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Abstract. At four sites in the central equatorial Pacific Ocean the flux of extraterrestrial 3He, determined using the excess 
23øTh profiling method, is 8 x 10 -•3 cm • STP cm -2 ka -•. This supply rate is constant to within 30%. At these same sites, 
however, the burial rate of 3He, determined using chronostratigraphic accumulation rates, varies by more than a factor of 3. 
The lowest burial rates, which occur north of the equator at iøN, 139øW are lower than the global average rate of supply of 
extraterrestrial 3He by 20% and indicate that sediment winnowing may have occurred. The highest burial rates, which are 
recorded at the equator and at 2øS, are higher than the rate of supply of extraterrestrial 3He by 100%, and these provide 
evidence for sediment focusing. By analyzing several proxies measured in core PC72 sediments spanning the past 450 kyr 
we demonstrate that periods of maximum burial rates of 230 Th, 3He, løBe, Ti, and barite, with a maximum peak-to-trough 
amplitude of a factor of 6, take place systematically during glacial time. However, the ratio of any one proxy to another is 
constant to within 30% over the entire length of the records. Given that each proxy represents a different source (234U decay 
in seawater, interplanetary dust, upper atmosphere, continental dust, or upper ocean), our preferred interpretation for the 
covariation is that the climate-related changes in burial rates are driven by changes in sediment focusing. 

1. Introduction 

Constant-flux proxies are useful tools in paleoceanography 
because they enable the reconstruction of past particulate fluxes. 
Knowledge of these fluxes is crucial if we are to understand the 
role of the ocean in regulating past climate. For example, one can 
use changes in the accumulation rates of barite or opal to 
determine how the productivity of the ocean has varied in the 
past. Similarly, changes in the accumulation rates of terrigenous 
dust may yield information about variations in past continental 
aridity or wind direction. The burial or accumulation rate of any 
sedimentary constituent is equivalent to its rain rate in addition to 
any modifications by dissolution and lateral redistribution of 
sediment (i.e., sediment focusing). Comparing the burial rate of 
a constant-flux proxy with its known rate of supply enables us to 
constrain focused deposition of sediments by deep-sea currents 
[Suman and Bacon, 1989; Francois et al., 1990, 1993; Frank et 
al., 1995, 1999; Scholten et al., 1994] as well as changing 
patterns of sediment focusing in response to reorganization of 
ocean circulation. 

The 23øTh profiling method [Bacon, 1984; Francois et al., 1990; 
Suman and Bacon, 1989] is based on the assumption that the rain 
rate of particulate 23øTh sinking to the seabed Frh is equivalent to 
the integrated rate of 23øTh production by 234U decay in the 
overlying water column Prh. This is a reasonable assumption in 
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that Th is extremely particle reactive and thus has a short 
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residence time in the water column (decades). Indeed, Frh is within 
30% of Prh over •70% of the seafloor [Henderson et al., 1999]. 
Hence the following equation, where Fm is the mass flux of 
particles, is valid for most deep-marine sediments: 

xs230Th(dpm g-i)- Prh(dpm cm -2 kyr -•) (1) 
Fm(g cm -2 kyr -•) 

where dpm is disintegrations per minute. The rain rates of other 
sedimentary components may also be deduced as follows: 

F• - xs230Th0. (2) 
In (2), Fi is the rain rate of particulate component "i"; Ci is the 
concentration of "i" in the sediments; and •3 z = PTh, where •3 = 

l 2.63 x 10 -3 dpm cm -3 kyr- and z is the depth of the water 
column in m. The initial xs23øTh concentration of the sediment 

(xs23øT•h ø) is decay-corrected using an independent chronology (e.g., • 80 stratigraphy). 
It is estimated that •40,000 tons of interplanetary dust particles 

(IDPs) fall onto the Earth's surface every year [Love and Brownlee, 
1991 ]. These IDPs, ranging in size from 1 jim to 1 mm, have large 
surface to volume ratios and thus contain large amounts of noble 
gases implanted by solar ions [Ozima et al., 1984]. In their study of 
stratospheric IDPs, Nier and Schlutter [1990] reported average 

5 3 1 3He concentrations of 1.9 x 10- cm STP g- and 3He/4He ratios 
of 2.4 x 10 -4, several orders of magnitude higher than helium 
isotope signatures found in the terrestrial environment. Upon 
entering the Earth's atmosphere, IDPs <30 jim in size reach 
temperatures of only 500ø-800øC [Fraundorf et al., 1982] and 
hence do not melt. It is this unmelted micrometeoritic fraction that 

is believed to most likely retain extraterrestrial helium [Ozima 
et al., 1984]. 
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Over three decades ago, Merrihue [1964] discovered extremely 
high concentrations of 3He in deep-sea sediment. He suggested that 
these high concentrations resulted from the fallout of microme- 
teorites from space. Farley [1995] showed that the extraterrestrial 
3He signature is preserved not only in recent sediments but in 1.5 0.3 14.2 1.04 

elagic sediments as old as 65 Ma. To assess the potential for using 6.5 4.3 19.3 2.22 
e concentrations in sediment as a constant-flux proxy 3, we used 11.5 8.3 11.0 0.45 

the 23øTh profiling method to evaluate the mean flux of He to the 21.5 16.3 8.22 0.39 
seafloor [Higgins et al., 1998; Marcantonio et al., 1995, 1996, 31.5 24.1 12.1 0.66 
1998, 1999]. Unlike 23øTh, which is radioactive with a 75,200 year 41.5 31.9 15.7 0.65 
half-life, 3He is a stable isotope and therefore useful over longer 51.5 38.9 13.1 0.56 
timescales. Across all of the world's ocean basins at a wide range 61.5 45.8 9.62 0.52 
of latitudes the extraterrestrial 3He flux, as determined by the 23øTh 71.5 52.8 9.15 0.43 81.5 60.8 11.2 1.07 

technique, has been calculated to be •1 x 10 -12 cm 3 STP cm -2 91.5 71.9 9.95 2.09 
kyr -• with a variability of about +50% [Higgins et al., 1998]. 101.5 85.9 10.1 1.77 

In our earlier work on sediments from the central equatorial 111.5 104 10.5 1.43 
Pacific Ocean [Marcantonio et al., 1996 ] we hypothesized that in 121.5 121 7.84 0.66 
contrast to the constant rain rate of 23øTh and 3He to the ocean 131.5 133 8.31 0.64 
floor, the periodic fivefold variations in the burial rates of xs23øTh 141.5 143 7.12 0.61 
and 3He over the past 200 kyr were due to lateral advection of 151.5 151 9.53 0.69 
sediment. This advection, we hypothesized, may have been caused 161.5 162 8.88 0.80 
by a reorganization of deep-sea currents that transported excess 171.5 175 9.34 1.27 181.5 196 8.01 0.91 

particles to a region centered around and just south of the equator. 191.5 220 8.35 0.44 
If this sediment focusing hypothesis is valid, there must exist a 201.5 235 8.96 0.64 
complementary region from which sediment has been removed. At 211.5 250 7.99 0.89 
site C of the Manganese Nodule Project (MANOP site C), north 221.5 260 7.78 1.66 
and slightly east of the initial sites we studied, it appears that 231.5 275 8.89 1.32 
Murray [1987] may have identified such an area. In this contribu- 241.5 290 10.1 0.84 
tion, we examine two cores from MANOP site C in order to 251.5 300 7.05 0.42 
evaluate whether sediment and 3He deficits indeed do exist. We 261.5 310 5.63 0.40 
then use this analysis to evaluate the focusing hypothesis in more 271.5 325 7.36 0.47 
detail. 271.5 325 7.36 0.47 

B25 (lø2'N, 139øffW) 

2. Methodology 

Sediment samples from two gravity cores collected in 1984 
during the central equatorial Pacific MANOP study were retrieved 
from the Oregon State University Core and Rock Repository. 
Cores B18 and B25 are from 1ø3.5•N, 138ø48•W (4281 m water 
depth) and 1ø2.7•N, 139ø1•W (4401 m water depth), respectively. 
Sediment from these cores is composed primarily of carbonate 
ooze, with minor fractions of opal. Glacial-interglacial stages are 
characterized by alternating carbonate-rich and carbonate-poor 
intervals, with enhanced preservation of carbonate during glacial 
periods. 

Helium and thorium isotopes were measured on samples taken 
from the top 280 cm, an interval that represents •325 kyr in B 18 
and 266 kyr in B25 (Table 1). In order to remove the biogenic, non- 
helium-containing fraction of the sediment [Marcantonio et al., 
1995], •1.5 g of sediment was leached with •40 mL of 0.3 N 
acetic acid. Samples were then washed three times with distilled 
water and dried to a constant weight at 50øC. Helium gas was 
extracted from the residue, and its 4He concentration and 3He/4He 
ratio were measured on an MAP 215-50 mass spectrometer at the 
Lamont-Doherty Earth Observatory (LDEO). The extraction and 
mass spectrometric procedures correspond to those followed by 
Marcantonio et al. [1995]. To test the reproducibility of the 3He 
concentrations, we developed a central equatorial Pacific sediment 
"standard." This standard comprises homogenized carbonate sedi- 
ment taken from a box core retrieved at 0 ø, 140øW in 1992 during 
the Joint Global Oceans Flux Study (JGOFS). Sediment at this 
site is typical of sediment deposited in the central equatorial 
Pacific. That is, it consists primarily of carbonate ooze, with 
minor opal, organic carbon, and clay. Seven analyses of this 
standard yielded 3He concentrations that are reproducible to within 
+8% (1(•) (Table 2). This may be an underestimate of the 3He 

Table 1. The 3He and xs23øTh ø Data for Cores B 18 and B25 

Sample Age, a 3He/4He 3He (x 10- •2), xs230Th o, 
Depth, cm kyr (x 10 -s) cm 3 STP g-• dpm g-• 

B18 (lø3'N, 138ø48'W) 

1.5 1.0 

11.5 7.7 

21.5 14.3 

31.5 18.0 

41.5 25.0 

51.5 31.7 

61.5 37.5 

71.5 43.5 

81.5 48.0 

91.5 55.5 

101.5 64.0 

111.5 72.0 

121.5 84.0 

131.5 100 

141.5 116 

151.5 128 

161.5 137 

171.5 145 

181.5 153 

191.5 161 

201.5 173 

211.5 186 

221.5 205 

231.5 215 

241.5 225 

251.5 235 

261.5 245 

271.5 255 

281 265 

283 266 

27.5 

11.2 0.70 

8.12 0.48 

11.5 0.40 

8.29 0.68 

10.4 0.63 

9.39 0.39 

17.4 1.17 

15.7 0.77 

13.4 1.06 

10.6 2.25 

7.53 3.28 

7.84 2.18 

7.31 1.53 

10.8 1.53 

7.47 0.65 

14.1 

17.0 

8.99 

10.4 

10.3 

8.81 

9.52 

9.29 

9.51 

13.8 

25.5 

22.1 

21.5 

13.3 

12.8 

11.7 

13.8 

12.1 

14.5 

14.7 

8.79 

9.17 

13.1 

31.2 

19.3 

10.2 

11.1 

10.1 

10.1 

23.3 

14.8 

11.3 

2.49 

15.0 

12.6 

9.69 

10.7 

10.5 

11.6 

25.9 

37.3 

28.1 

20.1 

11.3 

11.5 

7.47 0.76 13.2 

6.89 0.73 14.4 

7.75 0.71 13.8 

11.0 2.56 18.4 

5.49 2.37 43.2 

7.94 1.14 30.5 

10.9 1.68 20.8 

9.67 1.13 17.7 

10.0 0.69 15.3 

7.94 0.61 9.46 

8.14 0.88 15.3 

7.24 1.93 25.0 

33.7 

aAge models are from Murray [ 1987] ß see discussion in text. 

reproducibility, which realistically is closer to a factor of 2 worse 
(see Marcantonio et al. [1999] for a discussion of this point). 

Isotope dilution and inductively coupled plasma mass spectrom- 
etry (ID-ICP-MS) was used to analyze uranium and thorium at 
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Table 2. The 3He Reproducibility Test for Equatorial Pacific 
"Standard "a 

Equatorial Pacific 3He (x 10- 
Standard" 3He/4He (x 10 -s) cm 3 STP 

1 20.2 0.65 
2 19.0 0.67 
3 21.9 1.02 
4 19.7 0.62 

5 19.7 0.75 
6 20.6 0.94 7 19.1 0.73 

Mean 20.0 0.77 

Percent standard error 2 8 

aLocation is 0 ø, 140øW. 

1 

0 50 100 150 200 250 300 

age (ka) 

LDEO (VG PlasmaQuad 2). Before dissolution in acid, sediment 
samples were spiked with 229Th and 233U. The procedure to extract 
U and Th from the sediment is documented by Lao et al. [1992a, 

230 230 0• 
1992b]. Initial excess Th activities (xs Th ) were evaluated by 
correcting for (1) the time since sediment deposition (chronology 

from Murral• ' [1987]), (2) the presence of detrital 23øTh (typically 
0.1 dpm g- ), and (3) the ingrowth of 23øTh by decay of authigenic 
uranium (•0.2 dpm g-i). The overall uncertainty of the xs23øTh ø 
activity is <2%. 

3. Results and Discussion 

3.1. Fluxes and Burial Rates 

In the central equatorial Pacific (140øW, 0 ø and 140øW, 2øS) the 
flux of 3He estimated by normalizing to xsTh is equal to (7.8 + 2.3) 

13 3 2 1 
x 10- cm STP cm- kyr- over the past 200 kyr [Marcantonio 

3 
et al., 1995,1996]. Variability of the He flux is not periodic nor is 
it related to climate change events. However, over the same time 
period at these equatorial sites, the burial rates for both xs23øTh ø 
and 3He, calculated by multiplying the isotope concentrations by 
the corresponding bulk sediment accumulation rate derived from 
•80 records [Marcantonio et al., 1996], exhibit fivefold variations 
with 100 kyr cyclicity. We interpreted the pronounced variability of 
these burial rates as being caused by the lateral focusing of sinking 
particles by deep ocean currents. 

Such focusing can be quantified using the 23øTh data. Suman and 
Bacon [1989] and Francois et al. [1990] defined a 23øTh-derived 
sediment focusing factor, ½, as follows: 

- Prh(tl -- t2) (3) 
where ri is the depth at interval i in the core, ti is the age at depth i, 
[xs23øTh ø] is the concentration of xs23øTh ø in the sediment, Prh is 
as defined in (1), and Pb is the bulk dry density of the sediment. 
Sediment focusing factors >1 imply a higher flux of xs23øTh to the 
sediments than that expected by production in the water column 
(i.e., deep-ocean currents laterally advect particles that contain 
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xs Th to the site of interest). Focusing factors <1 indicate that 
sediment winnowing has taken place (i.e., net export of particles 
that contain xs23øTh). A down core profile of sediment focusing 
factors for PC72 is shown in Figure 1. Sediment focusing factors 
vary from •1 o 4 and show a quasi-100 kyr periodicity. 

If the variation in 23øTh and 3He burial rates is due to sediment 
focusing at the equator and south of the equator, then one would 
expect that there are complementary regions from which sediments 
have been winnowed. Two locations at MANOP site C (B 18 and 
B25), north of the sites studied originally, show indications of such 
winnowing [Murray, 1987]. At both sites the concentrations of the 

Figure 1. Sediment focusing factors for core PC72 (0 ø, 140øW) 
derived using (3). Focusing factors >1 imply a higher flux of 
xs23øTh to the sediments than that expected by production in the 
water column. Hatched regions represent glacial periods (age 
boundaries from Imbrie et al. [1984]). 

3He and xs23øTh correlate closely (Figure 2), and there is only 
about a 40% variation in the ratio of the concentration of 3He to 
that of xs23øTh ø (Figure 3). At the MANOP sites the average flux 
of 3He using the xs23øTh profiling method is equal to (8 + 3) x 
10 -•3 cm 3 STP cm -2 kyr -•, a rate identical to the average 
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Figure 2. Initial unsupported 23øTh (open circles) and 3He (solid 
circles) concentrations plotted against age for sediments from cores 
(a) B18 (1ø3.5'N, 138ø48'W, 4281 m water depth) and (b) B25 
(1ø2.7•N, 139ø1•W, 4401 m water depth). Hatched regions 
represent glacial periods (age boundaries from Imbrie et al. 
[1984]). 
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Figure 3. The 3He/xs23øTh ø ratios for sediment from cores B18 
(open circles) and B25 (solid circles) plotted against age. Hatched 
regions represent glacial periods (age boundaries from Imbrie et al. 
[1984]). 

Hence, while the xsTh-normalized 3He fluxes values are con- 
stant for all equatorial sites (within uncertainty), the stratigraphi- 
cally defined (]80) 3He burial rates values vary from site to site by 
nearly a factor of 3 (Table 3). Whereas the constant xsTh- 
normalized 3He fluxes imply a constant supply rate of extraterres- 
trial 3He from space, we believe the variation in 3He burial rates at 
the different sites is likely due to lateral transport of sediment along 
the seafloor. North of the equator (1 øN) the average 3He burial rate, 
which is lower than expected from the extraterrestrial 3He flux, 
indicates that some winnowing may have taken place. Farther 
south, at 0 ø and 2øS, the average 3He burial rate is greater than the 
rate of supply of extraterrestrial 3He by about a factor of 2, a value 
that reflects net sediment focusing. Identical arguments can be 

3 

4o 

measured farther south at the equator and 2øS [ Marcantonio et al., 3o 
1996]. 20 

Using age model-derived sediment accumulation rates, we can 
calculate the burial rates of 3He and 23øTh and assess whether there 
is evidence for sediment redistribution at MANOP site C. Murray 
[1987] constructed age models for the first 200 kyr of cores B18 • 5 
and B25 (shown in Table 1) by correlating CaCO3 concentrations with nearby core W8402A-14GC, which he dated using •80 m • o 3 
stratigraphy. Prior to 200 ka, to lengthen the age model, we used 
correlations between CaCO3 concentrations with core PC72, also 
dated using 15•80 stratigraphy. Average sediment mass accumula- 
tion rates (MARs) are 0.59 and 0.64 g cm -2 kyr -• for cores B 18 
and B25, respectively. These estimates are robust in that they do 
not depend on a detailed point-by-point age model. The average 
MARs lead to average 3He burial rates of 5.2 and 7.8 x 10 -•3 cm 3 
STP cm -2 kyr -• (Table 3) and average 23øTh burial rates of 8.1 
and 11.6 dpm cm -2 kyr -• for cores B18 and B25, respectively. In 
core B18 the average 23øTh and 3He burial rates are both 20% 
lower than those expected from local production for xsTh (con- 
strained by Prh) as well as from the supply from outer space for 

3 230 3He (constrained by the average global He/xs Th ratio). The 
burial rates of 23øTh and 3He in B25 sediments, calculated in the m 
same way, are identical to those expected (Table 3) for equilibrium 
conditions (i.e., no sediment focusing or winnowing). Sediments 
north of the equator yield results that are in stark contrast to those 400 
obtained for sediments at 0 ø and 2øS (PC72 and PC18 [Marcanto- 300 
nio et al., 1996]). In these cores the average 23øTh burial rate is 2oo 
twice that expected by local production, and the average 3He burial •00 
rate is twice that expected by the supply from space (Table 3). 

Table 3. Average 3He Accumulation Rates a 
23øTh Normalized • 80 Normalized 

Core (3He Rain Rate) (3He Burial Rate) 
B18 (lø3'N, 6.9 + 2.2 5.2 
138ø48'W) 
B25 (lø2'N, 8.2 + 3.5 7.8 
139ø1'W) 
TT013-PC72 7.3 + 3.1 14.8 

(0 ø, 140øW) 
TT013-PC18 8.6 + 2.7 14 

(2øS, 140øW) 
aAccumulation rates are x l0 -•3 cm 3 STP cm -2 kyr -• 
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Figure 4. Multiproxy record for core PC72 (0 ø, 140øW). The 
230 0 18, 

• 0 [Marcantonio et al., 1996], xs Th burial rate [Marcantonio 
et al., 1996], løBe burial rate (this study), 3He burial rate 
[Marcantonio et al., 1996], barite burial rate [Paytan et al., 
1996], and Ti burial rate [Murray et al., 1995] plotted against age. 
The production rate of xs23øTh at this site is equal to 11.3 dpm 

2 1 10 230 
cm- kyr- . The complete data set ( Be and Th) for sediments 
and sediment trap samples will eventually be served on the U.S. 
JGOFS data web site (http://usjgøfs'whøi'edu)' Until then, these 
data can by obtained by request to R. F. Anderson. 
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Figure 5. Particulate 1øBe/23øTh ratio versus annual average 
particulate mass flux. Particles were collected in sediment traps 
deployed near our core sites, along a transect normal to the equator 
at 140øW, from 9øN to 12øS [Honjo et al., 1995]. 

made with respect to the average 23øTh burial rates and the 
potential winnowing and focusing of sediment. 

The extended record for PC72 (0 ø) exhibits a regular 100 kyr 
cyclic pattern of increased burial of 3He and xs23øTh over the past 
450 kyr [Marcantonio et al., 1996]. In addition to Th and He, other 
proxies have also been measured in this core (1øBe (this study), Ti 
[Murray et al., 1995], and barite [Paytan et al., 1996 ]). Multi- 
proxy results are plotted in Figure 4. Periods of maximum 
accumulation rates of 23øTh, 3He, 1øBe, Ti, and barite take place 
during glacial periods. More specifically, extrema in the accumu- 
lation rates of all of the proxies occur regularly during the middle 
part of the growth of continental ice sheets (Figure 4; increasing 
•180). Furthermore, the ratio of any one proxy to another is 
constant to within i30% over 450 kyr. This is a startling discovery 
because the sources of each proxy are completely independent of 
one another. The 23øTh derives from the deep-ocean water column, 
3He derives from IDPs that originate in space, 1øBe derives from 
the upper atmosphere, Ti derives from windblown dust from the 
continents, and barite derives from sinking biogenic debris. The 
correlations argue strongly for an oceanic process, such as sedi- 
ment focusing, which acts upon each proxy in the same way. 

3.2. Alternative Processes for Variable 311e and 23øTh 
Inventories in the Sediment 

There are two possible alternatives to the sediment focusing 
hypothesis: (1) systematic errors in the 180 age model that are 
introduced by carbonate dissolution or (2) genuine variability in 
the accumulation rate of all tracers caused by changes in produc- 
tivity. The first possibility would have serious ramifications for 
studies of past accumulation rates in the equatorial Pacific as well 
as for other sites where periodic calcium carbonate dissolution 
occurs. Since most palcoaccumulation rate studies of biogenic and 
colJan material rely on 6180 age models, it would be difficult to 
evaluate past changes in ocean productivity or wind strength and 
aridity in response to climate change. However, the •180 record 
from PC72 (Figure 4) matches the global average record (SPEC- 
MAP [Martinson et al., 1987]) very well. Indeed, the lack of 
hiatuses in the PC72 •80 record is evidence for a reliable b180- 
based age model in that artifacts in the model due to dissolution are 
probably minimal. 

A productivity hypothesis is preferred by Paytan et al. [1996] to 
explain the variations in barite accumulation rate. In this hypoth- 
esis, changes in productivity and export flux of sinking particles, as 
inferred from the barite record, regulate the burial rate of all the 
other tracers by changing their rate of removal from the water 
column by scavenging [Thomas et al., 2000]. We believe this to be 

an unreasonable explanation for two principle reasons. First, the 
maximum apparent xs23øTh flux/production ratios in PC72 (•4; 
Figures 1 and 4) exceed the highest ratios observed in sediment 
traps anywhere in the modern ocean by more than a factor of 2 [Yu, 
1994]. Attributing xs23øTh fluxes this large to scavenging is 
unreasonable because the flux of xs23øTh scavenged from the 
water column is relatively insensitive to changes in particle flux 
[Francois et al., 1990; ¾u, 1994 ]. Second, the tight coupling of the 
apparent accumulation rates of all proxies requires that their 
scavenging from the water column responds to variable particle 
flux with exactly the same sensitivity. This seems unreasonable, 
given the diverse sources and chemical properties of the various 
tracers. 

To illustrate the point above, we compare the scavenging 
behavior of 1øBe to that of 23øTh. As already described, Th is 
sufficiently particle reactive that throughout the ocean, 23øTh is 
scavenged and removed to sediments at a rate nearly equal to its 
production by U decay in the water column. In contrast to Th, 
scavenging of more soluble tracers, such as 1øBe, increases with 
increasing particle flux, leading to the well-established pattern of 
boundary scavenging, where scavenging of 1øBe is enhanced in 

2•ø'l'h-normalized •øBe (not corrected) AR 
--o-- 23OTh_normalized •OBe (corrected) AR 

• •aO-derived •øBe (not corrected) AR 
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Figure 6. Down core løBe accumulation rates for PC72 (0 ø, 
140øW). The 1sO-derived løBe accumulation rate is equal to the 
l0 18 

Be concentration multiplied by the O-derived sediment mass 
accumulation rate. The 23øTh-normalized løBe accumulation rate is 
calculated using (2) and is numerically equivalent to the 1øBe/ 
xs23øTh ratio multiplied by the 23øTh production rate. Because the 
23øTh production rate is constant, the 23øTh-normalized 1øBe 
accumulation rate should have the same sensitivity to particle flux 

230 10 230 
as the Be/ Th ratio does (e.g., Figure 5). The Th-normalized 
•øBe fluxes are shown with and without correction for past changes 
in production rate of cosmogenic nuclides due to changes in 
Earth's magnetic field strength. An algorithm to describe the global 
average production rate of lo Be over the past 205 kyr presented by 

230• 
Frank et al. [1997] was used to normalize our Th-normalized 
1øBe fluxes to the modem 1øBe production rate. Because Frank's 
algorithm is defined only to 205 kyr, only the uncorrected 1øBe 
fluxes are shown prior to that time. Hatched regions represent 
glacial periods (age boundaries from Imbrie et al. [1984]). 
Although the data point enclosed in parentheses is anomalously 
low, we cannot find any reason to discard it and have designated 
the point with a question mark. 
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Figure 7. Bottom current meter record from Manganese Nodule Project (MANOP) site C for December 1982 to 
February 1984. Current meter results were provided by J. Dymond and R. Collier (Oregon State University). 

ocean margin regions of high particle flux [e.g., Anderson et al., 
1990; Lao et al., 1992a]. Because of the contrasting sensitivity to 
particle flux by the scavenging of Th and of Be, one finds in the 
modem ocean that the particulate •øBe/23øTh ratio tends to 
increase with increasing particle flux. This point is illustrated 
by results from sediment traps deployed near our core sites, along 
a transect normal to the equator at 140øW, from 9øN to 12øS 
[Honjo et al., 1995], where we find that the particulate 
•øBe/23øTh ratio bears a strong relationship to annual particle 
flux (Figure 5). 

If the variable deposition of the tracers studied in PC72 (Figure 
4) were regulated by the intensity of scavenging which, in turn, 
derives directly form the flux of biogenic particles, then we would 
expect the •øBe/23øTh ratio to increase at times of greater particle 
flux. To the extent that the sediment trap results (Figure 5) provide 
a valid calibration of the sensitivity of the particulate •øBe/23øTh 
ratio to changes in particle flux back through time, we expect a 
near 1:1 relationship between the decay-corrected •øBe/23øTh ratio 
in PC72 and the contemporary particle flux. In fact, the down core 

record of •øBe/23øTh in PC72 is nearly featureless (Figure 6) and 
clearly lacks any detectable maxima at times of peak 80-derived 
accumulation rates during glacial periods. Hence the maxima in 
•80-derived løBe burial rates are not caused by enhanced scaveng- 
ing due to a large change in the flux of biogenic particles. 
Extrapolating to the other tracers, we further conclude that the 
coherent maxima in the burial rates of all the proxies (Figure 4) are 
not the product of enhanced glacial productivity and scavenging 
from the water column. 

3.3. Corroborating Evidence for Sediment Focusing 

There is corroborating evidence in the literature that supports 
the sediment focusing interpretation. For example, comparing the 
pattern of particulate organic carbon fluxes across the equator 
with the pattern of phytodetritus accumulating on the seabed 
suggests that focusing of the phytodetritus has occurred. Sedi- 
ment trap particulate flux data from the central equatorial Pacific 
(140øW) indicate a nearly uniform average annual particle rain 
rate between 5øS and 5øN [Honjo et al., 1995, Figure 3]. 
However, in this same transect (140øW) over the same range of 
latitudes, ocean bottom phytodetritus abundances peak at the 
equator [Smith et al., 1996, Figure 2]. Indeed, the largest 
concentration of flocculent phytodetritus occurs between 2øN 
and 2øS. The concentration of this fine-grained material on the 

sea bottom decreases steeply as distance from the equator 
increases. The contrast between particle rain rates and phytode- 
tritus abundances is consistent with the idea that phytodetritus is 
being focused toward the equator. Further evidence that this may 
be the case comes from pore water profiles from the same region 
[Hammond et al., 1996]. Diffusive fluxes of oxygen reveal that 
the benthic oxidation of organic carbon at 4 ø and 5øN is only 
about one third of the rate of benthic carbon oxidation within 2 ø 

of the equator [Hammond et al., 1996] despite the nearly uniform 
particulate organic carbon (POC) rain across the region collected 
by sediment traps. This suggests that some POC has been lost 
from the northern sites by sediment winnowing. 

Current meters deployed at MANOP site C from December 1982 
to February 1984 show bottom currents at a depth of 4400 m (50 m 
above the bottom) in excess of 10 cm s -• moving from NE to SW 
during much of the year (Figure 7; current meter data provided by 
J. Dymond and R. Collier (personal communication, 1998)). 
Lampitt [1985] has shown that in order for phytodetritus to be 
moved on the seafloor, water currents must be in excess of 7 cm 
s -•. Maximum current speeds at MANOP site C are in excess of 20 
cm s -• and directed toward the SW. While these results are 
insufficient to conclude that particles deposited near MANOP site 
C serve as a source of sediment focused to the locations of PC72 

(equator) and PC18 (2øS), the amplitude and direction of the 
bottom currents at MANOP site C show the feasibility of the 
requisite sediment transport. Further studies are needed to charac- 
terize completely the timescale and space scale of sediment trans- 
port in this region. 

Further evidence for winnowing and erosion just north of the 
equator in the central equatorial Pacific comes from a JGOFS 
piston core recovered at 5øN, 140øW (TT013-PC 105). This core 
contains Tertiary chalk below a depth of •2 m (M. Leinen, 
personal communication, 1998). Above 2 m, there is either a 
hiatus or multiple erosional surfaces, indicating removal of sedi- 
ment by bottom currents. Corroborating geophysical evidence, in 
the form of deep-tow surveys, suggests that bottom currents have 
winnowed sediments at 4øN, 136øW, close to the equatorial sites 
studied here [Mayer, 1981 ]. 

3.4. Implications for Paleoceanographic Interpretations 

Failure to account for sediment focusing processes can have a 
severe impact on paleoceanographic interpretations. For example, 

•8 
Paytan et al. [1996] interpret O-derived barite burial rates at 
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Figure 8. Down core barite accumulation rates for PC72 (0 ø, 
140øW). The 180-derived barite accumulation rate is equal to the 
barite concentration multiplied by the 180-derived sediment mass 
accumulation rate. The barite concentration data are from Paytan 
[1995]. Paytan's [1995] original barite data, determined at 10 cm 
depth intervals, were interpolated onto the depths of our 23øTh 
samples in order to calculate 23øTh-normalized barite accumulation 
rates. Hatched regions represent glacial periods (age boundaries 
from Imbrie et al. [1984]). Although the data point enclosed in 
parentheses is anomalously low, we cannot find any reason to 
discard it and have designated the point with a question mark. 

face value and infer that there have been distinct climate-related 

changes in barite accumulation (i.e., productivity), with a max- 
imum peak-to-trough amplitude of a factor of 6 and maxima 
occurring systematically during glacials (Figure 4). Normalizing 
to 23øTh eliminates most of the variability in barite accumulation 
rate (Figure 8), although there remains some small systematic 
variability (e.g., the minimum between 30 and 55 kyr). More 
important, however, is that the glacial maxima in export produc- 
tion inferred from •80-derived barite burial rates are absent. This 
is consistent with the Th-normalized løBe accumulation rate, 
which likewise shows no evidence for increased production 
(i.e., particle flux, Figure 6) during glacial times. Given the 
consistent records from two independent proxies (løBe and 
barite), we conclude that export production in the central equa- 
torial Pacific Ocean was not significantly greater than today 
during glacial periods. Evidence in support of higher glacial 
productivity, inferred from this region in previous studies, is 
biased by the failure to recognize the systematic climate-related 
pattern of variable sediment focusing. A more complete analysis 
of the paleoproductivity record from this region using a compre- 

hensive multiproxy approach and additional cores will be devel- 
oped in a future publication. 

The sediment focusing hypothesis has further implications for 
paleoceanography given that periods of maximum sediment focus- 
ing correspond to periods of minimum calcium carbonate concen- 
tration [Marcantonio et al., 1996] in the sediments. Berelson et al. 
[1997] have shown that CaCO3 dissolution in equatorial Pacific 
sediments is influenced more by bottom water undersaturation than 
by metabolically produced CO2. Hence, changing bottom water 
chemistry, as recorded by CaCO3 dissolution, may be linked to 
changes in deep-sea circulation, as recorded by the sediment 
focusing. This, in turn, could lead to variations in the distribution 
of CO2 between the ocean and the atmosphere. 

4. Conclusions 

Multiple lines of evidence presented here provide a strong case 
for sediment focusing in the equatorial Pacific Ocean over the last 
several hundred thousand years. More work is needed before we 
understand the nature of the deep-sea currents responsible for the 
alternating pattern of sediment focusing and sedimentary carbonate 
dissolution cycles. However, the linkage between sediment focus- 
ing and bottom water chemistry (carbonate ion concentration, as 
manifest by CaCO3 dissolution), over glacial-interglacial times, 
points toward a potential connection between deep-ocean circu- 
lation and the ocean-atmosphere carbon cycle [e.g., Broecker and 
Peng, 1989; Keir, 1995]. 

Similar responses among a suite of particulate tracers of 
230 3 differing origin ( Th, He, Ti, løBe, and barite) suggest that 

focusing in this region does not fractionate among different types 
of particles, for example, through hydrodynamic sorting. The 
pronounced maximum in phytodetritus abundance observed near 
the equator may indicate that the focusing mechanism acts 
primarily on phytodetritus before these large flocculant aggre- 
gates become incorporated into the bulk sediment. Focusing of 
aggregated material containing all types of particles could pro- 
duce the observed pattern of accumulation common to all of the 
tracers. 

In many paleoceanographic studies, inte•retations rely on sedi- 8 
ment accumulation rates derived from b O stratigraphy. Such 
accumulation rates, unlike those derived using constant-flux prox- 
ies, are sensitive to the effects of sediment focusing. As shown 
here, the effects of sediment focusing may not be evident in b180 
records. Investigators must be wary of the potential influence of 
these effects on their results. 
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