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Abstract. Accumulation rates of *He (from cosmic dust), 2*°Th (produced in the water column),
barite (produced in the water column during decay of organic matter), and Fe and Ti (arriving with
wind-borne dust) all are positively correlated in an equatorial Pacific core (TT013-PC72; 01.1°N,
139.4°W; water depth 4298 m). These accumulation rates are also positively correlated with the
accumulation rates of noncarbonate material. They are not significantly correlated to the mass
accumulation rate of carbonate, which makes up the bulk of the sediment. The fluctuations in
accumulation rates of these various components from different sources thus must result from
variations in some process within the oceans and not from variations in their original sources.
Sediment focusing by oceanic bottom currents has been proposed as this process [Marcantonio et
al., 1996]. We argue that the variations in the accumulation rates of all these components are
dominantly linked to changes in productivity and particle scavenging (*He, **°Th, Fe, Ti) by fresh
phytoplankton detritus (which delivers Ba upon its decay) in the equatorial Pacific upwelling
region. We speculate that as equatorial Pacific productivity is a major component of global oceanic
productivity, its variations over time might be reflected in variations in atmospheric levels of
methanesulfonic acid (an atmospheric reaction product of dimethyl sulfide, which is produced by
oceanic phytoplankton) and recorded in Antarctic ice cores.

1. Introduction

The eastern equatorial Pacific Ocean has been speculated to
have a major influence on global climate [e.g., Cane, 1998].
New productivity in that region is an important component of
global oceanic productivity [e.g., Archer and Maier-Reimer,
1994; Shimmield and Jahnke, 1994]. Nutrient- and CO,-rich
waters well up in this region and are the largest natural source
of CO, to the atmosphere because only a small fraction of the
upwelled CO, is recycled biologically [Murray et al., 1994].
Fluctuations in productivity and burial efficiency of the organic
matter in this region on short (annual) and longer (glacial-
interglacial) timescales thus have the potential to have a major
impact on the global carbon cycle [e.g., Hansell et al., 1997].

The sedimentary record of carbonate sedimentation over the
last several glacial cycles in the equatorial Pacific has been
studied for more than 45 years [e.g., Arrhenius, 1952; Hays et
al., 1969; Thompson and Saito, 1974; Shackleton and Opdyke,
1976; Valencia, 1977; Chuey et al., 1987; Farrell and Prell,
1989; Rea et al., 1991; Lyle et al., 1988, 1992], but there is no
agreement on its interpretation [e.g., Wei et al., 1995; LaMon-
tagne et al., 1996]. Specifically, there is no agreement whether
the fluctuations in carbonate percentage and carbonate accumu-
lation rates reflect fluctuations in primary productivity [Archer,
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1991], in dissolution [Farrell and Prell, 1989], or in sediment
focusing by bottom currents [Marcantonio et al., 1996]. If these
fluctuations are driven by dissolution, there is no agreement on
the question whether the fluctuations in dissolution are caused
mainly by changes in deep-water corrosiveness, thus in deep-
water circulation patterns [Farrell and Prell, 1989], or by
changes in supply of organic carbon (thus productivity) [e.g.,
Archer, 1991; Hagelberg et al., 1995].

If productivity fluctuations, such as the productivity increase
by a factor of 2 postulated to have occurred during the last
glacial at low latitudes [e.g., Pedersen, 1983; Herguera and
Berger, 1991; Murray et al., 1993; Paytan et al., 1996], caused
the carbonate fluctuations, we do not know what caused the
changes in productivity. Different authors have invoked in-
creased rates of upwelling [e.g., Berger and Wefer, 1991],
increased rates of supply of limiting micronutrients such as
iron [Coale et al., 1996], or more complex processes involving
nitrate utilization [Farrell et al., 1995; Falkowski, 1997]. 1t is
not clear whether any proxy (e.g., concentrations or mass
accumulation rates of barite, opal, organic carbon, CaCO;, or
Al/Ti) reliably mirrors long-term productivity or at least deliv-
ery of organically produced material to the seafloor [e.g.,
McCorkle et al., 1994; Pisias et al., 1995], although primary
production and particulate organic flux presently are well
correlated in the equatorial Pacific [e.g., Betzer et al., 1984;
Smith et al., 1997].

We evaluate published data on an equatorial Pacific core
and suggest a mechanism (marine productivity and particle
scavenging) by which all these different data sets can be
explained in an internally consistent manner. We add a
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Table 1. Age Model of Core TT013-PC72°

Isotope Boundary Age, Depth in
Event of Stages kyr® PC72, cm
2.0 172 12 35-40
3.0 2/3 24 75-80
4.0 3/4 59 135-140
5.0 4/5 71 165-170
6.0 5/6 128 235-240
7.0 6/7 186 368-373
8.0 7/8 245 448-453
9.0 8/9 303 543-548
10.0 9/10 339 604-609
11.0 10/11 362 638—644
12.0 11/12 423 742-747

? From Murray et al. [1995] and Marcantonio et al. [1996].
® Age (kyr) after Imbrie et al. [1984], names of isotope events and stage
boundaries as listed by Prell et al. [1986].

speculation over possible teleconnections between equatorial
Pacific productivity and deposition of methanesulfonic acid
(MSA) in the Antarctic ice cap.
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Figure 1a. Core TT013-PC72. Age model derived from

correlation of benthic oxygen isotope data [Marcantonio et
al., 1996; A. Mix, personal communication, 1997] to the
SPECMAP stack [Imbrie et al., 1984]; gray bars indicate glacial
isotope stages 2 through 12. Accumulation rate of carbonate
[Murray et al., 1995].

2. Data Compared

Core TT013-PC72 (140°W, 0.1°N; water depth 4298 m) was
recovered as part of the equatorial Pacific Joint Global Ocean
Flux Studies (JGOFS). An age model for its sediments was
derived from §'%0 analysis of the benthic foraminifer Cibici-
doides wuellerstorfi and correlation to the SPECMAP stack
[Murray et al., 1995; Marcantonio et al., 1996; A. Mix,
personal communication, 1997]. The benthic foraminiferal oxy-
gen isotope record for core TT013-PC72 closely resembles the
SPECMAP stacked record, with many of the subevents well
represented. The depth of the stage boundaries is close to these
in the late Quaternary reference section [Prell et al., 1986]
(Table 1). Numerical ages of the samples and accumulation
rates can thus be estimated with confidence within the SPEC-
MAP age model.

There is a strong positive correlation between accumulation
rates of Fe and Ti (wind-borne dust), *°Th (produced in the
water column by radio-isotopic decay), *He (carried by inter-
planetary dust particles), and barite (produced by decay in
association with organic matter), as can be seen by comparing
data by Murray et al. [1995], Marcantonio et al. [1995, 1996],
and Paytan et al. [1996] (Figure 1a—j). All these accumulation
rates are significantly and positively correlated to each other.
There is no simple, significant correlation between these
accumulation rates and the oxygen isotopic record of benthic
foraminifera, i.e., between these rates and global ice volume
(Figure 2). The accumulation rates of these sediment compo-
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Figure 1b. Same as Figure la, but for accumulation rate of
noncarbonate [Murray et al., 1995].
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Figure 1c. Same as Figure la, but for oxygen isotope data

(Cibicidoides wuellerstorfi [Marcantonio et al., 1996; A. Mix,
personal communication, 1997]).

nents [Murray et al., 1995] are not significantly correlated to
the accumulation rate of calcium carbonate, which makes up
60-90% of the sediment (Figure 3).

3. Discussion

The positive correlation between accumulation rates of var-
ious components that have different sources indicates that all
these particles (wind-borne, cosmic dust, biogenic) were con-
centrated within the water column and that the fluctuations in
their accumulation rates must have been caused by a common
concentrating process within the oceans. Fluctuations in accu-
mulation rates of Fe, for example, may not be caused directly
by fluctuations in wind-borne dust concentrations (in contrast to
Murray et al. [1995]). Fluctuations in the accumulation rate of
3He are likewise probably not caused by fluctuations in the
influx of cosmic dust (in contrast to Farley and Patterson
[1995]).

We argue that sediment focusing may very well be a factor
but that it cannot explain the correlations by itself alone: if
there had been simple sediment focusing, there should have
been a correlation between the accumulation rate of the non-
carbonate components and that of bulk sediment. There is no
such correlation (Figure 3) because there is no correlation
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between the accumulation rates of these noncarbonate compo-
nents and that of CaCOs, which determines the bulk accumula-
tion rate. It is not probable that size-dependent winnowing only
could have caused the differences in CaCO; and non-CaCOs;
accumulation rates because a large part of the carbonate is
derived from nannoplankton in the same size range as the fine
noncarbonate particles.

Marcantonio et al. [1995] suggested that CaCO; dissolution
caused this lack of correlation, because the peaks of *He and
29Th accumulation occurred at minima in CaCO;% (Figures
la—j and 4). They thus implied that low CaCO;% values are
caused by dissolution. In order to evaluate whether low
carbonate content is caused by dissolution, we need to compare
the CaCO3% data with an index of dissolution, such as the
index for dissolution of planktonic foraminifera [e.g., Berger,
1973; Le and Shackleton, 1992; LaMontagne et al., 1996]. If
we do this for core TT013-PC72, we see that there is no
significant correlation between the CaCO3;% and the mass
accumulation rates of CaCO; and between CaCO3% and
indices of dissolution such as the fragmentation of planktonic
foraminifera (Figure 5).

If we assume an initial sediment composition of 85%
carbonate, 15% noncarbonate (as usually done for equatorial
Pacific sediments from depths of around 4200 m [Pisias and
Prell, 1985]), a change to a carbonate percentage of 60%
(about the lowest value observed) would require dissolution
of ~ 75% of the original carbonate [Dean et al., 1981]. Such
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Figure 1d. Same as Figure 1a, but for accumulation rate of Fe
[Murray et al., 1995].
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[Murray et al., 1995].

severe dissolution does not agree with the observed indices of
dissolution (Figure 5). Decoupling of CaCO;% and dissolution
intensity has been observed in many cores in the equatorial
Pacific [e.g., Luz and Shackleton, 1975; Wei et al., 1995;
LaMontagne et al., 1996].

We argue that the correlation between CaCO; minima and
the excess deposition of *He and **°Th can be seen as an
indirect argument against sediment focusing as a cause of this
excess deposition. The CaCO;% minima have been widely
correlated among many cores in the equatorial Pacific region
le.g., Arrhenius, 1952; Hays et al., 1969; Luz and Shackleton,
1975; Farrell and Prell, 1989]. If these minima are linked to
sediment focusing, the excess deposition resulting from the
focusing must have also occurred throughout the eastern
equatorial Pacific “sediment bulge,” which leaves the place
of origin from where the focused sediment must have been
removed far outside this bulge. Such an outside source appears
more probable if we envisage the material to have been moved
(at least in part) toward the “equatorial bulge” by lateral
advection toward the equator in surface to upper intermediate
waters rather than by bottom currents.

Marcantonio et al. [1996] favored sediment focusing by
bottom currents as the mechanism and cited sediment trap data
[Lao et al., 1993; Francois et al., 1990] to argue that
organically produced particle scavenging could not be the cause
of the correlation between all the accumulation rates. We agree
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with Frangois et al. [1990] that sediment focusing is the most
important factor in equatorial Atlantic sediments from a non-
upwelling region but consider these observations not relevant to
the interpretation of carbonate sedimentation and dissolution in
an upwelling region in the Pacific. In the equatorial Atlantic
cores from nonupwelling regions, for instance, carbonate pro-
ductivity was lower during the last glacial [Frangois et al.,
1990], in contrast with most interpretations of the eastern
equatorial upwelling region during the last glacial [e.g., Ped-
ersen, 1983; Herguera and Berger, 1991; Murray et al., 1993;
Paytan et al., 1996]. Others have argued that sediment trap
data may not accurately reflect the spatial and temporal
heterogeneity of the biogenic flux [Buesseler et al., 1994; Boyd
and Newton, 1997; Beaulieu and Smith, 1998; Shaw et al.,
1998].

JGOFS data along 140°W [Honjo et al., 1995] demonstrate
strong variability in space and time and demonstrate the
occurrence of very short-term (less than 3 weeks) episodes of
high-particle flux during the passage of tropical instability
waves. We suggest specifically that the well-recognized over-
estimates of particle flux during low-productivity periods and
underestimates at high-productivity periods may be more severe
than suggested [Frangois et al., 1993; Buesseler, 1998]. Shaw
et al. [1998], for instance, document that the accumulation rate
of Th nuclides is underestimated by a factor of 10 using
sediment trap data in the northeastern Pacific.

mar Ti,
mg.cm'2.kyr'1
0 1 2 3 4 5
0 ] L .__I.#'- | N o L 1 N
50 1 (
e S
100 1 {»
o] e
» 200 ] E
2z ]
o ]
= >~
300 ] ;
sso T £
400 1
T
450 T

Figure 1f. Same as Figure la, but for the *He burial rate
[Marcantonio et al., 1996].
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Figure 1g. Same as Figure la, but for accumulation rate of
barite [Paytan et al., 1996].

We also conclude that sediment accumulated during these
high-flux events may make up a significant part of the total
sediment deposited [Kemp et al., 1995; Verity et al, 1996;
Shaw et al., 1998]. On the basis of the above considerations
we argue that fluctuations in the abundance of scavenging
phytodetritus which is deposited rapidly to the seafloor may
have caused the fluctuations in accumulation rates of all the
various materials associated with fine, noncarbonate particles
derived from different sources. JGOFS studies along 140°W
document that presently, phytodetritus accumulates on the
seafloor in a pattern reflecting overall productivity [Smith et
al., 1996; Barber et al., 1996], with the highest accumulation
rates close to the location of core TT013-PC72. This phytode-
tritus may largely be concentrated in dense mats containing
needle-shaped diatoms [Kemp et al., 1995], which are concen-
trated during the passage of tropical instability waves [e.g.,
Kemp, 1994; Yoder et al., 1994; Smith et al., 1996]. Such long
waves occur seasonally, are weak during El Nifio events [Feely
et al., 1994], but are strong just after its ending [Yoder et al.,
1994; Smith et al., 1996].

In the present ocean, removal of Th isotopes from seawater
column is strongly linked to biological activity [e.g., Lao et al.,
1993; Shaw et al, 1998]. This phytodetrital scavenging is at
present probably not a very important contributor to the
sediment flux, but it might have been more important during
earlier geological periods [e.g., Kemp, 1995]. We suggest that
at times of higher equatorial Pacific upwelling rates, produc-
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tivity was higher. At these times, phytoplankton blooms were
more frequent and rapidly deposited phytodetrital matter con-
tributed a larger fraction of the total sediment compared to the
present [e.g., lttekot, 1993; Verity et al., 1996; Buesseler, 1998;
Shaw et al., 1998]. We thus envisage that the strong enrich-
ment in *°Th (more than can be derived from the water
column directly over the site of the core) as caused by a
combination of high and fluctuating productivity, scavenging of
elements by organically produced particles, and concentration
of such particles from a fairly large region by passage of
tropical instability waves.

Accumulation rates of the various fine-grain particles asso-
ciated components (such as cosmic He) and scavenged ele-
ments (such as Ti and Al) can therefore be used as a proxy for
delivery of organically produced material to the seafloor. In the
equatorial Pacific the particulate organic flux is linked to
primary productivity [Betzer et al., 1984], and the vertical flux
of biogenic particles has been shown to exert tight control on
the nature and rates of benthic biological and chemical pro-
cesses [Smith et al., 1997]. We therefore can use the accumu-
lation rates of particles that are indirectly (by scavenging of
dissolved elements or small particles) associated with organic
matter flux as a proxy for primary productivity.

This conclusion is supported by the positive correlation with
the barite accumulation rate because barite forms in microen-
vironments within decaying organic matter [e.g., Dehairs et al.,
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Figure 1h. Same as Figure la, but for burial rate of excess
230Th [Marcantonio et al., 1995, 1996].
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Figure 1i. Same as Figure la, but for dissolution of

carbonate in core TT013-PC72, using the percentage of whole
planktonic foraminifera as an indicator (K. Y. Wei, unpub-
lished data, 1999).

1980, 1990; Bishop, 1988]. Barite accumulation rates are thus
directly related to the organic matter export flux [Paytan et al.,
1996] and to the accumulation rates of organic carbon in the
sediments [Lyle et al, 1988, 1992]. Further support comes
from a comparison of the accumulation rates of various fine-
grain particle associated components with the record of com-
bustion oxygen demand (COD) over the last 400 kyr at eastern
equatorial Pacific Ocean Drilling Program (ODP) site 849 at
0°11'N, 110°34'W and a water depth of 3839 m [Perks, 1999].
This parameter provides a good approximation of the organic
carbon content of sediments, which have such low-organic
carbon content that it cannot be reliably measured. COD data
[Perks, 1999] are available at higher time resolution than the
data for core TTO013-PC72, and we thus cannot compare the
records sample by sample. There are, however, peaks in COD
at site 849 and peaks in the fine-grain particle associated
components in core TT013-PC72 at 20 kyr, 70 kyr, 150—185
kyr, 275 kyr, and 320 kyr.

This view implies that the calcium carbonate accumulation
rate at the location of TT013-PC72 cannot be used as produc-
tivity proxy: at very high productivity the main primary
producers are the Si-walled diatoms rather than the carbonate-
walled nannoplankton [e.g., Dymond and Collier, 1988]. Cal-
cite-secreting and silica-secreting plankton communities may
alternate in dominating overall productivity [Lyle et al.,
1988]. In the equatorial Pacific, high productivity could be
reflected by low values of CaCO3%, as a result of a combina-
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tion of dilution by biogenic silica and increased dissolution
caused by the larger supply of organic material [e.g., Theyer et
al., 1985; Hagelberg et al., 1995]. The deposition of the
various components linked to organic material does not neces-
sarily imply high net accumulation rates of organic matter in
the sediments because labile organic matter is quickly degraded
on the seafloor by bacteria and protists, given an adequate
oxygen supply [Gooday and Turley, 1990; Turley and Lochte,
1990; Poremba, 1994].

We do not know whether the overall biological composition
of the bulk phytodetritus (thus its biogenic silica and organic
matter content) would have been constant over time. Probably,
it fluctuated on glacial-interglacial timescales with fluctuations
in the biological components [e.g., Lyle et al., 1988]. We can
therefore not assume that rates of element concentrations within
this phytodetritus have been constant over time. The ratio of
scavenged material to organically produced material likewise
may have fluctuated.

The peaks in accumulation rates of the above-mentioned
indicators are to some extent but not completely related to
glacial isotope stages: comparison of the records with the
oxygen isotope data from core PC72 (Figure la) shows that
they occurred in glacials 2, 4, 6, and 8 (but were much more
short-lived than glacials 6 and 8) but also in interglacials 9 and
11, which are said to represent the warmest two interglacials
[e.g., Hodell, 1993]. There is no peak in accumulation rate in
biogenic Ba apparent in interglacial 9, but this is probably
caused by a lack of data points over the core interval with the
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Figure 1j. Same as Figure 1a, but for percentage of CaCOs; in

core TT013-PC72 [Murray et al., 1995].
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Figure 2. Comparison of accumulation rates of various sediment components and the benthic foraminiferal
oxygen isotope data for the same samples. Accumulation rates after Murray et al., [1995] and oxygen isotope
values as given by Marcantonio et al. [1996] and A. Mix (personal communication, 1997). Here r? indicates
value of correlation coefficient. (a) CaCOs, (b) non-CaCOs, (c) Fe, and (d) Ti.

peak in mass accumulation rates of the other productivity
indicators.

The linkage between fluctuations in CaCOs%, CaCOj; accu-
mulation rates, and glacial-interglacial timing is complex [e.g.,
Luz and Shackleton, 1975; Farrell and Prell, 1989]. Productivity
in tropical Pacific regions probably was not coupled to ice-
volume fluctuations, the variance of which was dominated by
the 100 kyr Milankovich cyclicity during the last 900 kyr
(Figure 2). Tropical productivity fluctuated dominantly at the
periodicity of precessional forcing (19—23 kyr) in the equatorial
Indian Ocean [Beaufort et al., 1997, 1999], western equatorial
Pacific [Perks and Keeling, 1998; Cane, 1998], and eastern
equatorial Pacific [Perks, 1999]. Perks’ [1999] records of COD
(a productivity proxy, see above) show peaks at times of peaks

in the mass accumulation rates of the productivity indicators
observed in core TT013-PC72, although the time resolution of
these records is not quite sufficient to resolve precessional
periodicity.

Variability on timescales differing from the main glacial-
interglacial 100 kyr periodicity in ice volume may explain that
not all glacials at the location of TT013-PC72 were similar:
during glacials 2, 4, and 6, peaks in carbonate and noncarbo-
nate accumulation rates appear to be at least generally coeval,
but during the earlier glacials and in interglacial 11, they are
strongly decoupled. Carbonate mass accumulation rates are
generally high in glacials but are not well correlated to the
benthic foraminiferal oxygen isotope record on the same core
(Figure la—j).
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et al., 1993].

The correlation between CaCO3% values and glacial-interglacial
stages (Figure la—j) is even less precise. There is no clear
correlation between CaCOz% values and the transition between
glacial and interglacial stages, in contrast with Broecker and
Sanyal [1997]. These authors argued that dissolution events in
core TT013-PC72 occurred at glacial/interglacial stage boundaries,
but of the three events that they mentioned, only one (stage 7—6)
occurred within a few thousand years of such a transition (Figure
la—j). The earlier minima occur at about the middle of glacial
stage 8 and interglacial stage 11; the latter of these can be
correlated to the widely recognized carbonate minimum B9 [Hays
et al., 1969; Farrell and Prell, 1989].

Understanding the coupling and decoupling of the accumulation
rates of carbonate and noncarbonate is of importance for the
understanding of glacial/interglacial changes in equatorial Pacific

climate. It is evident that the last glacial was not typical of all
earlier glacials (Figure la—j), possibly because the variability in
precession and eccentricity bands interacts differently during
different isotope stages [e.g., Beaufort et al., 1999].

Equatorial Pacific productivity is a large component of global
oceanic productivity [Barber and Chavez, 1987], and produc-
tivity fluctuations in eastern and western Pacific appear to be
correlated [Perks, 1999]. Therefore we argue that equatorial
Pacific productivity fluctuations could be seen as an important
factor of global oceanic productivity. If this is correct, we
might see an impact of variations in equatorial Pacific produc-
tivity in global records of methanesulfonic acid (MSA), a
reaction product of dimethyl sulfide which is produced by
phytoplankton. Dimethyl sulfide (DMS) and its reaction pro-
ducts are indeed seen to be enriched across the high-produc-
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and (b) Ti.
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tivity zone in the equatorial Pacific along 140°W [Andreae and
Raemdonck, 1983; Charlson et al., 1987], although Bates and
Quinn [1997] observed no variations in the high DMS con-
centrations in surface waters of the equatorial Pacific during
1982—-1996 El Niflo cycles.

A relation between equatorial Pacific productivity and the
Antarctic MSA record appears to exist in records over the last
150 kyr [LeGrand et al., 1991], as seen from the general
agreement in accumulation rate of biogenic Ba in TT013-PC72
with that of MSA in the Antarctic Vostok ice core (Figure 6).
Specifically, the peak in equatorial productivity at ~ 70 kyr
(glacial isotope stage 4) corresponds to a peak in Antarctic
MSA.

We do not think that these high concentrations in MSA in
Antarctic ice cores during glacial times were derived from
productivity close to the Antarctic continent, although LeGrand
and Feniet-Saigne [1991] linked variations in MSA accumula-
tion rates in Antarctic snow layers to strong El Niflo events.
They argued that the enrichments in MSA were produced close
to the Antarctic continent, possibly as a result of El Niflo—
Southern Oscillation linked variations in sea ice cover because
in the present ocean, high levels of DMS are produced during
the Southern Hemispheric summer by Phaeocystis [DiTullio et
al., 1998; Kettle et al., 1999]. Even during cold periods in the
Holocene, however, productivity was low in the Antarctic [e.g.,
Leventer et al., 1996], and Antarctic productivity during the
Last Glacial Maximum was depressed [e.g., Frangois et al.,
1993; Kumar et al., 1993]. We therefore argue that the shelf
regions where relatively high productivity occurs in the South-
ern Hemisphere summer would have much more extensive ice
cover during glacials, limiting seasonal phytodetrital productiv-
ity. The elevated MSA levels thus would have to be trans-
ported from a place with elevated productivity during glacial
periods, such as the equatorial Pacific, although we do not
know whether the apparent correlation is due primarily to
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Figure 5. Comparison of the percentage CaCO; [Murray et
al., 1995] with the percentage of whole foraminifera, an
indicator of severity of dissolution.
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Figure 6. Accumulation rates of Ba in equatorial Pacific core
TTO013-PC72 (open symbols [Murray et al., 1995]) compared to
accumulation rates of MSA in the Antarctic Vostok ice core
(solid symbols [LeGrand et al, 1991]). The correlation was
made using the depths provided by LeGrand et al. [1991] for the
Vostok ice core and calculating numerical ages according to
Sowers et al. [1993].

changes in equatorial Pacific productivity patterns or to changes
in the efficiency of atmospheric transport to Antarctica.

4. Conclusions

Accumulation rates of sediment components derived from
interplanetary dust (‘He), from radioactive decay in the water
column (**°Th), from biological activity in the water column
(barite), and from wind-blown dust (Fe, Ti) are strongly
correlated in an equatorial Pacific carbonate core. We suggest
that this strong correlation results dominantly from concentra-
tion of all these components by particle scavenging of organi-
cally produced particulate matter (*He, **°Th, Fe, Ti) and
decomposition of the organic matter (Ba). Both productivity
and efficiency of scavenging may play a role. The accumula-
tion rates of these components thus are proxies for productivity.



954

We speculate that global oceanic productivity is strongly
influenced by equatorial Pacific productivity and that this
global signal might be present in the MSA records in Antarctic
ice cores.

Acknowledgments. E. Thomas acknowledges partial funding of
research by the 1996 Storrs-Cole Award (GSA) and thanks John King
for providing samples from core TT013-PC72. The research was also
supported by the Global Change Program of the National Science
Foundation administered by the Earth Sciences Division. We thank
Bob Anderson, Michael Bender, and Rick Murray for reviews.

References

Andreae, M. O., and H. Raemdonck, Dimethylsulfide in the surface ocean and
the marine atmosphere: A global view, Science, 221, 744—747, 1983.

Archer, D. E., Equatorial Pacific calcite preservation cycles: Production or
dissolution?, Paleoceanography, 6, 561-571, 1991.

Archer, D., and E. Maier-Reimer, Effect of deep-sea sedimentary calcite pre-
servation on atmospheric CO, concentration, Nature, 367,260—263, 1994.

Arrhenius, G., Sediment cores from the east Pacific: Properties of the sedi-
ments, Swedish Deep Sea Exped., Rep. 1951—1952,1-227,1952.

Barber, R. T., and F. P. Chavez, Regulation of primary productivity in the
equatorial Pacific Ocean, Limnol. Oceanogr., 36, 1803—1815, 1987.

Barber, R. T., M. P. Sanderson, S. T. Lindley, F. Chai, C. C. Trees, D. G.
Foley, and F. P. Chavez, Primary productivity and its regulation in the
equatorial Pacific during and following the 1991—-1992 El Niflo, Deep
Sea Res., Part II, 43, 933-969, 1996.

Bates, T. S., and P. K. Quinn, Dimethylsulfide (DMS) in the equatorial
Pacific Ocean (1982 to 1996): Evidence of a climate feedback?, Geophys.
Res. Lett., 24, 861864, 1997.

Beaufort, L., Y. Lancelot, P. Camberlin, O. Cayre, E. Vincent, F. Bassinot, and
L. Labeyrie, Insolation cycles as a major control of the equatorial Indian
Ocean primary productivity, Science, 278, 1451 —1454, 1997.

Beaufort, L., F. Bassinot, and E. Vincent, Primary production response to
orbitally induced variations of the Southern Oscillation in the equatorial
Indian Ocean, in Reconstructing Ocean History: A Window Into the Future,
edited by F. Abrantes and A. Mix, pp. 245—-271, Plenum, New York, 1999.

Beaulieu, S. E., and K. L. Smith Jr., Phytodetritus entering the benthic bound-
ary layer and aggregated on the sea floor in the abyssal NE Pacific: Macro-
and microscopic comparison, Deep Sea Res., PartIl, 45,781—-815, 1998.

Berger, W. H., Deep-sea carbonates: Pleistocene dissolution cycles, J. For-
aminiferal Res., 3, 187—195, 1973.

Berger, W. H., and G. Wefer, Productivity of the glacial ocean: Discussion of
the iron hypothesis, Limnol. Oceanogr., 36, 1899—1918, 1991.

Betzer, P.R., W.J. Showers, E. A. Laws, C. D. Winn, G. R. DiTullio, and P. M.
Kroopnick, Primary productivity and particle fluxes on a transect of the
equator at 135°W in the Pacific Ocean, Deep Sea Res., Part A, 31,1-11,
1984.

Bishop, J. K. B., The barite-opal-organic carbon association in oceanic
particulate matter, Nature, 332, 341343, 1988.

Boyd, P., and P. Newton, Measuring biogenic carbon flux in the ocean,
Science, 275, 554, 1997.

Broecker, W. S., and A. Sanyal, Magnitude of the CaCOj3 dissolution events
marking the onset of times of glaciation, Paleoceanography, 12, 530—
532, 1997.

Buesseler, K. O., The decoupling of production and particulate export in the
surface ocean, Global Biogeochem. Cycles, 12,297-310, 1998.

Buesseler, K. O., A. F. Michaels, D. A. Siegel, and A. H. Knap, A three
dimensional time-dependent approach to calibrating sediment fluxes,
Global Biogeochem. Cycles, 8, 179—193, 1994.

Cane, M. A., A role for the Tropical Pacific, Science, 282, 59—-61, 1998.

Charlson, R. J., J. E. Lovelock, M. O. Andreae, and S. G. Warren, Oceanic
phytoplankton,atmospheric sulfur cloud albedo and climate, Nature, 326,
655-661, 1987.

Chuey, J. M., D. K. Rea, and N. G. Pisias, Late Pleistocene paleoclimatol-
ogy of the central equatorial Pacific: A quantitative record of eolian and
carbonate deposition, Quat. Res., 28, 323—339, 1987.

Coale, K. H., et al., A massive phytoplankton bloom induced by an eco-

THOMAS ET AL.: PRODUCTIVITY CONTROL OF FINE PARTICLE TRANSPORT

system-scale iron fertilization experiment in the Pacific Ocean, Nature,
383, 495-501, 1996.

Dean, W. E., J. V. Gardner, and P. Cepek, Tertiary carbonate dissolution cycles
on the Sierra Leone Rise eastern equatorial Atlantic Ocean, Mar. Geol., 39,
81-101, 1981.

Dehairs, F., R. Chesselet, and J. Jedwab, Discrete suspended particles of
barite and the barium cycle in the oceans, Earth Planet. Sci. Lett., 49,
528-550, 1980.

Dehairs, F., L. Goeyens, N. Stroobants, P. Bernard, C. Goyet, A. Poisson, and
R. Chesselet, On suspended barite and the oxygen minimum in the Southern
Ocean, Global Biogeochem. Cycles, 4, 85—102, 1990.

DiTullio, G. R., D. L. Garrison, and S. Matho, Dimethylsulfoniopropionate
in sea ice algae from the Ross Sea polynya, Antarct. Res. Ser., 73, 139—
146, 1998.

Dymond, J., and R. Collier, Biogenic particle fluxes in the equatorial Pacific:
Evidence for both high and low productivity during the 19821983 El
Nifio, Global Biogeochem. Cycles, 2, 129—137, 1988.

Falkowski, P. G., Evolution of the nitrogen cycle and its influence on the
biological sequestration of CO, in the ocean, Nature, 387,272-275,1997.

Farley, K., and D. B. Patterson, A 100 kyr periodicity in the flux of extra-
terrestrial *He to the sea floor, Nature, 378, 600—603, 1995.

Farrell, J. W., and W. L. Prell, Climate change and CaCOj; preservation: An
800,000 year bathymetric reconstruction from the central equatorial Pa-
cific Ocean, Paleoceanography, 4, 447—466, 1989.

Farrell, J. W., T. F. Pedersen, S. E. Calvert, and B. Nielsen, Glacial-inter-
glacial changes in nutrient utilization in the equatorial Pacific Ocean,
Nature, 377, 514—517, 1995.

Feely, R. A., R. Wanninkhof, C. E. Costa, M. J. McPhaden, R. H. Byrne, F.
J. Millero, F. P. Chavez, T. Clayton, D. M. Campbell, and P. P. Murphy,
The effect of tropical instability waves on CO, species distributions
along the equator in the eastern equatorial Pacific during the 1992 El
Nifio event, Geophys. Res. Lett., 21, 277280, 1994.

Frangois, R., M. P. Bacon, and D. O. Suman, Thorium-230 profiling in
deep-sea sediments; High resolution records of flux and dissolution of
carbonate in the equatorial Atlantic during the last 24,000 years, Paleo-
ceanography, 5, 761787, 1990.

Francgois, R., M. P. Bacon, M. A. Altabet, and L. D. Labeyrie, Glacial/
interglacial changes in sediment rain rate in the SW Indian sector of
the subantarctic waters as recorded by 30Th, 2'Pa, U, and '°N, Paleo-
ceanography, 8, 611-629, 1993.

Gooday, A. J., and C. M. Turley, Responses by benthic organisms to inputs
of organic material to the ocean floor: A review, Philos. Trans. R. Soc.
London, Ser. A, 331, 119-138, 1990.

Hagelberg, T., N. G. Pisias, L. A. Mayer, N. J. Shackleton, and A. C. Mix,
Spatial and temporal variability of late Neogene equatorial Pacific carbo-
nate: Leg 138, Proc. Ocean Drill. Program Sci. Results, 138, 321-336,
1995.

Hansell, D. A., N. R. Bates, and C. A. Carlson, Predominance of vertical loss
of carbon from surface waters of the equatorial Pacific Ocean, Nature, 386,
59-81, 1997.

Hays, J. D., T. Saito, N. D. Opdyke, and L. H. Burckle, Pliocene-Pleistocene
sediments of the equatorial Pacific: Their paleomagnetic, biostratigraphic
and climatic record, Geol. Soc. Am. Bull., 80, 14811514, 1969.

Herguera, J. C., and W. H. Berger, Paleoproductivity from benthic forami-
nifera abundance: Glacial to postglacial change in the west equatorial
Pacific, Geology, 19, 1173—-1176, 1991.

Hodell, D. A., Late Pleistocene paleoceanography of the South Atlantic
section of the Southern Ocean: ODP Hole 704A, Paleoceanography, 8,
47-67, 1993.

Honjo, S., J. Dymond, R. Collier, and S. J. Manganini, Export production of
particles to the interior of the equatorial Pacific Ocean during the 1992
EqPac experiment, Deep Sea Res., Part 1I, 44,831-870, 1995.

Imbrie, J. J.,J. D. Hays, D. G. Martinson, A. Mclntyre, A. C. Mix, J. . Morley,
N. G. Pisias, W. L. Prell, and N. J. Shackleton, The orbital theory of Pleis-
tocene climate: Support from a revised chronology of the '*0 record, in
Milankovitch and Climate, edited by A. L. Berger etal., pp. 269-305, D.
Riedel, Norwell, Mass., 1984.

Ittekot, V., The abiotically driven biological pump in the ocean and short-
term fluctuations in atmospheric CO, contents, Global Planet. Change, 8,
17-25, 1993.

Kemp, A. E. S., Laminated sediments from coastal and open ocean upwelling
systems: What variability do they record?, in Upwelling in the Ocean:



THOMAS ET AL.: PRODUCTIVITY CONTROL OF FINE PARTICLE TRANSPORT 955

Modern Processes and Ancient Records, edited by C. P. Summerhayes et
al., pp. 239-257, John Wiley, New York, 1994.

Kemp, A. E. S., J. G. Baldauf, and R. B. Pearce, Origins and paleoceano-
graphic significance of laminated diatom ooze from the eastern equatorial
Pacific, Proc. Ocean Drill. Program, 138, 641-663, 1995.

Kettle, A. J., et al., A global database of sea surface dimethylsulfide and a
procedure to predict sea surface DMS as a function of latitude, longitude
and month, Global Biogeochem. Cycles, 13, 399—444, 1999.

Kumar, N., R. Gwiazda, R. F. Anderson, and P. N. Froelich, 2*!Pa/**°Th
ratios in sediments as a proxy for past changes in Southern Ocean pro-
ductivity, Nature, 372, 45—48, 1993.

LaMontagne, R. W., R. W. Murray, K.-Y. Wei, M. Leinen, and C. H. Wang,
Decoupling of carbonate preservation,carbonate concentration and bio-
genic accumulation: A 400 kyr record from the central equatorial Pacific
Ocean, Paleoceanography, 11, 553—562, 1996.

Lao, Y., R. F. Anderson, W. S. Broecker, H. Hofmann, and W. Wolfli,
Particulate fluxes of 2*°Th, 2*!Pa and '°Be in the northeastern Pacific
Ocean, Geochim. Cosmochim. Acta, 57, 205-217, 1993.

Le, J., and N. J. Shackleton, Carbonate dissolution fluctuations in the
western equatorial Pacific during the late Quaternary, Paleoceanography,
7,21-42,1992.

LeGrand, M., and C. Feniet-Saigne, Methanesulfonic acid in South Polar
snow layers: A record of strong El Nifio?, Geophys. Res. Lett., 18, 187—
190, 1991.

LeGrand, M., C. Feniet-Saigne, E. S. Saltzman, C. Germain, I. Barkov, and
V. N. Petrov, Ice-core record of oceanic emissions of dimethylsulfide
during the last climate cycle, Nature, 350, 144—146, 1991.

Leventer, A., E. W. Domack, S. E. Ishman, S. Brachfeld, C. E. McClennen,
and P. Manley, Productivity cycles of 200—300 years in the Antarctic
Peninsula region: Understanding linkages along the Sun, atmosphere,
oceans, sea ice and biota, Geol. Soc. Am. Bull., 108, 1626—1644, 1996.

Luz, B., and N. J. Shackleton, CaCOj3 solution in the tropical east Pacific
during the past 130,000 years, Spec. Publ. Cushman Found. Foraminif-
eral Res., 13, 142—150, 1975.

Lyle, M., D. W. Murray, B. P. Finney, J. Dymond, J. M. Robbins, and K.
Brooksforce, The record of late Pleistocene biogenic sedimentation in the
eastern tropical Pacific Ocean, Paleoceanography, 3,39-59, 1988.

Lyle, M., F. G. Prahl, and M. A. Sparrow, upwelling and productivity
changes inferred from a temperature record in the central equatorial Pa-
cific, Nature, 355, 812815, 1992.

Marcantonio, F., N. Kumar, M. Stute, R. F. Anderson, M. A. Seidl, P.
Schlosser, and A. Mix, A comparative study of accumulation rates de-
rived by He and Th isotope analysis of marine sediments, Earth Planet.
Sci. Lett., 133, 549555, 1995.

Marcantonio, F., R. F. Anderson, M. Stute, N. Kumar, P. Schlosser, and A.
Mix, Extraterrestrial *He as a constant-flux tracer for paleoceanographic
studies, Nature, 383, 705—707, 1996.

McCorkle, D. C., D. H. Veeh, and D. T. Heggie, Glacial-Holocene paleo-
productivity off western Australia: A comparison of proxy records, in
Carbon Cycling in the Glacial Ocean: Constraints on the Ocean s Role in
Global Change, edited by R. Zahn et al., NATO ASI Ser., Ser. I, 17, 443 —
479, 1994.

Murray, J. W., R. T. Barber, M. R. Roman, M. P. Bacon, and R. A. Feely,
Physical and biological controls on carbon cycling in the equatorial Pa-
cific, Science, 266, 58—65, 1994.

Murray, R. W., M. Leinen, and A. Isern, Biogenic flux of Al to sediment in the
central equatorial Pacific Ocean: Evidence for increased productivity dur-
ing glacial periods, Paleoceanography, 6, 651—669, 1993.

Murray, R. W., M. Leinen, D. W. Murray, A. C. Mix, and C. W. Knowlton,
Terrigenous Fe input and biogenic sedimentation in the glacial and inter-
glacial equatorial Pacific Ocean, Global Biogeochem. Cycles, 9, 667—684,
1995.

Paytan, A., M. Kastner, and F. P. Chavez, Glacial to interglacial fluctuations
in productivity in the equatorial Pacific as indicated by marine barite,
Science, 274, 1355—-1357, 1996.

Pedersen, T. F., Increased productivity in the eastern equatorial Pacific
during the last glacial maximum, Geology, 11, 16—19, 1983.

Perks, H., Late Pleistocene precessional forcing in the eastern and western
equatorial Pacific, JOI/USSAC News, 12, 15, 1999.

Perks, H. M., and R. F. Keeling, A 400 kyr record of combustion oxygen
demand in the western equatorial Pacific: Evidence for precessionally
forced climate response, Paleoceanography, 13, 63—69, 1998.

Pisias, N. G., and W. L. Prell, Changes in calcium carbonate accumulation in
the equatorial Pacific during the late Cenozoic: Evidence from HPC Site
572, in The Carbon Cycle and Atmospheric CO,: Natural Variations Ar-
chean to Present, Geophys. Monogr. Ser., vol. 32, edited by E. T. Sundquist
and W. S. Broecker, pp. 443—454, AGU, Washington, D. C., 1985.

Pisias, N. G., et al., Marine Aspects of Earth System History (MESH) Proxy
Development Workshop, Proxy Workshop Rep., 75 pp., Corvallis, Oreg.,
Jan. 1995.

Poremba, K., Simulated degradation of phytodetritus in deep-sea sediments
of the NE Atlantic (47°N,19°W), Mar. Ecol. Prog. Ser., 105, 291-299,
1994.

Prell, W., J. Imbrie, D. G. Martinson, J. J. Morley, N. G. Pisias, N. J.
Shackleton, and H. F. Streeter, Graphic correlation of oxygen isotope
stratigraphy application to the late Quaternary, Paleoceanography, 1,
137-162, 1986.

Rea, D. K., N. G. Pisias, and T. Newberry, Late Pleistocene paleoclimatology
of the central equatorial Pacific: Flux patterns of biogenic sediments, Pa-
leoceanography, 6, 227—-244, 1991.

Shackleton, N. J., and N. D. Opdyke, Oxygen-isotope and paleomagnetic
stratigraphy of Pacific core V28-239 Late Pliocene to Latest Pleistocene,
Mem. Geol. Soc. Am., 145, 449—-464, 1976.

Shaw, T.J., J. M. Smoak, and L. Lauerman, Scavenging of ex>*Th, ex?*°Th,
and ex?'°Pb by particulate matter in the water column of the California
Continental Margin, Deep Sea Res., Part II, 45, 763—779, 1998.

Shimmield, G. B., and R. A. Jahnke, Particle flux and its conversion to the
sediment record: Open ocean upwelling systems, in Upwelling in the
Ocean: Modern Processes and Ancient Records, edited by C. P. Sum-
merhayes, et al., pp. 171-191, John Wiley, New York, 1994.

Smith, C. R., D. J. Hoover, S. E. Doan, R. H. Pope, D. J. Demaster, F. C.
Dobbs, and M. Altabet, Phytodetritus at the abyssal seafloor across 10° of
latitude in the central equatorial Pacific ocean, Deep Sea Res. Part II, 43,
1309-1338, 1996.

Smith, C. R., W. Berelson, D. J. DeMaster, F. C. Dobbs, D. Hammond, D. J.
Hoover, R. H. Pope, and M. Stephens, Latitudinal variations in benthic
processes in the abyssal equatorial Pacific: Control by biogenic particle
flux, Deep Sea Res. Part II, 44, 2295-2317, 1997.

Sowers, T., M. Bender, L. Labeyrie, D. Martinson, J. Jouzel, D. Raynaud, J.-J.
Pichon, and Y. S. Korotkevich, A 135,000-year Vostok-SPECMAP com-
mon temporal framework, Paleoceanography, 8, 737—766, 1993.

Theyer, F., L. A. Mayer, J. A. Barron, and E. Thomas, The equatorial Pacific
high-productivity belt: Elements for a synthesis of DSDP Leg 85 Resullts,
Initial Rep. Deep Sea Drill. Proj., 85,971-985, 1985.

Thompson, P. R., and T. Saito, Pacific Pleistocene sediments: Planktonic
foraminifera dissolution cycles and geochronology, Geology, 2, 333—
335, 1974.

Turley, C. M., and K. Lochte, Microbial response to the input of fresh
detritus to the deep-sea bed, Palacogeogr. Palaeoclim. Palaeoecol., 89,
3-23, 1990.

Valencia, M., Pacific Pleistocene paleoclimatic stratigraphies: A compara-
tive analysis of results, Quat. Res., 8, 339-354, 1977.

Verity, P. G., D. K. Stoecker, M. E. Sierack, and J. R. Nelson, Microzoo-
plankton grazing of primary production at 140°W in the equatorial Pa-
cific, Deep Sea Res. Part II, 43, 1227—1255, 1996.

Yoder, J. A., S. G. Ackleson, R. T. Barber, P. Flament, and W. M. Balch, A
line in the sea, Nature, 371, 689—692, 1994.

Wei, K. Y., Z.-W. Zhang, M.-T. Chen, A. R. Isern, C.-H. Wang, and M.
Leinen, Late Quaternary Paleoceanography of the central equatorial Pa-
cific: A quantitative record of planktonic foraminiferal, isotopic,organic
carbon and calcium carbonate changes, J. Geol. Soc. China, 37, 475—
496, 1995.

E. Thomas and K. K. Turekian, Center for the Study of Global Change,
Department of Geology and Geophysics, Yale University, P.O. Box 208109,
New Haven, CT 06520-8109. (ethomas@wesleyan.edu)

K.-Y. Wei, Department of Geology, National Taiwan University, P.O. Box
23-13, Taipei 10617, Taiwan.

(Received October 27, 1998; revised January 28, 2000;
accepted March 14, 2000.)



