
of 3He concentration in sediments from ODP806B
(Fig. 2b; results from [15]) is similar to that of
xs***Th(o) (Fig. 2a).

4.1. Nature and origin of the 100-ka cycle in > He
accumulation

Accumulation rates of extraterrestrial 3He at
the location of ODP806 (Fig. 3) were evaluated
by multiplying *He concentrations (Fig. 2b) by
bulk sediment MAR estimates (Fig. 4) of Berger
et al. [28]. The pattern of *He accumulation over
the last 240 ka (Fig. 3) is representative of the
longer records of Patterson and Farley [15] in
that maximum 3He accumulation rates occur dur-
ing interglacial intervals and are, on average, 1.5-
2 times greater than glacial values. Patterson and
Farley [15] interpreted this pattern to reflect a
100-ka cycle in the accretion of IDPs.

Accumulation of xs>**Th(o) at the site of
ODP806 also exhibits a 100-ka cycle in which
the phase and amplitude are indistinguishable
from those in the 3He record (Fig. 3). A similar

100-ka cycle of »*°Th accumulation was reported
by Schwarz et al. [27] following the study of core
RNDB-74P, recovered from a site near that of
ODP806 (Fig. 1). The similar characteristics of
the 2Th and *He records suggest that the 100-
ka cycles apparent in each have a common source.

The amplitude (approximately a factor of 2) of
the ~100-ka cycle in 2*Th accumulation (Fig. 3)
cannot be explained either by changes in its rate
of production or by variability in the intensity of
its scavenging by particles (see above). Therefore,
we are left with two plausible interpretations of
the 100-ka cycle in 2°Th accumulation: (1) Sys-
tematic errors in the chronology of the ODP806
record create an artificial 100-ka cycle (i.e. sedi-
ment MARs are biased by ascribing too much
time to the glacial portion of each record and
too little time to the interglacial portions); or
(2) Sediment focusing leads to quasi-100-ka cycles
in sediment deposition at this site. Whichever ex-
planation is correct, the factor or process respon-
sible for the 100-ka cycle in **Th accumulation
must apply to 3He as well. This means that the
100-ka cycle in the *He accumulation rate results
either from an artifact in the inferred chronology,
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or from sediment focusing, but cannot be ascribed
to regular changes in the supply of IDPs from
space.

4.2. Evidence for sediment redistribution

Accumulation rates of *Th provide a robust
indicator of sediment redistribution. The inte-
grated rate of production of 2°Th in the water
column depends only on water depth. The depths
of ODP806 and RNDB-74P on the equator
(2521 m and 2547 m, respectively) are nearly the
same as that at the site of RC17-177 at ~2°N
(2605 m). At this depth, the production rate of
20Th is ~6.7 dpm cm™2 ka~!. Because the flux
of particulate 2°Th from the water column nearly
everywhere is close to its integrated production
rate (see above), the accumulation rate of 2°Th

in sediments at these sites is expected to be ~6.7
dpm cm™2 ka™ .

Accumulation rates of Z°Th in these cores,
evaluated by multiplying xs>*°Th(o) by the bulk
sediment MAR, depart substantially from the ex-
pected value. Expressed in terms of the focusing
factor (Eq. 2), ¥ varies between ~ 1 during gla-
cials to as much as 2 during interglacials at the
sites on the equator (Fig. 5). At 2°N, the pattern
is more variable, but ¥is generally <1 and often
as low as ~0.5 (Fig. 5). Because departures of the
230Th accumulation rate by as much as a factor of
two from its production rate cannot be attributed
to changes in production or scavenging of 2*°Th,
these features are most reasonably ascribed to
sediment redistribution.

While the 100-ka cycles in 2**Th MAR may still
be attributed to systematic errors in the interpre-
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Fig. 6. Sediment MARs calculated by normalizing to 2*Th (Eq. 1) for cores RC17-177 (1°45'N) and ODP806 (equator). Marine

isotope stage boundaries are shown along the age axis.

tation of the 8'O stratigraphy, the overall net
gain of sediment at the equator and net loss at
2°N is a robust conclusion that is reached without
relying on the detailed age model of any core. The
boundary between Marine isotope stage (MIS) 7
and MIS6 is clearly distinguished in the 8'%0 rec-
ord of each core. Consequently, the relative un-
certainty in the age assigned to the MIS7/MIS6
boundary is small compared to its absolute age,
thereby allowing precise evaluation of the ex-
pected inventory of xs**°Th(o) integrated from
the core top down to this boundary. Compared
to the expected inventory, we find a deficit of
~30% at 2°N, and an excess of ~35% at the
equator (ODP806). To account for these imbalan-
ces between production and accumulation of
20T, there must have been a net loss of sediment
at 2°N and a net gain of sediment at the equator
due to sediment redistribution over the past
~ 185 ka.

4.3. Comparison to regional productivity patterns
Comparing sediment MARs to regional pat-

terns of primary production provides further
evidence for sediment redistribution. Sediment

MARs derived using 8'®0 age models are, on
average, much lower at 2°N than at the equator
(Fig. 4). When sediment MARs are corrected for
sediment focusing by normalizing to xs>°Th(o)
(Eq. 1), however, the resulting xs>**Th(o)-normal-
ized MARs at the equator are indistinguishable
from those at 2°N (Fig. 6).

Unlike the central and eastern equatorial Pacif-
ic Ocean, where equatorial upwelling creates
strong maxima in biological productivity and in
sediment accumulation at the equator [38], the
absence of strong upwelling over the OJP results
in little meridional variability in primary produc-
tivity between 5°N and 5°S [39]. Given that OJP
sediments are > 90% biogenic, the spatial pattern
of sediment MAR is expected to reflect the
regional pattern of primary production. Conse-
quently, the sediment MARs calculated by nor-
malizing to xs>°Th(o) (i.e. corrected for sedi-
ment focusing), which show little difference be-
tween the equator and 2°N (Fig. 6), are more
consistent with regional productivity patterns
than are MARs derived from the §'%0 age models
(Fig. 4), supporting our hypothesis that the §'80-
derived MARs have been influenced by sediment
redistribution.
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4.4. CaCO; cycles

Comparing the 8'%O-derived MAR records
from the OJP with those expected, considering
the well-established CaCO; dissolution cycles in
the Pacific Ocean, provides further evidence for
sediment focusing. Maximum CaCOj; dissolution
in Pacific sediments occurs during interglacials,
whereas maximum preservation occurs during gla-
cials, although maximum dissolution lags behind
the minimum in global ice volume by roughly 10
ka [40]. Le and Shackleton [22] showed that this
Pacific pattern of CaCOj dissolution is evident in
OJP sediments to water depths as shallow as
~ 1.5 km. Therefore, if other factors were held
constant, then we would expect to find minimum
rates of CaCOj3 accumulation during interglacial
periods.

Before comparing expected patterns of CaCOs;
accumulation with those observed, we first consid-
er the possibility that other factors were not held
constant. The accumulation rate of CaCO; is de-
pendent on its rate of production in surface
waters as well as its rate of dissolution on the
sea floor. While there is no known sedimentary
proxy for CaCOj; production, by measuring the
20Th-normalized rate of excess Ba accumulation
in RNDB-74P, Schwarz et al. [27] showed that the
export flux of organic carbon in the OJP region
has remained relatively constant over the past
~200 ka. Although CaCO;j production need
not scale linearly with organic carbon flux, there
is no reason to expect large variability in CaCOs
production if organic carbon flux has remained
relatively constant. Therefore, the accumulation
rate of CaCO;3; in OJP sediments should reflect
more strongly past changes in preservation of
CaCO; than changes in its rate of production.
Consequently, we expect the pattern of CaCOj;
accumulation in OJP sediments to exhibit minima
during interglacials and maxima during glacial
periods.

Changes in bulk sediment MAR provide a
good representation of changes in CaCOj3 accu-
mulation on the OJP at the depths of the cores
studied here because these sediments have CaCO;
contents generally =90% [20]. In cores recovered
from the equator, sediment MARs derived from

8'30 stratigraphy exhibit maxima during intergla-
cials and minima during glacials (Fig. 4), whereas
the inverse pattern is observed in >**Th-normal-
ized MARs (Fig. 6). The 2Th-normalized MARs
are consistent with the Pacific pattern of CaCOj;
dissolution [22,40], whereas the §'O-derived sedi-
ment MARs are not. Accepting that the §'%O-de-
rived chronologies are reliable at the resolution of
100-ka glacial-interglacial cycles, the anti-phased
relationship between §'80-derived MARs and the
Pacific pattern of CaCOj; dissolution indicates
that the 100-ka cycles in 8'®O-derived MAR
must have been generated by sediment redistribu-
tion. Otherwise, it would be impossible to explain
the observation that maximum sediment MAR
coincides with periods of maximum CaCOj; disso-
lution.

4.5. Processes influencing sediment
redistribution

Although the processes regulating sediment re-
distribution on the OJP remain unknown, a few
important diagnostic patterns provide clues to
guide future research on this question. Records
presented here, covering the past ~200 ka, are
consistent with the results from a much larger
number of OJP cores showing a systematic pat-
tern during the Holocene of enhanced sediment
deposition at the equator compared to sites off
the equator [25]. Preferential deposition of sedi-
ment at the equator has been a consistent feature
of this region for at least the last two complete
glacial cycles, and possibly longer.

Although there is net winnowing and loss of
sediment from the 2°N site (see above), the tem-
poral pattern of 8'80-derived MAR at 2°N is un-
related to that at the equator (Fig. 4), indicating
that the 2°N site has not served as the primary
source of sediment transported to the equator.
Down-slope (Fig. 1) sediment transport processes
may be involved instead.

Whatever the actual physical transport mecha-
nism, it has produced similar 100-ka cycles in the
accumulation rates of excess Ba [27], of xs3Th(o)
and *He (IDPs; Fig. 3), and of bulk sediment
(Fig. 4). The processes regulating the 100-ka
cycles in sediment redistribution must, therefore,
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Fig. 7. Accumulation rates of *He were estimated by three methods. In open squares are accumulation rates derived originally by
Patterson and Farley [15] by multiplying 3He concentrations by '#0-based sediment MARs (Fig. 4). In solid squares are accumu-
lation rates derived by multiplying 3He concentrations by **Th-normalized MARs using 2°Th data from the composite samples
of ODP806B analyzed for *He. In the cross-hatched squares are Th-normalized *He fluxes determined by averaging xs***Th(o)
data in the higher-resolution dataset from ODP806C and binning them into age intervals equivalent to those of the composite

samples of Patterson and Farley [15].

act without composition-dependent fractionation
of sedimentary constituents, a conclusion that is
consistent with the results of earlier studies [29].
Furthermore, periods of maximum sediment fo-
cusing (interglacials) coincide with periods of
maximum CaCQOj; dissolution that is attributable,
at least in part, to changes in deep-water compo-
sition [22]. A similar correlation was found in
central equatorial Pacific sediments [17,18], indi-
cating that sediment focusing and CaCOj; dissolu-
tion must reflect a common response to climate-
related change in deep-sea circulation. Details
concerning the nature and origin of climate-re-
lated changes in deep-water chemistry and circu-
lation remain to be established.

4.6. Fluxes of *He in a global context

Having established that the accumulation of
sediment at the OJP sites is influenced by cli-
mate-related changes in sediment redistribution,
we now re-examine the record of *He accumula-

tion by normalizing to xs***Th(o) to correct for
sediment focusing. Normalizing to xs*°Th(o) re-
duces, and nearly eliminates, the 100-ka cycle in
3He accumulation over the past 240 ka that was
evident in the original ODP806 record obtained
using 8'80-derived sediment MARs (Fig. 7). The
average 2*°Th-normalized *He flux is 0.60 £ 0.11 X
10712 cm?® STP cm ™2 ka~!, which compares favor-
ably with the corresponding average 2**Th-nor-
malized *He flux to central equatorial Pacific sedi-
ments (0.78£0.20x 107> cm?® STP ecm™2 ka™!)
reported by Marcantonio et al. [17,18], with the
global average Holocene ***Th-normalized *He
flux (0.77 £ 0.2) compiled from 17 sites by Higgins
[19], and with *He fluxes from ice cores in Green-
land and Antarctica (Greenland: 0.62£27; Vos-
tok: 0.77£0.25; [41]). These results indicate that
the accretion of IDPs is relatively uniform glob-
ally. Furthermore, in none of the records with
duration > 100 ka has there been found a 100-ka
cycle in 2°Th-normalized *He flux [19]. Therefore,
we conclude that the 100-ka cycle in *He accumu-
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lation described in previous studies [13,15] reflects
climate-related changes in sediment redistribution
rather than cyclical changes in IDP accretion.

5. Summary

Sediment accumulation rates on the OJP de-
rived using 880 stratigraphies reveal ~ 100-ka
cycles with maximum mass (primarily CaCOs3) ac-
cumulation occurring during interglacial periods.
Driven by the bulk sediment mass accumulation
record, similar 100-ka cycles in accumulation of
3He, 29Th, and excess Ba are derived as well.
Several lines of reasoning suggest that this tempo-
ral pattern of sediment accumulation reflects cli-
mate-related changes in sediment redistribution
rather than changes in the supply of bulk sedi-
ment or of the individual constituents. The accu-
mulation rate of 2°Th in these sediments deviates
from its production rate in the overlying water
column by more than can be ascribed to variabil-
ity in scavenging intensity, indicating that sedi-
ment redistribution has influenced the accumula-
tion of 2Th. Co-variability in the supply of
extraterrestrial He, authigenic °Th, and biogen-
ic xsBa is not expected a priori. The observed 100-
ka cycle in the accumulation of these constituents
is more readily explained in terms of variable sedi-
ment redistribution superimposed on a relatively
constant supply of each tracer than by the un-
likely coincidence that the supply of each of these
tracers, which have very different sources, has co-
varied through time.

The average focusing-corrected (>**Th-normal-
ized) flux of *He to OJP sediments over the past
240 ka is 0.60+0.11 X 1072 ¢cm® STP ecm™2 ka™!,
which is similar to fluxes determined for other
regions in marine sediments and in polar ice
cores. Normalizing to xs>*Th(o) eliminates the
apparent 100-ka cycle in *He accumulation in
OJP sediments, as it does at other sites where
this strategy has been applied. Consequently, we
conclude that the accretion of IDPs has remained
relatively constant (within analytical uncertainty)
and has not varied detectably over the past ~ 240
ka. These results fail to support the hypothesis
linking the 100-ka cycle of ice ages to changes

in the angle of Earth’s orbital inclination, but
they hold promise for the use of *He as a con-
stant-flux proxy for paleoceanographic studies.
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