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Abstract

We have examined the relative affinity of Th, Pa and Be for sorption from seawater onto particles of variable
composition (opal, carbonate, lithogenic particles and organic carbon). Nuclide concentrations in particles collected
from time-series sediment traps were normalized by the dissolved nuclide concentration in the overlying water column
in order to compute partition coefficients under conditions spanning a wide range of particle flux and particle
composition. Our results suggest that the affinity of particles for Pa and Be increases with their increasing opal
content and decreasing carbonate content, while the affinity of particles for Th increases with increasing carbonate
content, and decreases with increasing opal content. We find no correlation between the aluminosilicate content of
particles and their affinity for scavenging of any of these elements. Extrapolating to a pure CaCO3 end member, the
partition coefficient for Th (9.0U106 g g31) isV40 times greater than for Pa, and roughly 100 times greater than for
Be, whereas for a pure opal end member, the partition coefficient for Th (3.9U105 g g31) is slightly less than that for
Pa and Be. Partition coefficients decrease with increasing particle flux in open-ocean settings, but not in an ocean-
margin region. This kinetic effect reflects the increasing contribution of unaltered surface material reaching the
sediment traps as particle flux increases. The degree of fractionation between Pa and Th and between Be and Th
depends on the opal:carbonate rain ratio. These results challenge the use of sedimentary 231Pa/230Th and 10Be/230Th
ratios as simple proxies of particle flux. However, the strong dependence of nuclide scavenging on the opal:carbonate
rain ratio may provide a needed tool for reconstructing past changes in planktonic community composition.
; 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Like many trace elements, dissolved Th, Pa and
Be are removed from the oceans by particulate
scavenging and subsequent burial in sediments
[1,2]. Among these three elements, Th is the
most reactive, with a residence time in the ocean
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of 10^50 yr with respect to removal to the sedi-
ments [3]. Thorium-230 (half-life 7.5U104 yr) is
removed from solution so e¡ectively that its rain
to the sea£oor is largely independent of particle
£ux, and approximately equal to its (known) rate
of production by decay of 234U in the overlying
water column [4,5]. Protactinium-231 (half-life
3.2U104 yr), a product of 235U decay, and 10Be
(half-life 1.5U106 yr), a cosmogenically produced
radionuclide, are less particle-reactive than Th,
and have oceanic residence times with respect to
scavenging of 50^100 yr [3] and 500^1000 yr [6],
respectively. In contrast to 230Th, in regions of
low particle £ux, the rain of 231Pa to the sea£oor
is often less than its integrated production rate by
decay of 235U in the overlying water column. Sim-
ilarly, the rain of 10Be in regions of low particle
£ux is less than the global average production rate
of 10Be.
If scavenging is independent of particle compo-

sition, then the probability for scavenging de-
pends on the particle surface area available for
uptake and exchange of dissolved species. In gen-
eral, then, one expects the removal of reactive
elements to be greatest in regions of high particle
£ux, such as ocean margins. Indeed, 231Pa [7],
10Be [6], and, to a lesser degree, 230Th [7] are all
scavenged preferentially at ocean margins, a pro-
cess that has been called ‘boundary scavenging’
[8]. The extent to which an element’s fate in the
ocean is in£uenced by boundary scavenging de-
pends on the relative magnitude of its residence
time with respect to scavenging (d(scav)) and the
mixing time for lateral transport, which can be
thought of as a water residence time (d(mix)) [9].
Highly particle-reactive metals with low solubility
are rapidly removed from solution, such that
d(scav)Id(mix) and downward vertical £ux dom-
inates over lateral transport. As d(scav) increases
for less particle-reactive elements, d(scav) ap-
proaches d(mix), lateral transport becomes a sig-
ni¢cant term in the mass budget of an element
and the downward £ux of a scavenged element
becomes proportional to particle £ux. To the ex-
tent that the downward £ux of Th is insensitive to
particle £ux, and the downward £uxes of Pa and
Be are proportional to particle £ux, the ratios of
adsorbed Pa/Th and Be/Th preserved in ocean

sediments can serve as indictors of past particle
£ux [6,10,11].
In reality, di¡erent oceanic particle types almost

certainly di¡er in their ability to scavenge reactive
elements from seawater, so that scavenging should
depend both on particle £ux and on particle com-
position. The focus of this study is the extent to
which particle composition a¡ects the scavenging
of, and fractionation between, Th, Pa and Be. A
variety of methods have been used previously to
study the e¡ect of particle composition on nuclide
scavenging. These include laboratory studies with
idealized particulate phases (e.g. [12]), observa-
tions of geographic variability in solid^solution
partitioning of nuclides [7,13], correlation between
nuclide concentrations and carrier phases in sedi-
ments [14^16], and ¢nally, sediment-trap studies
where nuclide £uxes are observed as a function
of particle composition [15,17^21]. There are com-
plications with each of these approaches. The lab-
oratory studies may not be applicable to real ma-
rine particles in a seawater solution [22] ; studies
of sediment composition may be biased by post-
depositional dissolution of biogenic components;
sediment-trap studies may be biased by not cover-
ing the full range of oceanic particle compositions,
or by not accounting for di¡erences in the local
pool of dissolved nuclides, from which nuclides
are scavenged. Strategies that involve physical
separation or chemical dissolution (selective leach-
ing) of particles to determine the speci¢c associa-
tion of radionuclides risk biasing due to redistri-
bution of particle-reactive nuclides from one
phase to another.
The approach taken here is to combine mea-

surements of nuclide concentrations in particles
collected by time-series sediment traps with mea-
surements of nuclide concentrations in the water
above the sediment traps to obtain ‘bulk partition
coe⁄cients’ ^ Kds ^ as a function of particle com-
position. Recent US-JGOFS (Joint Global Ocean
Flux Study) sediment-trap deployments in the
Southern Ocean [23] and the equatorial Paci¢c
(EqPac) [24] provide predominantly opal-rich
and carbonate-rich end members, respectively.
We combine these data with Kd values calculated
from the literature, in order to cover a wide range
of particle compositions.
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2. Methods

2.1. Sample collection

Sediment-trap material was collected in the
equatorial Paci¢c along 140‡W, between 9‡N
and 12‡S in 1991^93, and in the Southern Ocean
along 170‡W between 65‡S and 53‡S in 1996^98,
as part of the US JGOFS EqPac and AESOPS
(Antarctic Environment and Southern Ocean Pro-
cess Study) programs, respectively. In November^
December 1992 for EqPac and February^April
1998 for AESOPS, water-column samples were
taken for the analysis of total (dissolved+particu-
late) nuclide concentration. Sediment-trap materi-
al from the Mid Atlantic Bight was collected in
1984 from the SEEP-I transect south of Cape Cod
[25]. These data are combined with water-column
pro¢les of 230Th and 231Pa (R. Francois, unpub-
lished data) and 10Be [26] from the same region to
calculate Kds, as described below.

2.2. Radionuclide data

In order to obtain su⁄cient sediment-trap ma-
terial for radionuclide analyses some individual
sample cups had to be combined into composite
samples. Thorium-232, 230Th and 231Pa concentra-
tions in AESOPS trap samples were measured by
isotope-dilution inductively coupled plasma mass
spectrometry and for 10Be by accelerator mass
spectrometry [36]. U-series and 10Be concentra-
tions in EqPac trap samples were measured by
isotope-dilution alpha spectrometry and accelera-
tor mass spectrometry, respectively [17]. Analysis
of seawater samples for 232Th, 230Th and 231Pa
was by thermal ionization mass spectrometry
and for 10Be by accelerator mass spectrometry
[40,53]. All particulate 231Pa and 230Th concentra-
tions reported here are ‘excess’ concentrations
(e.g. 231ex Pa and

230
ex Th), and have been corrected

for the presence of 231Pa and 230Th supported
by detrital U. Details are provided in [36].

2.3. Particle composition

Sample composition (%organic carbon, %opal
and %carbonate) and mass £ux data for AE-

SOPS, EqPac and SEEP traps were taken from
[23^25], respectively. For composite samples the
measured weights of each contributing sample ali-
quot (the entire (1/10)th split) were used to derive
a composite composition. Honjo et al. [23] mea-
sured opal by analyzing Si and Al by ICP-ES
after sample digestion and then subtracting a de-
trital contribution, proportional to Al, from the
total Si to get biogenic Si. Because of concerns
about the mass balance of components being sig-
ni¢cantly less than 100% in some AESOPS trap
samples, we re-analyzed a subset of these samples
(including both individual and composite sam-
ples) for opal by the method of Mortlock and
Froelich [27]. These results were indistinguishable
from those reported by Honjo et al. [23]. For the
AESOPS samples, lithogenic content was esti-
mated from measurements of 232Th, assuming a
purely detrital source for 232Th [28] and an aver-
age 232Th content of 10 ppm in detrital material
[29]. For the EqPac samples, the percentage of
lithogenic material was estimated by assuming a
Ti content of 0.4%, typical of average crustal
material [29]. For the SEEP traps, lithogenic con-
tent was estimated as 1003(%opal+%carbonate
+2U%organic carbon).

2.4. Calculation of partition coe⁄cients from
sediment-trap data

Partition coe⁄cients (Kd) describe the equilibri-
um partitioning of a species between the dissolved
and the particulate phase. Field-based estimates
of Kd are usually derived from the ratio of partic-
ulate nuclides, per g of ¢ltered particles, to dis-
solved nuclides, per g of seawater (e.g. [30^32]).
Here we de¢ne a ‘pseudo-Kd’ as the ratio of nu-
clides per g of trapped particles to total nuclides
(dissolved+particulate) per g of seawater in the
water through which the particles sank (see also
[20]). Because the residence time of dissolved nu-
clides is of the order of tens of years or more,
their concentration does not vary seasonally (at
least below the surface mixed layer), so it is valid
to combine time-series data from sediment traps
with water-column measurements made at a single
point in time.
For each sediment-trap sample, the partition
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coe⁄cient for nuclide i, Kd(i), was calculated as
[i]trap/[i]water, where [i]trap is the activity of nuclide i
per g of trapped particles and [i]water (dpm g31) is
the average activity of nuclide i throughout the
water column 1000 m above the depth of the sedi-
ment trap. A 1000 m depth interval was selected
because modeling work has suggested that the
exchange between large sinking particles and the
small suspended particles presumed to be in equi-
librium with respect to 230Th scavenging, occurs
over a depth of about 1000 m [33]. The validity of
this assumption is examined in more detail in sec-
tion 4.2. Pro¢les of total 230Th, 231Pa and 10Be
were used to calculate average water-column con-
centrations, using simple trapezoidal integration.
Although we have used the total concentration of
nuclides in the water (dissolved+particulate) to
calculate Kd, previous work has shown that the
concentrations of particulate Th and Pa are in
general less than 10% of their dissolved concen-
trations (e.g. [30,34,35]).
The sediment-trap and water-column nuclide

concentrations, sediment-trap particle composi-
tion, and the derived Kds are available in elec-
tronic form (see Appendix 1 in the Background
Data Set1). A note on data sources: the AESOPS
data are presented in Chase et al. [36], the EqPac
data have not been previously published, the
SEEP sediment-trap 230Th, 232Th and 231Pa data
are from Anderson et al. [37], and the SEEP sedi-
ment-trap 10Be data have not been previously
published. The SEEP-region water-column 230Th
and 231Pa data are from 31‡50PN/64‡10PW and
36‡17PN/68‡44PW (R. Francois, unpublished
data, 2001), and the SEEP-region dissolved 10Be

data at 41‡32PN/63‡37PW and 34‡1.0PN/63‡0.0PW
are from Ku et al. [26].

3. Results

The use of a pseudo-Kd, de¢ned above, is a
convenient way to evaluate the in£uence of par-
ticle composition on nuclide scavenging. The Kds
calculated in this way have the same units as con-
ventional Kds (g g31), and absolute values that are
consistent with conventional Kds. From our com-
pilation of Kds (Appendix 1 in the Background
Data Set1), we calculate an average Kd(Th) of
4.8U106 g g31, an average Kd(Pa) of 5.7U105 g
g31 and an average Kd(Be) of 3.4U105 g g31.
Typical values of Kd(Th) estimated by ¢ltration
range from 104 to 107 g g31 [31], with Kd(Pa)
being about an order of magnitude lower, at least
in the open ocean [3].
The nuclide partition coe⁄cients show distinct

trends with respect to particle composition. At the
EqPac and AESOPS sites, which are dominated
by biogenic particles (%opal+carbonatew100%)
both Kd(Pa) and Kd(Be) increase with increasing
opal content and decreasing carbonate content of
particles, while Kd(Th) increases with increasing
carbonate and decreasing opal content of particles
(Fig. 1A). The samples from the Mid Atlantic
Bight (MAB) have a lithogenic content much
larger than at other sites, and in general the Kds
for these samples show di¡erent trends than Eq-
Pac and AESOPS with respect to %opal and
%carbonate. Excluding the sites from the MAB,
strong and statistically signi¢cant correlations are
found between log(Kd) and opal and carbonate
content, for all nuclides, whereas weak or statis-
tically insigni¢cant correlations are found between
log(Kd) and lithogenic and organic carbon con-

Table 1
Correlation coe⁄cients (r) for the relationships between log Kd(K), where K=Th, Pa or Be, and particle composition (Fig. 1),
not including the SEEP samples

Opal Carbonate Lithogenics Organic carbon

Thorium 30.77 0.81 0.39 n.s.
Protactinium 0.67 30.63 n.s. 30.49
Beryllium 0.85 30.86 n.s. 30.34

n.s. = not signi¢cant (P6 0.005).

1 http://www.elsevier.com/locate/epsl.
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tent (Table 1). If only data from traps deeper than
3000 m (26 samples) are considered, the correla-
tions between %opal and both Kd(Pa) and Kd(Th)
are signi¢cantly lower (0.47 and 0.54 for Th and
Pa, respectively), whereas the correlation between
%opal and Kd(Be) is almost the same in the deep
samples (0.85) as it is in the complete data set.
A fractionation factor, F, can be de¢ned as the

ratio of Kd values for two di¡erent nuclides, and
describes the fractionation between nuclides dur-
ing scavenging [3,7]. The fractionation factor,
F(Th/Pa) ( =Kd(Th)/Kd(Pa)), together with the

dissolved Pa/Th ratio, determines the Pa/Th ratio
of particles that reach the sediments and form the
paleo-record. Our data show clearly that the
fractionation of Th relative to Pa (F(Th/Pa))
and relative to Be (F(Th/Be)) varies with particle
composition (Fig. 2). Speci¢cally, the lack of a
relationship between F and %lithogenic and
%POC suggests the fractionation between Pa (or
Be) and Th depends primarily on the balance be-
tween the biogenic components opal and carbon-
ate, rather than on the absolute contribution of
biogenic versus lithogenic £uxes. When the bio-

Fig. 1. (A) Partition coe⁄cients (Kd) for Th, Pa and Be as a function of opal and carbonate content of particulate matter. Note
the logarithmic scale for the y axis. Data are from the SW Paci¢c sector of the Southern Ocean (AESOPS), the equatorial Paci¢c
(EqPac), the Mid Atlantic Bight (MAB; calculated from the Pa and Th trap data of [37] and previously unpublished 10Be trap
data (Appendix 1 in the Background Data Set1) together with dissolved 10Be data from [26] and unpublished dissolved 231Pa and
230Th data from R. Francois) and ‘other’ data calculated from the sediment-trap studies of Anderson et al. [7], Anderson et al.
[3], and Scholten et al. [18] as well as the Kd data reported by Guo et al. [52] based on ¢ltration. Data from open-ocean environ-
ments (AESOPS and EqPac) are plotted in solid symbols. (B) Same as A, only partition coe⁄cients (Kd) for Th, Pa and Be are
plotted as a function of the lithogenic and organic carbon content of particulate matter. Where %lithogenic was not reported it
was estimated by assuming either a 232Th content of 10 ppm, a Ti content of 0.4%, or an Al content of 8%, typical of average
crustal material [29]. For the MAB, lithogenic content was estimated as 1003(%opal+%carbonate+2U%organic carbon). The
data in this ¢gure are available on-line in tabular form (see Appendix 1 in the Background Data Set1).
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genic component is dominated by carbonate,
scavenging strongly favors Th (Fw10) as found
in the oligotrophic gyres [3]. Where the particle
£ux is dominated by opal, as in the Southern
Ocean, sinking particles essentially do not frac-
tionate between Th, Pa and Be (i.e. F(Th/Pa)
and F(Th/Be) both w1). This is due not only to
the strong a⁄nity of opal for Pa (Fig. 1; [13]) and
for Be (Fig. 1), but also, to the weaker a⁄nity of
opal for Th, relative to other particle types
(Fig. 1).

4. Discussion

4.1. E¡ect of particle composition on nuclide
partition coe⁄cients

The results provide clear evidence that opal,
carbonate and lithogenics are all important scav-
engers, and each nuclide (Th, Pa and Be) has a
di¡erent suite of Kds for each phase. The EqPac
and AESOPS sites form a convenient two-end-
member system, where lithogenic material is un-
important. Results from these sites support the
suggestion that Pa [13,14,21] and Be [14,17] are
more e¡ectively scavenged by opal than by car-
bonate. From the EqPac and AESOPS data we

extrapolate Kds for Th, Pa and Be with respect to
pure opal of 3.9U105, 1.4U106 and 1.1U106, re-
spectively, and Kds for Th, Pa and Be with respect
to pure carbonate of 9.0U106, 2.2U105 and
9.1U104, respectively. Extrapolating to a pure
lithogenic end member is more tenuous, primarily
because most of the samples with high lithogenic
contents are from the MAB, where total particle
£uxes are very high and where sediment remobi-
lization is signi¢cant [37]. However, some trends
are evident. The samples from the MAB clearly
do not support the claim [16,19] that Be is scav-
enged primarily by clays; Be has a high a⁄nity
for both opal and lithogenics, and a low a⁄nity
for carbonate (Fig. 1). Pa appears to be scavenged
equally (poorly) by lithogenics and carbonate,
and Th appears to be scavenged equally (strongly)
by lithogenics and carbonate.
The compiled results o¡er no support for the

suggestion (e.g. [15]) that lithogenic phases are the
primary agents responsible for scavenging of Th
and Pa from seawater, even in regions of mini-
mum lithogenic £ux. Speci¢cally, Luo and Ku
[13] concluded that lithogenic phases have a
Kd(Th) that is 490 times greater than that of bio-
genic particles, and a Kd(Pa) that is 45 times
greater than that of biogenic particles. Results in
Fig. 1B show these conclusions to be incorrect.
The partition coe⁄cient for Th would show a
much greater sensitivity to the lithogenic content
of particles than is observed if the Kd(Th) of litho-
genic particles were truly 490 times larger than the
Kd values of biogenic phases. Rather, given the
insensitivity of Kd(Th) to the lithogenic content
of particles (Fig. 1B), the large Kd(Th) values ob-
served for samples high in CaCO3 but low in
lithogenic content (Fig. 1) indicate that CaCO3
has an a⁄nity for Th at least as large as that of
lithogenic phases. Similarly, the largest Kd(Pa)
values observed in our compilation are from sam-
ples that have the maximum opal content, but low
lithogenic contents, whereas samples with maxi-
mum lithogenic contents and low opal contents
have intermediate values of Kd(Pa). These results
indicate that opal has a larger Kd(Pa) than do
lithogenic phases.
Luo and Ku [15] concluded, in addition, that

neither opal nor CaCO3 impose a signi¢cant frac-

Table 2
Correlation coe⁄cients (r) for the relationships between log
Kd(K), where K=Th, Pa or Be, and either %opal (C) or log
particle £ux (F), not including the SEEP samples

Th Pa Be

r_KC 30.77 0.67 0.85
r_KF 30.76 0.34 0.59
r_KC(F)a 30.49 0.66 0.76
r_KF(C)b 30.45 30.30 30.08

Partial correlation coe⁄cients are also presented, where
KF(C) is the partial correlation coe⁄cient between Kd and
£ux, holding %opal constant and KC(F) is the partial corre-
lation coe⁄cient between Kd and %opal, holding £ux con-
stant. All regressions are signi¢cant at P6 0.005, except the
partial correlation coe⁄cient between Kd(Be) and F, holding
C constant ^ r_KF(C) ^ which is not signi¢cantly di¡erent
from zero. The sample size is between 73 and 77.
a The partial correlation coe⁄cient between Kd and %opal
(C), holding £ux (F) constant.
b The partial correlation coe⁄cient between Kd and £ux (F),
holding %opal (C) constant.
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tionation between Th and Pa during scavenging.
Our compiled results show this to be incorrect as
well. Extrapolating EqPac and AESOPS results in
Fig. 1 to pure end-member compositions indicates
that scavenging by CaCO3 strongly favors uptake
of Th over Pa [Kd(Th)/Kd(Pa)V42], whereas scav-
enging by opal imparts a smaller fractionation,
and in the opposite sense [Kd(Th)/Kd(Pa) V0.3].
Indeed, the relative proportion of opal and car-
bonate in sinking particles is far more important
than the lithogenic content of particles in deter-
mining the fractionation between Th and Pa, as
well as between Th and Be (Fig. 2).
A careful examination of the experimental ap-

proach used by Luo and Ku [15] reveals an arti-
fact that created an apparent association of Th
with lithogenic phases. Their approach separated
particles by size and density. The ¢ne-grained size
fraction, to which most of the 230Th was ad-
sorbed, contained most, if not all, of the lithogen-
ic phases as well. The coarsest size fraction, dom-
inated by calcareous foraminifera, held relatively
little 230Th because of its smaller surface area to
mass ratio. Consequently, the 230Th content of
sediments appeared to show a positive correlation
with lithogenic content, and a negative correlation
with CaCO3 content, due to the fact that particle
size was not independent of particle composition

in their study. Because our results (Fig. 1) were
obtained without physical or chemical fractiona-
tion of particles, they provide more reliable rela-
tionships between partition coe⁄cients and par-
ticle composition than those reported by Luo
and Ku [15]. With the more reliable methods
used here, we see that biogenic particles scavenge
Th, Pa and Be at least as e⁄ciently as do litho-
genic phases. Furthermore, opal and CaCO3 lie at
the opposite ends of the spectrum with respect to
fractionation between Th and Pa, with CaCO3
exhibiting the maximum fractionation and opal
virtually none.
The surface chemical properties of the various

particle phases leading to the observed trends are
unknown, but the trends are robust in that they
are internally consistent throughout diverse oce-
anic environments (Atlantic, equatorial Paci¢c,
Southern Ocean). This suggests that the empirical
relationships re£ect the intrinsic surface properties
of the major particle phases, and that chemical
properties of inorganic (biogenic) phases regulate
scavenging in the ocean. This result is surprising
in light of growing evidence that organic phases
are the primary scavengers for many reactive ele-
ments in the ocean [22,38,39]. However, most of
the evidence for scavenging by organic phases
comes from surface waters, and it may be that
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scavenging by organic phases is less important
below the biologically active surface layer. Labo-
ratory studies have shown that, above pH 5^6, Th
does not sorb appreciably to silica [12], but sim-
ilar data are not available for sorption of Pa and
Be to opal. We are not aware of any laboratory
studies reporting the sorption of these nuclides to
CaCO3 in seawater. It is conceivable that the cor-
relations we observe between nuclide partition co-
e⁄cients and the inorganic biogenic phases opal
and carbonate arise because these phases are as-
sociated with di¡erent organic coatings, and it is
these (tightly associated) organic coatings that are
in fact responsible for scavenging. However, we
are unaware of any evidence to support that pos-
sibility.

4.2. The role of particle £ux

The use of sediment traps to infer partition co-
e⁄cients as a function of particle composition has
the disadvantage that the results may be in£u-
enced by particle £ux, in addition to particle com-

position. Indeed, we ¢nd some correlation be-
tween particle £ux and partition coe⁄cients in
the sediment-trap data set (Fig. 3). In theory, Kd
should be independent of particle £ux, but the
‘pseudo-Kd’ calculated from sediment-trap data
may be sensitive to particle £ux, if, for example,
as mass £ux increases, particles collected by sedi-
ment traps are increasingly less completely equil-
ibrated with the dissolved and suspended nuclides
in the 1000 m above the sediment trap. Particle
£ux and particle composition are in general not
independent variables, because high-£ux regions
tend to be dominated by diatoms (opal) [40]. Be-
cause both particle £ux and particle composition
may in theory a¡ect Kd, it becomes di⁄cult to
separate the two in£uences in the empirical data.
Further statistical analyses can shed some light

on this problem. First we consider only the EqPac
and AESOPS data, which show the strongest re-
lationships between particle £ux and Kd and be-
tween %opal and Kd. Following this we will ad-
dress the lack of a relationship between Kd and
particle £ux at the MAB site. Within the AESOPS

1 2 3 4

5

6

7

8

log Particle flux (mg m 2 d-1)

lo
g 

K
d 

(T
h)

 (
10

6  g
/g

) A

1 2 3 4

5

6

7

8

log Particle flux (mg m-2 d-1)

lo
g 

K
d 

(P
a)

 (
10

6  g
/g

) B

1 2 3 4

5

6

7

8

log Particle flux (mg m-2 d-1)

lo
g 

K
d 

(B
e)

 (
10

6  g
/g

) C

AESOPS
MAB
other
EqPac

-

Fig. 3. Relationships between particle £ux and Kd for Th (A), Pa (B) and Be (C) from the AESOPS, EqPac and MAB and other
sediment-trap studies. See Fig. 1 for sources of ‘other’ data.
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and EqPac data we ¢nd a signi¢cant positive cor-
relation (r2 = 0.52; P6 0.005) between %opal and
(log) particle £ux, which is consistent with the
view that diatoms are prominent among phyto-
plankton taxa in regions of high particle £ux
[40]. For Th, the negative correlation between
Kd and particle £ux is just as strong as between
Kd and %opal (Table 2), whereas for Pa, and
especially for Be, the relationship between Kd
and particle £ux is much weaker than between
Kd and %opal (Table 2). If particle £ux was the
dominant in£uence on Kd, and if the apparent
particle-composition e¡ect (e.g. Fig. 1) were en-
tirely due to the correlation between particle com-
position and particle £ux, then for each nuclide
the correlation between Kd and particle £ux
should be equal to the correlation between Kd
and particle composition. Because this is not ob-
served, we conclude that Kd is a¡ected by both
particle £ux and particle composition. Partial cor-
relation coe⁄cients, which describe the correla-
tion between two variables while holding all other
variables constant [41], help elucidate the nature
of the composition and £ux e¡ects on Kd. The
partial correlation coe⁄cients indicate that the
importance of the £ux e¡ect decreases as Ths
PasBe, while the importance of the composi-
tion e¡ect decreases in the opposite sense, as
BesPasTh (Table 2). Indeed, Be is una¡ected
by the £ux e¡ect, while the strong negative corre-
lation between Kd(Th) and %opal (Fig. 1A, Table
2) is driven at least in part by a strong negative
correlation between Kd(Th) and particle £ux.
Within the combined data from EqPac and AE-

SOPS we ¢nd for Th, Pa and Be that, as particle
£ux increases, the apparent Kd decreases. For Pa
and Be, this tendency is o¡set by the fact that
during periods of high £ux, particle composition
is dominated by opal, while the opposite is true
for Th.
The trend of decreasing Kds with increasing

particle £ux may be understood if, during periods
of high £ux, unaltered material from the surface
makes up a large proportion of the material
caught by the sediment traps. This surface mate-
rial has low nuclide concentrations, because it is
formed at the surface, where dissolved nuclide
concentrations are low, and does not have su⁄-

cient time to acquire nuclides through adsorption
during its transit to the sediment trap. The fact
that average sinking rates increase with particle
£ux [42] also contributes to this e¡ect.
Results from the MAB di¡er from those de-

scribed above in that Kd values do not exhibit a
measurable dependence on particle £ux (Fig. 3).
We believe this is due to the fact that particle £ux
to the MAB sediment traps varies primarily as a
consequence of lateral transport of particles [25],
rather than as a result of variable biological pro-
ductivity and export of biogenic particles from
surface waters. Laterally transported particles, in
contrast to surface-derived particles, may well
have been suspended in the water column for a
period of time long enough to have achieved ad-
sorption^desorption equilibrium with surrounding
seawater. In that case, Kd is expected to be insen-
sitive to particle £ux because an increase in the
£ux of particles collected by sediment traps re-
£ects an increase in the collection of particles
that have reached a similar degree of adsorp-
tion^desorption equilibrium with the surrounding
water mass.
More detailed study of the upper water column,

including sampling of both sinking and suspended
particles, and greater temporal coverage of dis-
solved nuclide concentrations, should help resolve
this issue.

4.3. Implications

4.3.1. 230Th as a constant-£ux proxy
An important application of 230Th in marine

science is its use as a constant-£ux proxy (CFP).
The £ux of 230Th to the sea£oor has been found
to be largely independent of particle £ux, and
roughly equal to its known rate of production
by U-decay in the overlying water column [4,5].
The fact that the £ux of 230Th is constant and
known makes it a valuable reference for estimat-
ing the accumulation rates of other sedimentary
components in the face of post-depositional sedi-
ment focusing or winnowing [43,44].
Thorium has typically been assumed to be scav-

enged equally by all particle types [5,13] and an
important question to resolve is whether compo-
sition-dependent scavenging of Th a¡ects the util-
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ity of 230Th as a CFP. For example, if 230Th is
scavenged below its production rate when and
where opal dominates the particulate £ux, then
rain rates calculated by normalizing to 230Th con-
centrations may be systematically over-estimated
in regions and at times when the particle £ux is
dominated by opal.
Sediment traps deployed for at least 1 year can

be used to compare the £ux of 230Th at a given
location (F) to its integrated rate of production
(P) by in situ U decay in the water column above
the trap. For a perfect CFP, F=P everywhere.
Sarin et al. [45] report that F/P(Th)w1 in a
deep (V2300 m) sediment trap in the Bay of Ben-
gal, where the total particle £ux ofV100 mg m32

day31 was dominated by CaCO3. Similarly,
F/Pw1 in the high-£ux, carbonate-dominated re-
gime of the Arabian Sea [4]. These two examples
suggest that even in the worst-case scenario of
high particle £ux dominated by carbonate (high
Kd(Th)), the £ux of 230Th is not signi¢cantly
greater than its production rate. This places limits
on the possible de¢cit of 230Th £ux in opal-dom-
inated regions, since on average in the oceans the
£ux of 230Th must equal its production rate. In-
deed, F/P(Th) was close to 1 ( = 0.7) at an AE-
SOPS sediment trap at 66‡S, which collected a
relatively low particle £ux (74 mg m32 yr31) com-
posed of 2% CaCO3 and 6 1% lithogenics (the
rest presumably being opal and organic matter)
[36].
The fact that diatoms (low Kd(Th)) tend to

dominate in regions with high productivity [46]
and high export [40], while carbonate producers
(high Kd(Th)) tend to dominate in low-£ux re-
gions, may help the performance of 230Th as a
CFP. The high particle £ux, and hence high scav-
enging rates, characteristic of diatom-dominated
regions will tend to balance the tendency for
230Th to be scavenged by particles with a rela-
tively low Kd in these regions.

4.3.2. Boundary scavenging
According to classical boundary scavenging

theory (e.g. [47]) the high Pa/Th ratios character-
istic of ocean margin sediments (at least in the
Paci¢c) can be explained on the basis of the lon-
ger average scavenging residence time of dissolved

Pa, relative to Th, and the greater particle £uxes
of coastal regions, compared to the ocean gyres.
According to this view, scavenging at ocean mar-
gins is so intense that, in addition to removing all
nuclides produced in situ by U decay (at a pro-
duction ratio (Pa/Th) of 0.093), it also removes
nuclides advected from the ocean gyres (at a typ-
ical dissolved Pa/Th ratio of 0.3^0.6 [3]). Similar
arguments apply to 10Be [6,48].
Scavenging rates at ocean margins are certainly

high, as can be inferred from the fact that dis-
solved nuclides are depleted in the water column,
relative to the ocean gyres [7]. However, ocean
margins also have relatively high diatom produc-
tivity and therefore an opal-rich particle rain. Bio-
genic opal production rates in coastal regions are
up to 12 times the global mean, whereas biogenic
opal production rates in the oligotrophic gyres are
as much as four times below the global mean [46].
The fact that coastal regions tend to be dominat-
ed by diatoms (low F(Th/Pa)), while ocean gyres
tend to be dominated by carbonate-forming or-
ganisms (high F(Th/Pa)) may well contribute to
the high Pa/Th ratios found in margin sediments.
That is, the preferential removal of Th from open-
ocean waters (particulate Pa/Th6 0.093), and the
corresponding enrichment of these waters in dis-
solved Pa (dissolved Pa/ThV0.3^0.6 [3]), may be
due in part to the small contribution of diatoms
to the productivity of the oligotrophic gyres [46].
Similarly, the high Pa/Th ratios of margin sedi-
ments could in part re£ect the minimal fractiona-
tion between Pa and Th during scavenging by the
opal-rich particles characteristic of coastal re-
gions, in addition to the overall higher particle
£ux. In summary, the tendency for marine par-
ticles to be dominated by CaCO3 in open-ocean
regions and by opal in ocean-margin regions re-
inforces the pattern of boundary scavenging gen-
erated by the di¡erential residence times of these
nuclides.

4.3.3. Nuclide ratios as proxies for particle £ux
Based on spatial patterns observed in the mod-

ern ocean, where sedimentary Pa/Th and Be/Th
ratios increase with increasing particle £ux, these
nuclide ratios have been proposed as proxies for
reconstructing past changes in export production
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[6,10,11]. Given the evidence presented above,
showing that fractionation between nuclides dur-
ing scavenging depends on particle composition,
the relationship between particulate nuclide ratios
and particle £ux needs to be reexamined.
Yu et al. [49] have presented particulate Pa/Th

data from a large number of sediment traps cov-
ering a wide range of oceanic environments. We
have combined these data with annual average
Pa/Th ratios from the equatorial Paci¢c and AE-
SOPS traps [36] to further evaluate the relation-
ship between the particulate Pa/Th ratio reaching
the sediment and mass £ux (Fig. 4A and Appen-
dix 2 in the Background Data Set1). Because of
possible seasonal variability in Pa/Th ratios [50],
we include only sediment-trap records that cover
at least a full annual cycle. An analogous, but
much smaller global data set for particulate Be/
Th ratios in sediment-trap material is also pre-
sented (Fig. 4B).
In the global data set, we ¢nd weak, but statis-

tically signi¢cant relationships between particulate
Pa/Th and annual average particle £ux (r2 = 0.18;

Fig. 4A) and between particulate Be/Th and an-
nual average particle £ux (r2 = 0.31; Fig. 4B).
Given the large range of locations, trap depths,
and studies that went into creating these ‘calibra-
tion plots’ we are not surprised to see such vari-
ability. Much of the variability about the mean
regressions in Fig. 4 can be explained by particle
composition (Fig. 5A,C), with trap depth also
contributing (Fig. 5B,D). The e¡ect of trap depth
on Be/Th ratios is expected to be particularly im-
portant, because 10Be is supplied to the sea sur-
face. It seems that particle composition is at least
as important as particle £ux in determining the
mean Pa/Th ratio of sinking material in a wide
range of oceanic environments. The application of
Pa/Th and Be/Th ratios as particle £ux proxies
independent of particle composition needs to be
reconsidered in light of these results. Empirically,
the opal:CaCO3 rain ratio explains much of the
variability in the ocean-wide data set for particu-
late Pa/Th and Be/Th ratios (Fig. 6). These nu-
clide ratios ^ particularly Pa/Th, which is least
a¡ected by lithogenic content ^ may prove to be
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Fig. 4. (A) ex(231Pa/230Th) ratio (activity ratio) and (B) 10Be/230ex Th (10
8 at/dpm) of trapped particles as a function of particle £ux

for sediment traps deployed for at least 1 year. ‘Other’ samples are year-long records taken from published compilations [4,18].
Data have not been corrected for potential biases in trapping e⁄ciency. North East (NE) Paci¢c data are from Lao et al. [17],
and those Be/Th ratios have been corrected (reduced by 40%) to account for a 9Be spike calibration error (R.F. Anderson, un-
published). The regression line in A is: Pa/Th=0.0007U(particle £ux)+0.061 (r2 = 0.18). The regression line in B is Be/
Th=0.0272U(particle £ux)+2.224 (r2 = 0.31). The data used to produce this ¢gure are available in tabular form (see Appendix 2
in the Background Data Set1).
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better suited as a tool for reconstructing the
opal:carbonate ratio of particles raining to the
sea£oor, prior to dissolution, than as a tool for
reconstructing particle £ux. Such a proxy would
be of value in reconstructing past changes in the

relative abundance of calcareous versus silicious
phytoplankton, with implications for understand-
ing the role of upper ocean ecology in a¡ecting
the partitioning of CO2 between the ocean and
the atmosphere [51].
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5. Conclusions

We ¢nd that Th is scavenged strongly by car-
bonate and lithogenic material and weakly by
opal, Pa is scavenged strongly by opal and weakly
by carbonate and lithogenics, and Be is scavenged
strongly by opal and lithogenics, but weakly by
carbonate. The full spectrum of fractionation fac-
tors (F(Th/Pa)), from 6 1 to s 15, is found in
samples with very low lithogenic content and
can be explained solely by the relative contribu-
tion of the biogenic phases, carbonate and opal.
Partition coe⁄cients calculated using sediment-
trap samples decrease with increasing particle
£ux, because of the varying contribution of unal-
tered surface-derived material.
Empirical evidence indicates that the utility of

230Th as a constant-£ux proxy is not compro-
mised by the dependence of Th scavenging on
particle composition. The tendency for opal con-
tent of particles to increase with increasing par-
ticle £ux creates a situation where Kd(Th) de-
creases as particle £ux increases, coincidentally
favoring a situation where F(Th)wP(Th) every-
where, despite the sensitivity of Kd(Th) to particle
composition.
Composition-dependent scavenging of Th, Pa

and Be, together with the resulting fractionation
among these tracers, has important implications
for the use of Pa/Th and Be/Th as paleo-£ux
proxies. These nuclide ratios may prove better
suited to constraining the composition of the par-
ticle rain, an important parameter in reconstruct-
ing climate-related changes in the composition of
the planktonic community.

Acknowledgements

We are grateful to Roger Francois (WHOI) for
letting us use his unpublished dissolved 230Th and
231Pa data from the Mid Atlantic Bight, and to
the US JGOFS sediment-trap group (S. Honjo, J.
Dymond and R. Collier) for providing sediment-
trap samples. M. Frank and an anonymous ref-
eree provided helpful comments on an earlier
version of this paper. Support was provided by
the US NSF through Grants OCE90-22301 and

OPP95-30379. This is LDEO contribution num-
ber 6366 and US JGOFS Contribution No. 814.
[BOYLE]

References

[1] E.D. Goldberg, Marine geochemistry 1. Chemical scav-
engers of the sea, J. Geol. 62 (1954) 249^265.

[2] K.K. Turekian, The fate of metals in the ocean, Geochim.
Cosmochim. Acta 41 (1977) 1139^1144.

[3] R.F. Anderson, M.P. Bacon, P.G. Brewer, Removal of
230Th and 231Pa from the open ocean, Earth Planet. Sci.
Lett. 62 (1983) 7^23.

[4] E.F. Yu, R. Francois, M.P. Bacon, S. Honjo, A.P. Fleer,
S.J. Manganini, M.M.R. van der Loe¡, V. Ittekot, Trap-
ping e⁄ciency of bottom-tethered sediment traps esti-
mated from the intercepted £uxes of 230Th and 231Pa,
Deep-Sea Res. I 48 (2001) 865^889.

[5] G.M. Henderson, C. Heinze, R.F. Anderson, A.M.E.
Winguth, Global distribution of the 230Th £ux to ocean
sediments constrained by GCM modelling, Deep-Sea Res.
I 46 (1999) 1861^1893.

[6] R.F. Anderson, Y. Lao, W.S. Broecker, S.E. Trumbore,
H.J. Hofmann, W. Wol£i, Boundary scavenging in the
Paci¢c Ocean: A comparison of 10Be and 231Pa, Earth
Planet. Sci. Lett. 96 (1990) 287^304.

[7] R.F. Anderson, M.P. Bacon, P.G. Brewer, Removal of
230Th and 231Pa at ocean margins, Earth Planet. Sci.
Lett. 66 (1983) 73^90.

[8] D.W. Spencer, M.P. Bacon, P.G. Brewer, Models of the
distribution of 210Pb in a section across the north
equatorial Atlantic Ocean, J. Mar. Res. 39 (1981) 119^
138.

[9] M.P. Bacon, C.-A. Huh, A.P. Fleer, W.G. Deuser, Sea-
sonality in the £ux of natural radionuclides and pluto-
nium in the deep Sargasso Sea, Deep-Sea Res. I 32
(1985) 273^286.

[10] N. Kumar, R. Gwiazda, R.F. Anderson, P.N. Froelich,
231Pa/230Th ratios in sediments as a proxy for past
changes in Southern Ocean productivity, Nature 362
(1993) 45^48.

[11] R. Francois, M.P. Bacon, M.A. Altabet, L.D. Labeyrie,
Glacial-Interglacial changes in sediment rain rate in the
SW Indian sector of Sub-Antarctic waters as recorded by
230Th, 231Pa, 238U, and N

15N, Paleoceanography 8 (1993)
611^629.

[12] E. Osthols, Thorium sorption on amorphous silica, Geo-
chim. Cosmochim. Acta 59 (1995) 1235^1249.

[13] H.J. Walter, M.M. Rutgers van der Loe¡, H. Hoeltzen,
Enhanced scavenging of 231Pa relative to 230Th in the
South Atlantic south of the Polar Front: Implications
for the use of the 231Pa/230Th ratio as a paleoproductivity
proxy, Earth Planet. Sci. Lett. 149 (1997) 85^100.

[14] Y. Lao, R.F. Anderson, W.S. Broecker, S.E. Trumbore,
H.J. Hofmann, W. Wol£i, Transport and burial rates of

EPSL 6438 11-11-02

Z. Chase et al. / Earth and Planetary Science Letters 204 (2002) 215^229 227



10Be and 231Pa in the Paci¢c Ocean during the Holocene
period, Earth Planet. Sci. Lett. 113 (1992) 173^189.

[15] S.D. Luo, T.L. Ku, Oceanic 231Pa/230Th ratio in£uenced
by particle composition and remineralization, Earth Plan-
et. Sci. Lett. 167 (1999) 183^195.

[16] J.R. Southon, T.L. Ku, D.E. Nelson, J.L. Reyss, J.C.
Duplessy, J.S. Vogel, 10Be in a deep-sea core: implications
regarding 10Be production changes over the past 420 ka,
Earth Planet. Sci. Lett. 85 (1987) 356^364.

[17] Y. Lao, R.F. Anderson, W.S. Broecker, H.J. Hofmann,
W. Wol£i, Particulate £uxes of 230Th, 231Pa, and 10Be in
the Northeastern Paci¢c Ocean, Geochim. Cosmochim.
Acta 57 (1993) 205^217.

[18] J.C. Scholten, J. Fietzke, S. Vogler, M.M. Rutgers van
der Loe¡, A. Mangini, W. Koeve, J. Waniek, P. Sto¡ers,
A. Antia, J. Kuss, Trapping e⁄ciencies of sediment traps
from the deep Eastern North Atlantic: The 230Th calibra-
tion, Deep-Sea Res. II 48 (2001) 2383^2408.

[19] P. Sharma, R. Mahannah, W.S. Moore, T.L. Ku, J.R.
Southon, Transport of 10Be and 9Be in the Ocean, Earth
Planet. Sci. Lett. 86 (1987) 69^76.

[20] L. Sigg, M. Sturm, D. Kistler, Vertical transport of heavy
metals by settling particles in Lake Zurich, Limnol. Oce-
anogr. 32 (1987) 112^130.

[21] K. Taguchi, K. Harada, S. Tsunogai, Particulate removal
of 230Th and 231Pa in the biologically productive northern
North Paci¢c, Earth Planet. Sci. Lett. 93 (1989) 223^
232.

[22] L.S. Balistrieri, P.G. Brewer, J.W. Murray, Scavenging
residence times of trace metals and surface chemistry of
sinking particles in the deep ocean, Deep-Sea Res. I 28
(1981) 101^121.

[23] S. Honjo, R. Francois, S. Manganini, J. Dymond, R.
Collier, Particle £uxes to the interior of the Southern
Ocean in the Western Paci¢c sector along 170‡W, Deep-
Sea Res. II 47 (2000) 3521^3548.

[24] S. Honjo, J. Dymond, R. Collier, S. Manganini, Export
production of particles to the interior of the equatorial
Paci¢c during 1992 EqPac Experiment, Deep-Sea Res. II
42 (1995) 831^870.

[25] P.E. Biscaye, R.F. Anderson, B.L. Deck, Fluxes of par-
ticles and constituents to the Eastern United States con-
tinental slope and rise: SEEP-I, Cont. Shelf Res. 8 (1988)
855^904.

[26] T.L. Ku, M. Kusakabe, C.I. Measures, J.R. Southon, G.
Cusimano, J.S. Vogel, D.E. Nelson, S. Nakaya, Beryllium
isotope distribution in the Western North-Atlantic: a
comparison to the Paci¢c, Deep-Sea Res. I 37 (1990)
795^808.

[27] R.A. Mortlock, P.N. Froelich, A simple method for the
rapid determination of biogenic opal in pelagic marine
sediments, Deep-Sea Res. I 36 (1989) 1415^1426.

[28] P.G. Brewer, Y. Nozaki, D.W. Spencer, A.P. Fleer, Sedi-
ment trap experiments in the deep North Atlantic: iso-
topic and elemental £uxes, J. Mar. Res. 38 (1980) 703^
728.

[29] S.R. Taylor, S.M. McLennan, The Continental Crust: Its

Composition and Evolution, Blackwell Scienti¢c, Oxford,
1985, p. 46.

[30] M.P. Bacon, R.F. Anderson, Distribution of thorium iso-
topes between dissolved and particulate forms in the deep
sea, J. Geophys. Res. 87 (1982) 2045^2056.

[31] B.D. Honeyman, L.S. Balistrieri, J.W. Murray, Oceanic
trace-metal scavenging - the importance of particle con-
centration, Deep-Sea Res. I 35 (1988) 227^246.

[32] Y. Nozaki, H.S. Yang, M. Yamada, Scavenging of tho-
rium in the ocean, J. Geophys. Res. 92 (C1) (1987) 772^
778.

[33] S.L. Clegg, M. Whit¢eld, A generalized model for the
scavenging of trace metals in the open ocean - II. Tho-
rium scavenging, Deep-Sea Res. I 38 (1991) 91^120.

[34] M.M. Rutgers van der Loe¡, G.W. Berger, Scavenging of
230Th and 231Pa near the Antarctic Polar Front in the
south Atlantic, Deep-Sea Res. I 40 (1993) 339^357.

[35] S.B. Moran, C.-C. Shen, S.E. Weinstein, L.H. Hettinger,
J.H. Ho¡, H.N. Edmonds, R.L. Edwards, Constraints on
deep water age and particle £ux in the Equatorial and
South Atlantic Ocean based on seawater 231Pa and
230Th data, Geophys. Res. Lett. 28 (2001) 3437^3440.

[36] Z. Chase, R.F. Anderson, M.Q. Fleisher, P.W. Kubik,
Scavenging of 230Th, 231Pa and 10Be in the Southern
Ocean (SW Paci¢c sector): The importance of particle
£ux, particle composition and advection, Deep-Sea Res.
II, in press.

[37] R.F. Anderson, M.Q. Fleisher, P.E. Biscaye, N. Kumar,
B. Ditrich, P. Kubik, M. Suter, Anomalous boundary
scavenging in the Middle Atlantic Bight: evidence from
230Th, 231Pa, 10Be and 210Pb, Deep-Sea Res. II 41 (1994)
537^561.

[38] L. Guo, C.C. Hung, P.H. Santschi, I.D. Walsh, 234Th
scavenging and its relationship to acid polysaccharide
abundance in the Gulf of Mexico, Mar. Chem. 78
(2002) 103^119.

[39] K. Hirose, E. Tanoue, The vertical distribution of the
strong ligand in particulate organic matter in the North
Paci¢c, Mar. Chem. 59 (1998) 235^252.

[40] K.O. Buesseler, The decoupling of production and partic-
ulate export in the surface ocean, Glob. Biogeochem.
Cycles 12 (1998) 297^310.

[41] R.P. Sokal, F.J. Rohlf, Biometry, Freeman, 1981, pp.
656^661.

[42] P.S. Hill, Reconciling aggregation theory with observed
vertical £uxes following phytoplankton blooms, J. Geo-
phys. Res. 97 (C2) (1992) 2295^2308.

[43] R. Francois, M. Bacon, D.O. Suman, Thorium-230 pro¢l-
ing in deep-sea sediments: High-resolution records of £ux
and dissolution of carbonate in the equatorial Atlantic
during the last 24,000 years, Paleoceanography 5 (1990)
761^787.

[44] D.O. Suman, M.P. Bacon, Variations in Holocene sedi-
mentation in the North-American basin determined from
230Th measurements, Deep-Sea Res. I 36 (1989) 869^878.

[45] M.M. Sarin, S. Krishnaswami, T.K. Dalai, V. Ramaswa-
my, V. Ittekkot, Settling £uxes of U- and Th-series nu-

EPSL 6438 11-11-02

Z. Chase et al. / Earth and Planetary Science Letters 204 (2002) 215^229228



clides in the Bay of Bengal: Results from time-series sedi-
ment trap studies, Deep-Sea Res. I 47 (2000) 1961^1985.

[46] D.M. Nelson, P. Treguer, M.A. Brzezinski, A. Leynaert,
B. Queguiner, Production and dissolution of biogenic sili-
ca in the ocean: Revised global estimates, comparison
with regional data and relationship to biogenic sedimen-
tation, Glob. Biogeochem. Cycles 9 (1995) 359^372.

[47] M.P. Bacon, Tracers of chemical scavenging in the ocean:
boundary e¡ects and large-scale chemical fractionation,
Trans. R. Soc. Ser. A 325 (1988) 147^160.

[48] Y. Lao, Transport and burial rates of 10Be and 231Pa in
the Paci¢c Ocean, Ph.D. Thesis, Columbia University,
1991.

[49] E.F. Yu, R. Francois, M.P. Bacon, A.P. Fleer, Fluxes of
230Th and 231Pa to the deep sea: Implications for the

interpretation of excess 230Th and 231Pa/230Th pro¢les in
sediments, Earth Planet. Sci. Lett. 191 (2001) 219^230.

[50] Z. Chase, Trace elements as regulators (Fe) and recorders
(U, Pa, Th, Be) of biological productivity in the ocean,
Ph.D. Thesis, Columbia University, 2001.

[51] D. Sigman, E.A. Boyle, Glacial/interglacial variations in
atmospheric carbon dioxide, Nature 407 (2000) 859^868.

[52] L. Guo, P.H. Santschi, M. Baskaran, A. Zindler, Distri-
bution of dissolved and particulate 230Th and 232Th in
seawater from the Gulf of Mexico and o¡ Cape Hatteras
as measured by SIMS, Earth Planet. Sci. Lett. 133 (1995)
117^128.

[53] M.Q. Fleisher, R.F. Anderson, Assessing the collection
e⁄ciency of Ross Sea sediment traps using 230Th and
231Pa, Deep Sea Res. II, in press.

EPSL 6438 11-11-02

Z. Chase et al. / Earth and Planetary Science Letters 204 (2002) 215^229 229


	The influence of particle composition and particle flux on scavenging of Th, Pa and Be in the ocean
	Introduction
	Methods
	Sample collection
	Radionuclide data
	Particle composition
	Calculation of partition coefficients from sediment-trap data

	Results
	Discussion
	Effect of particle composition on nuclide partition coefficients
	The role of particle flux
	Implications
	230Th as a constant-flux proxy
	Boundary scavenging
	Nuclide ratios as proxies for particle flux


	Conclusions
	Acknowledgements
	References


