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[1] There is increasing evidence indicating that syndepositional redistribution of sediment on the seafloor by
bottom currents is common and can significantly affect sediment mass accumulation rates. Notwithstanding its
common incidence, this process (generally referred to as sediment focusing) is often difficult to recognize. If
redistribution is near synchronous to deposition, the stratigraphy of the sediment is not disturbed and sediment
focusing can easily be overlooked. Ignoring it, however, can lead to serious misinterpretations of sedimentary
fluxes, particularly when past changes in export flux from the overlying water are inferred. In many instances,
this problem can be resolved, at least for sediments deposited during the late Quaternary, by normalizing to the
flux of 2*°Th scavenged from seawater, which is nearly constant and equivalent to the known rate of production
of 2°Th from the decay of dissolved **U. We review the principle, advantages and limitations of this method.
Notwithstanding its limitations, it is clear that *°Th normalization does provide a means of achieving more
accurate interpretations of sedimentary fluxes and eliminates the risk of serious misinterpretations of sediment
mass accumulation rates. INDEX TERMS: 4267 Oceanography: General: Paleoceanography; 4808 Oceanography: Biological
and Chemical: Chemical tracers; 4860 Oceanography: Biological and Chemical: Radioactivity and radioisotopes; 4863 Oceanography:
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1976; DeMaster, 1981; Curry and Lohmann, 1986; Rea and
Leinen, 1988; Sarnthein et al., 1988; Lyle et al., 1988;
Mortlock et al., 1991]:

1. Introduction

[2] Reconstruction of oceanic particle fluxes from the
sedimentary record is a central part of paleoceanographic
research. The information it provides can be interpreted in

. ) . . MAR = LSR 1
terms of export production of biogenic material or rates of Pary (1)
supply of continental material from aeolian or riverine

sources. In this article we review the principle, advantages LSR = (zo —z1)/(ta — t1), (2)

and limitations of the 2*°Th normalization method to

interpret the sedimentary record in terms of past changes
in the vertical rain rate of particles. We urge the use of this
technique as a standard tool in late Quaternary paleocean-
ographic studies, while identifying its limits and potential
erTors.

1.1. Problems With the Traditional Approach

[3] Traditionally, fluxes of material to the seafloor have
been estimated from mass accumulation rates (MAR)
between dated sediment horizons [e.g., Lyle and Dymond,
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where pgry is the dry bulk density of the sediment (g cm ),
LSR is the linear sedimentation rate (cm kyr '), z, and z,
are the depths of sediment horizons 2 and 1 (cm), and t, and
t; are the corresponding sediment ages (kyr), generally
obtained from '*C dating or tie points in the §'0
stratigraphy.

[4] Mass accumulation rate of a specific sedimentary
constituent (MAR;) is then obtained simply by multiplying
the total mass accumulation rate by the concentration of the
constituent of interest. The latter should be averaged over
the entire core section between z; and z, ([i]5).

MAR; = MAR x [i"] (3)
It is important to realize that variations in [i] between z; and
7, should not be multiplied by the sedimentary rate
interpolated between these boundaries to calculate varia-
tions in flux, since it cannot be ascertained that the sediment
accumulation rate remained constant over the depth interval
considered.
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[s] Although still widely used, this approach has several
major shortcomings: First, the temporal resolution that can
be obtained by this procedure is inherently limited by the
need to take the difference between two measured ages.
Increasing the resolution of the flux record requires dating
sediment horizons that are in closer proximity, which
automatically increases the relative error on (t, — t;) and
on MAR estimates. Second, MAR calculations rely on
knowledge of the dry bulk density of the sediment (pgry),
which is estimated by sampling and drying known volumes
of sediment or by establishing linear or polynomial fits with
carbonate concentration [Lyle and Dymond, 1976; Curry and
Lohmann, 1986; Froelich et al., 1991]. Either of these
approaches is associated with significant uncertainties. Third,
and maybe most importantly, MARs thus calculated do not
distinguish between the contribution from vertical fluxes
originating from the overlying waters, and lateral fluxes
resulting from sediment redistribution by bottom currents.
Failing to take into account horizontal supply or removal can
be very misleading if, as is often the case, MARs are
interpreted in terms of fluxes originating from the overlying
surface water [e.g., Francois et al., 1993; Pondaven et al.,
2000; Marcantonio et al., 2001a; DeMaster, 2002].

1.2. The Incidence of Sediment Redistribution
on the Seafloor

[6] Sediment redistribution can be either postdepositional
or syndepositional. Postdepositional redistribution is due to
erosion, transport and redeposition of sediments that have
been initially deposited at an earlier time. This is relatively
rare and can generally be recognized from disturbed stra-
tigraphy and chronology, clearly ruling out an affected core
for reconstruction of fluxes originating from surface water.
On the other hand, syndepositional redistribution describes
a situation in which resuspension, lateral transport and final
deposition occur simultaneous to or soon after initial depo-
sition. Syndepositional redistribution is not always readily
identifiable, because the integrity of the sediment stratigra-
phy and chronology is maintained. As a result, it is often
overlooked.

[7] Sediment redistribution on the seafloor occurs on a
variety of scales. It can result in large and conspicuous drift
deposits (e.g., Feni and Gardar drift in the NE Atlantic;
Bermuda Rise in the NW Atlantic; The Meji drift in the NW
Pacific), which are often targeted by paleoceanographers
because of their high sediment accumulation rates and the
high-resolution records they provide. Evidently, the accu-
mulation rates of sediment constituents measured at these
sites are not used to reconstruct paleofluxes from the
overlying water. However, there is increasing evidence that
syndepositional redistribution can occur much more com-
monly, but more subtly so that it is not so easily recognized.

[8] Recently deposited surficial sediments and particularly
phytodetritus that accumulate on the seafloor can be readily
redistributed by relatively weak bottom currents [Beaulieu,
2002]. Particle fluxes measured with sediment traps
deployed within the bottom boundary layer show evidence
for particle “rebound” (i.e., resuspension of particles that
have reached the seafloor but have not become incorporated
into the sediment; Walsh et al. [1988]). Photographic
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evidence shows that phytodetritus accumulates preferentially
in small depressions. It can thus be readily surmised that
the interaction between bottom currents and small to
mesoscale and large topographic features on the seafloor
could often and significantly affect accumulation rates
without impairing the stratigraphy or chronology of the
sedimentary sequences. This is corroborated by high-
resolution seismic reflection profiles of the seafloor that
often show wide variations in the thickness of layered
sediment deposited in the same area. Among many exam-
ples, a spectacular illustration of this process was recently
reported by Mollenhauer et al. [2002] (Figure 1). The
tendency for pelagic and hemipelagic sediments to be
winnowed preferentially from topographic highs and
deposited preferentially in lows, thus tending to smooth
out, over time, underlying roughness in basement topogra-
phy, has been known since the early days of marine seismic
reflection profiling. The process of “syndepositional redis-
tribution” and its effects are well described in the following
quotation from Ewing et al. [1964, p. 17] summarizing
their observations from crossings of the Mid-Atlantic
Ridge: “On the northern and middle crossings, the sedi-
ments are mainly in pockets, and intervening areas are
almost or entirely bare. A large percentage of the pockets
have almost level surfaces. These facts suggest that the
sediments deposited on the ridge flow easily after reaching
the bottom here. Where impounded, the ridge sediments
apparently develop cohesiveness and will not flow easily if
subsequently tilted.” An excellent illustration of this sed-
iment “ponding” effect as it occurs on the flanks of the
Mid-Atlantic Ridge can be found in the review by Ewing
and Ewing [1970, Figure 6]. The distribution of sediments
on the Mid-Atlantic Ridge may be an especially dramatic
example, but we would submit that it illustrates a process
that is widespread, perhaps ubiquitous, in the ocean.

[9] Syndepositional redistribution appears to be particu-
larly common and important in regions with a dynamic
bottom water circulation (e.g., Southern Ocean, northern
and western Atlantic, equatorial Pacific), where the accu-
mulation rates of laterally redistributed sediments are often
many times larger than the fluxes of material sinking from
the overlying surface waters [e.g., Suman and Bacon, 1989;
Francois et al., 1993; Frank et al., 1999, 2000; Dezileau et
al., 2000; Marcantonio et al., 2001a; P. Loubere et al.,
Lower biogenic fluxes in the eastern equatorial Pacific at the
last glacial maximum: Reconstruction of calcite paleo-
fluxes, submitted to Paleoceanography, 2003, hereinafter
referred to as Loubere et al., submitted manuscript, 2003].
MARSs measured by the traditional method in these regions
thus often can seriously overestimate the actual settling rates
of material from the overlying water column. This problem
is compounded by coring biases. The need for high tempo-
ral resolution in paleoceanographic reconstructions
encourages collection of sediment cores in areas of high
accumulation rates, which is achieved with increasing
success as surveying and positioning techniques improve.
These areas are mostly zones of preferential deposition of
redistributed sediment (or sediment focusing). This causes a
bias in the available core collections that has resulted in
significant overestimates of the sedimentary sink in budget
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Figure 1. Echo sounder profile on a section parallel to the coast of Namibia showing evidence for
sediment winnowing and pounding in mesoscale troughs [Mollenhauer et al., 2002].

calculations based on MARs [e.g., Pondaven et al., 2000;
DeMaster, 2002], a bias that (again) was well recognized as
early as 1964: “New measurements of carbonate deposition
are needed in areas of draped sediments, rather than in
pockety areas, to establish reliable rates of sediment accu-
mulation” [Ewing et al., 1964, p. 34]. It is thus imperative
that a means of identifying and correcting for lateral
sediment redistribution be routinely applied, if one is to
use correctly the sedimentary record to quantify past varia-
tions in particle rain from surface waters.

[10] Bacon and Rosholt [1982], Bacon [1984], Suman
and Bacon [1989], and Francois et al. [1990] have pro-
posed and developed a method based on normalization to
230Th to quantify syndepositional redistribution and esti-
mate vertical fluxes from the sedimentary record. A further
advantage of this approach is that each *°Th measurement
provides a flux estimate. Thus, unlike the conventional
approach of estimating MARs, there is no trade-off between
the resolution and precision of the flux estimate, and the
resolution at which flux variations can be recognized is
limited only by bioturbation. In addition, dry bulk density
does not intervene in the flux calculation by ***Th normal-
ization, thereby eliminating yet another source of error.

[11] Even though the approach was first proposed 20 years
ago and its use has been increasing in recent years, its

application is still far from universal, and many recent
studies still use MARs to estimate vertical fluxes from late
Quaternary sedimentary records [e.g., Tkehara et al., 2000;
Thomas et al., 2000; Latimer and Filipelli, 2001; Lyle et al.,
2002; Hyun et al., 2002]. Slow acceptance of the 230Th
normalization approach by the paleoceanographic commu-
nity has been in part the result of contradictory views in the
earlier literature regarding the validity of the method’s key
underlying assumption. Bacon [1984] argued that the flux
of 2*°Th scavenged to the seafloor must always be nearly
equal to its known production rate in the water column, and
thus could be used as a reference to estimate the settling flux
of sedimentary particles. However, this view was not
universally accepted, particularly during the initial stages
of development of the method, and it has been also argued
that the flux of *°Th to the seafloor could considerably
exceed production in the water column in regions of high
particle flux [Mangini and Diester-Haass, 1983; Scholten et
al., 1990; Thomas et al., 2000]. Wider use of the approach
may have also been discouraged by the slow sample
throughput of the alpha-spectrometric method traditionally
used for »*°Th analyses and by the need for somewhat
specialized equipment.

[12] These obstacles have now been overcome. Our
present understanding of the behavior of *°Th in the water
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column [Rutgers van der Loeff and Berger, 1993; Scholten
et al., 1995, 2001; Moran et al., 1997, 2002; Vogler et al.,
1998; Yu et al., 2001; Chase et al., 2003] and recent
modeling studies [Henderson et al., 1999; Marchal et al.,
2000] provide a stronger basis for asserting the validity
while also recognizing the limits of the *°Th normalization
approach. In addition, the development of Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) has dramat-
ically improved sample throughput and has replaced alpha-
spectrometry for 23°Th measurements in sediments [e.g.,
Shaw and Francois, 1991; Hinrichs and Schnetger, 1999;
Choi et al., 2001; Shen et al., 2002]. The widespread use of
this innovative and versatile analytical technique is such
that essentially every modern geochemical laboratory now
has the wherewithal to measure *°Th in sediments. The
convergence of improved understanding of the geochemical
behavior of 2°Th in the ocean and improved analytical
capabilities sets the stage for the widespread use of 23°Th
normalization in late Quaternary paleoceanographic studies.

2. Background: The Marine Geochemistry
of 'Th

[13] The marine geochemistry of *°Th and its paleocean-
ographic applications have recently been reviewed
[Henderson and Anderson, 2003]. We summarize below
aspects that are most relevant to the normalization of
sedimentary fluxes.

2.1. Continental Weathering

[14] **°Th (half-life: 75.69 = 0.23 kyr; Cheng et al.
[2000]) is a member of the »**U decay series. Its parent is
234y, from which it is produced by a-decay:

#8U(4.46 10%year) — **Th(24.1 d) — ***Pa(6.7 h)
— 24U (2.45 10°year) —° Th(75.7 kyr) — - -

[15] Uranium is present as a minor element in the matrix
of most crustal minerals. In old (>10° years) undisturbed
rocks, the U-decay series within the mineral lattices is in
secular equilibrium, i.e., the activity of **°Th (Ath.o30; dpm
g~ ") is equal to the activity of the preceding isotopes in the
decay series (Ath230 = Au-234 = Apa23a = Ath-234 = Ayuasg)-
Weathering of crustal rocks disturbs this equilibrium by
releasing the more soluble uranium isotopes, while allowing
the highly insoluble Th isotopes to be retained. Of the two
uranium isotopes, >>*U is released preferentially because of
recoil and transmutation from U to Th during ***U decay,
which results in the breaking of chemical bonds and
weakening of the mineral lattice [Chabaux et al., 2003].
Weathering thus produces a solution that is comparatively
enriched in 2*U (Ay.234 > Ay.23s) but very low in dissolved
230Th, and a solid residue that is enriched in **°Th and
depleted in 234[J (ATh-23O > AU-238 > AU_234). Subsequent to
weathering, if the solid residue is left undisturbed, secular
equilibrium is regained at the rate dictated by the half-life of
the nuclides. After a period equivalent to about 5 times its
half-life (~350 kyr), the **°Th activity has decayed to near
the level of ?**U, while the activity of the latter has
gradually increased (with a e-folding time of 248 kyr) to
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match that of 2*U. Because of their very short half-lives,
#34Th and ***Pa regain secular equilibrium with **U within
a few months or a few days, respectively.

2.2. Transport of 2°Th to the Sea

[16] **°Th is transported from the continents to the sea
primarily locked in the mineral lattices of aeolian dust and
riverine particles (called hereafter “detrital” 2*°Th). On the
other hand, uranium is transported to the sea both in
dissolved form and locked in lithogenic material as “detri-
tal”” uranium.

2.3. Production of 2*°Th in the Water Column

[17] Dissolved U, added to the sea by rivers and ground-
water, resides in the water column for approximately 320—
560 kyr before removal in anoxic sediments, biogenic
carbonate and at hydrothermal vents [Dunk et al., 2002].
It is thus well mixed in the ocean, displaying conservative
behavior such that its concentration in seawater is propor-
tional to salinity. Because of the preferential weathering of
234U, seawater uranium has a 234U/238U activity ratio of
1.14. For a salinity of 35 permil, seawater >>*U activity
(MAyoass) is 2.835 dpm kg~ ! [Robinson et al., 2004],
corresponding to ~2910 dpm m >. While residing in
seawater, >*U decays and produces **°Th at a uniform
and exactly known rate (3,39) throughout the water column:

Baso = N30 ™ Au-234
=9.16 10 ®year ! x 2910 dpm m™>
= 0.0267 dpm m “year ', (4)

where N\,3¢ is the decay constant of 2307,

2.4. Removal of 2°Th From the Water Column by
Particle Scavenging

18] Unlike U, Th is highly insoluble in seawater, and
2%Th produced from the decay of dissolved ***U is
promptly removed from the water column by adsorption
on settling particles [Bacon and Anderson, 1982]; a process
called particle scavenging, which affects all particle-reactive
elements. This process can follow two distinct pathways: a
vertical pathway (proximal scavenging) due to rapid ad-
sorption on particles settling locally, and a lateral pathway
(boundary scavenging) resulting from intensified scaveng-
ing at the ocean margins and other regions of high particle
flux, after its lateral transport [Spencer et al., 1981].
Partitioning between these two modes of removal is dictated
by the residence time (or particle reactivity) of the removed
element [Bacon, 1988]. Elements with lesser affinity for
particles have longer residence time in the water column
and can be transported laterally over longer distances to be
preferentially removed by boundary scavenging in high
particle flux regions. On the other hand, elements with very
high affinity for particles have very short residence times in
the water column, which limit the extent to which they can
be laterally transported before removal. As a result, they
tend to be removed locally by proximal scavenging.

[19] Thorium is among the most particle-reactive ele-
ments and is thus rapidly removed from the water column,
primarily by proximal scavenging. As a result, the activity
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of 2°Th in seawater is nearly four orders of magnitude lower
than the activity of its parent ***U. Typically, its activity
increases with depth from <0.1 dpm m ™ (<2 fg kg™ ') in the
upper water column to ~1 dpm m > (=20 fg kg ") at the
bottom of the ocean [Nozaki et al., 1981; Bacon and
Anderson, 1982]. Its mean residence time in the water column
(™M Tseav), estimated by comparing its activity in seawater
(™Y Arh230) to that of its parent *>*U (*VAy.a4):

M Tscay = > Ath-230/ (M230™" Au-234) (5)

ranges from <4 years in the upper water column to
~40 years in deep water [Anderson et al., 1983]. Since the
time required for lateral mixing in a typical ocean basin with a
horizontal mixing coefficient of 3:10’cm?® s™'[Sarmiento
et al., 1982] is ~100 years, such short residence times
indicate that removal of 2*°Th by boundary scavenging
must be limited, and thus **°Th removal from the water
column must be occurring primarily via the proximal
route [Anderson et al., 1990]. If so, the flux of scavenged
29T reaching the seafloor with particles settling through
the water column (F»30; dpm m~2 year—!) must always be
close to its rate of production over the depth of the
overlying water column:

Fa30 = P23o = Bazg X 2, (6)

where z is the water depth in meters. This approximation
was first proposed by Bacon [1984] and its validity has
recently been assessed and largely confirmed in modeling
[Henderson et al., 1999; Marchal et al, 2000] and
sediment trap [Yu et al., 2001] studies.

2.5. 23'Th in Marine Sediments

[20] Sedimentary *°Th consists of three distinct pools:
detrital, scavenged and authigenic.

[21] 1. Detrital *°Th (**°Th%") is locked in the mineral
lattices of erosional debris, and transits rapidly through the
water column without interacting with seawater.

[22] 2. Scavenged **°Th (23°Ths<®V) is the fraction
adsorbed from seawater on the surfaces of sinking particles.
Thgeay 1S not supported by 24U in sediment and thus
decreases with time (t; kyr) and burial from its initial
concentration or activity (OASTCha_VBO) at the sediment surface
with a half-life of 75.7 kyr.

scav. __ 04 scav —(0.693t/75.7)
ATn30 = Amnazo © (7)

[23] 3. Authigenic Z°Th (3*°Th™") is produced from
the decay of authigenic U that is either adsorbed on oxides
or precipitated in anoxic and suboxic sediments after
diffusion from bottom waters [Barnes and Cochran, 1990;
Klinkhammer and Palmer, 1991]. Most deep-sea sediments
deposited under oxic conditions tend not to accumulate
authigenic U, but there are documented exceptions where
authigenic U is present in deep-sea sediments underlying
oxygenated waters [Cochran and Krishnaswami, 1980;
Francois et al., 1993; Kumar et al., 1995; Rosenthal et
al., 1995; Anderson et al., 1998; Bareille et al., 1998; Frank
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et al., 2000; Chase et al., 2001]. Under these circumstances,
#39Th ingrowth starts from the time of authigenic U precip-
itation according to:

A?rfflzso = A?Ju-ﬂ2134 (1 - 37(0'69%/75'2)) (8)

3. The 2°Th Normalization Method
3.1. Principle of the Method

[24] The method of **Th normalization proposed by
Bacon [1984] relies on the assumption that the flux of
scavenged 2*°Th reaching the seafloor (Fa30) is known and
equal to the rate of 2°Th production from the decay of >**U
in the overlying water column (P,3p). Although only an
approximation, this assumption is a priori justified by the
very short residence time of *°Th in the water column and
its removal to underlying sediments mainly by proximal
scavenging. It is also consistent with the tight inverse
relationship between sediment Afii53, and accumulation
rates first noted by Krishnaswami [1976].

[25] If the flux of *°Th scavenged from the water column
(F230) were exactly equal to its rate of production (P,30),
there would be a simple inverse relationship between the
settling material’s vertical flux (Fy) and its scavenged **°Th
concentration or activity Afj230:

A5 (dpm g’l) = Fa3g (dpm m’zyearfl)/FV
(g m’zyearfl). 9)

Thus, to the extent that F,3q is known (/3,30 Z), vertical
fluxes originating from the overlying water column can be
calculated from Afjis3o measured in sediment. Since Thgg,y
decays during burial (equation (7)), a correction must be
applied to obtain ATiin3 at the time of deposition:

0 pAscav  __ Ascav (0.693t/75.7)
ATh30 = An30® .

(10)
This correction requires an independent timescale generally
provided by oxygen isotope stratigraphy or '*C chronology.

[26] Because of its strong adsorption, scavenged **°Th
remains incorporated in the sediment even if the particles
that originally transported it to the seafloor are solubilized
during early diagenesis. When this occurs, it results in
increased **°Th concentration in the residual sediment.
The fluxes calculated by normalizing to the decay-corrected
concentration of **°Th in sediments are thus “preserved”
vertical fluxes (P'Fy), i.e., the vertical fluxes of material that
remained after diagenetic remineralization:

pr _ 0 A scav
FV - BZ:‘&OZ/ ATh-230'

(11)

The preserved vertical rain rate of any sedimentary
constituent i ([P'Fy]') is then:

PEy)'= PRy, (12)
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where f; is the weight fraction of constituent i in the
sediment.

3.2. Estimating ATj%530 in Sediment

[27] Applying the **°Th normalization method thus
requires estimation of the activity of scavenged 20Th
(ATi%30) in the sediment. Analysis of 2°Th in sediment
is most often done after total dissolution of the sample,
and thus yields total sediment **°Th (A%%s,), which
must be corrected for detrital, and sometimes authigenic,
contributions:

scav __ A total det auth
Th-230 — ATh-230 - ATh-23O - ATh-230'

(13)
3.2.1. EStlmatlng ATh 230

[28] Ttis generally assumed that detrital *°Th is in secular
equilibrium with detrital 2

A??lt =230 — A%EtBS (14)

Sedimentary U measured after total dissolution of the
samples (A355 ) consists of two distinct dpools detrital and
authigenic. The act1v1ty of detrital U (A 238) is estimated
from the activity of >>*Th in sediment (A%, ), an isotope of
Th that is nearly exclusively found in the lithogenic fraction,
and the average crustal activity ratio A{}S5g /AT 53,(= 0.80 +
0.2; Anderson [1982]):
A(tije—tms = AtTO}tﬁlnzAfJn—lsgx/ A%ﬂsz- (15)
[20] Alternatively, the A5 /A% 5, measured in a near-
by core devoid of authigenic U could also be used instead
of the crustal average [e.g., McManus et al., 1998]. Mean
AL o /ASS, -, ratios have also been recently suggested for
each ocean basin (Atlantic: 0.6 = 0.1; Pacific: 0.7 + 0.1;
Southern Ocean: 0.4 + 0.1; Henderson and Anderson
[2003]).
3.2.2. Estimating A2phs,
[30] This requires estimation of the activity of authigenic
U by difference.
A%}l-t12138 = A{(J)Eazlm - A?f-tm (16)
Since authigenic U is derived from seawater, Al
AN =1.14. Thus
Al = 114 Al (1 - e 097 (1)
where t is the time elapsed since emplacement of authigenic
U, which is often approximated by the time of deposition of
the sediment layer in which it is found.
[31] The general equation to calculate scavenged **°Th in
sediment is thus:

scav __ Atotal det
Th-230 — ATh—23O - (AU-238)

_ (1'14A%}l—t238 (1 _ 67(0.693t/75.7)))‘

(18)

[32] Authigenic U is often totally absent in oxic sediment
low in Fe and Mn oxides. This is ascertained when

FRANCOIS ET AL.: SEDIMENT FLUX BY %*°TH NORMALIZATION

PA1018

AT /AR, of the sediment sample is similar to that of

the average crust. Under these circumstances, equation (18)
can be simplified:

scav

__ A total total
Th-230 — ATh-230 - AU-238' (19)

3.3. [Estimating Sediment Focusing

[33] If the flux of scavenged 29T to the seafloor corre-
sponds to its production rate in the overlying water column
and if particles settle through the water column and accu-
mulate on the seafloor without significant syndepositional
redistribution, the Thg.,, inventory in the sediment between
depths z, and z, should match the production in the
overlying column (P,3¢) integrated over the time of accu-
mulation of this depth interval, after correction for radioac-
tive decay:

Z t

0
/ Aoz pdz= [Py dt. (20)

7 t

Using this principle, Suman and Bacon [1989] defined a
focusing factor (V) that quantifies syndepositional
sediment redistribution:

W/

[34] As for MAR calculations, ¥ can be calculated only
as averages between chronological tie points, and variations
OA$™5, between tie points should not be translated
1nt0 changes in the degree of focusing, since the numerator
in equation (21) cannot be constrained at this higher
resolution. In other words, the degree to which variations
in ¥, or MAR, can be resolved is limited by the number of
sedimentary horizons for which absolute dates can be
assigned, a limitation that is sometimes overlooked.

[35] W = 1 indicates that sediments are unaffected by
syndeposmonal redistribution; ¥ > 1 indicates lateral addi-
tion of **°Th and associated sediment, resulting in *°Th
accumulation rates higher than the production rate in the
overlying water column (i.e., sediment focusing); and ¥ < 1
indicates lateral removal of *°Th and associated sediment,
resulting in 2*°Th accumulation rates lower than the pro-
duction rate (i.e., sediment winnowing).

[36] ¥ > 1 can be found not only in drift deposits
[Suman and Bacon, 1989; Thomson et al., 1993] but also
in areas that are not readily recognized as sites of sediment
focusing. This is particularly the case in parts of the
Southern Ocean where strong bottom currents prevail
[Petschick et al., 1996; Diekmann et al., 1999]. Focusing
factors sometimes greater than 10 have been measured in
sediment cores from this ocean (e.g., Figure 2; Francois et
al. [1993]; Kumar et al. [1995]; Frank et al. [1996, 1999];
Asmus et al. [1999]; Dezileau et al. [2000]). Significant
focusing has also been recognized in the equatorial Pacific

T50Pdz) / (Paso(ty — 1)) (21)
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Figure 2. Focusing factor () calculated for a core from the
southern Scotia Sea (PS2319; 59°47'S; 42°41'W; 4320 m).
The chronology is based on '*C dates and C. davisiana
abundance [Diekmann et al., 1999; Gersonde et al., 2003].
Chronology from the latter is established by comparing the
C. davisiana stratigraphy to a reference core (RC11-120;
Hays et al. [1976]). Focusing factors were averaged over core
sections corresponding to the main marine isotopic stages
(MIS 1-6). Data are available via the PANGAEA database,
Alfred-Wegener-Institut fiir Polar- und Meeresforschung,
Columbusstrasse, D-27568 Bremerhaven, Germany (e-mail:
info@pangaea.de; Web: http://www.pangaea.de).

[Marcantonio et al., 1995, 2001a; Loubere et al., submitted
manuscript, 2003] and equatorial Atlantic [Francois et al.,
1990; Riihlemann et al., 1996], attesting to the common
occurrence of syndepositional sediment redistribution.

[37] When there is no sediment focusing or winnowing
(W= 1), ”Fy (equation (11)) is equal to MAR (equation (1)).
If there is syndepositional sediment redistribution, PFy
diverges from MAR and the latter cannot be used to estimate
the former. However, if Afis30 in the material transported
both vertically and laterally is similar, syndepositional sed-
iment redistribution affects only the *°Th inventory in the
sediment, but not the Afi s30. The latter can thus still be used
to estimate P'Fy, [e.g., Suman and Bacon, 1989; Francois and
Bacon, 1991, 1994; Francois et al., 1990, 1993, 1997;
Kumar et al., 1993, 1995; Frank et al., 1995, 1996, 1999,
2000; Thomson et al., 1995, 1999; Marcantonio et al.,
1996, 2001a; Anderson et al., 1998; McManus et al., 1998;
Asmus et al., 1999; J. F. McManus et al., Rapid deglacial
changes in Atlantic meridional circulation recorded in sedi-
mentary 23 lPa/23°Th, submitted to Nature, 2004, hereinafter
referred to as McManus et al., submitted manuscript, 2004].
Overlooking syndepositional redistribution and interpreting
MARs indiscriminately as reflecting vertical fluxes from the
overlying water can lead to serious errors of interpretation.
For instance, glacial maxima in Ba and carbonate MARs
in the eastern equatorial Pacific disappear when **°Th
normalization is used [Paytan et al., 1996; Marcantonio et
al., 2001a; Loubere et al., submitted manuscript, 2003]
(Figure 3). The two records thus lead to very different
conclusions regarding climate-related changes in productiv-
ity in this important region (Loubere et al., submitted
manuscript, 2003). Likewise, *°Th normalization has
recently produced significant revisions in the degree of opal
preservation in Antarctic sediments [Pondaven et al., 2000]
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and in the importance of the Antarctic Polar Frontal Zone as
a sink in the global silica budget [DeMaster, 2002]. Since
there are no simple sedimentological means of ruling out, a
priori, syndepositional redistribution, normalization to *°Th
should become a prerequisite for evaluating past changes in
particle flux from the sedimentary record, if only to verify
the absence of such redistribution.

4. Uncertainties and Limits of the Constant
20Th Flux Model

[38] The constant 2*°Th flux model is based on several
assumptions that we know are not exactly verified. There
are also limitations that are inherent to the method. It is thus
important to further assess the accuracy of the approach and
establish the limits of its applicability.

4.1. Limits Dictated by the Half-Life of >**Th

[39] The half-life of »*°Th (75.7 kyr) limits the applica-
bility of the method to sediments that have been deposited
during the last 200-300 kyr. In recent years, the potential of
using tracers of cosmic dust (*He) in a similar manner (i.e.,
assuming that the flux of cosmic dust to the seafloor is
constant) has been investigated [Marcantonio et al., 1995,
1996, 2001a, 2001b]. Although a full evaluation of the
validity of the approach remains to be done, the initial
results comparing *He and **°Th fluxes in late Quaternary
sediments are encouraging and suggest that *He (or other
indicators of cosmic dust) could eventually be used to
reconstruct ”'Fy, in sediments too old for the 23°Th method.

4.2. Uncertainties Resulting From the Decay
Correction of 2*°Th

[40] Errors in core chronology propagate in the decay-
correction and >*°Th normalized flux calculations, but the

6
—e—Th-normalized flux
— Accumulation rate
L 4
z
E
Q
@5
| HE—
0
0 10 20
ka B.P.

Figure 3. Comparison between carbonate mass accumula-
tion rate (MAR) and *°Th normalized carbonate fluxes
obtained from a core in the eastern equatorial Pacific (Y69-
71; 0.1°N; 86.7°W). Note the lower fluxes and higher
resolution obtained by 2*°Th normalization. The difference
indicates that changes in MAR, particularly the high MARs
measured during the LGM, mainly reflect changes in
sediment focusing rather than changes in fluxes originating
from the overlying surface water (Loubere et al., submitted
manuscript, 2003).
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Figure 4. Error on *°Th normalized flux engendered by
errors in core chronology.

long half-life of **°Th results in comparatively small flux
errors. For instance, a chronological error of 3 kyr engen-
ders a 2.8% error on the ***Th normalized flux (Figure 4).
On the other hand, similar uncertainties in the chronology
delineating a 10 kyr core section would result in 42%
uncertainty in the calculated MAR. The relative insensitiv-
ity of flux calculations to stratigraphic errors is another
advantage of 2*°Th normalization over MAR.

4.3. Uncertainties Inherent to the Algorithm for Flux
Calculation

[41] The algorithm used for flux calculation (equation (8))
is an inverse function, which inherently limits the precision
of flux reconstruction when P'Fy is high and particularly
at shallow depths (Figure 5a). This is not a limiting
factor, however, in most deep-sea settings. For instance,

with an error of £0.25 dpm g~ in estimating *A$5%%5,, the

*Arhazo” " (dpm/g)

0 10 20 30 40
V, (g/m’y)
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resulting uncertainty in P'Fy in typical deeIp-sea sediments
(Z > 3000 m; PFy: 10-30 g m > year ') is better than
+10% (Figure 5b).

4.4. Uncertainties in the Estimation of Ajj 330

[42] Equations (14), (18) and (19), used to calculate
ATi%50, are based on the assumption of secular equilibrium
in the lithogenic fraction of marine sediment. We know
that this cannot be strictly correct, since weathering causes
a disturbance in the isotopic equilibrium between **U and
29T in crustal material that lasts for more than 10° years
(see above section on continental weathering). However, in
most deep-sea sediments, the activity of scavenged 20Th
is much larger than the activity of detrital >>°Th (AS5%%5, >
A$'530) and even large errors in estimating AS5 .y, in-
crease minimally the error on Afji530. That is not neces-
sarily the case in shallow sediments, where Afjisz is
lower because of the shallower overlying water column
from which **°Th is scavenged. This problem is com-
pounded in ocean margin sediments, which are often
dominated by lithogenic material, resulting in a relatively
high A$',5,. The combined effect of these two factors
limits the applicability of the approach in shallow margin
sediments.

[43] The presence of authigenic U further limits the
precision of Afjiszo estimates. This is partly because authi-
genic U concentration can only be calculated approximately
from estimates of A{h4/A%Y 5, (equation (15)). In addi-
tion, the time of authigenic U emplacement in the sediment
cannot be rigorously established from the core chronology.
This is because precipitation of authigenic U occurs mainly
in the suboxic and anoxic sublayers of the sedimentary
column [e.g., Barnes and Cochran, 1990]. Therefore the
emplacement of authigenic U occurs somewhat later than the
time of deposition of the corresponding sediment horizon
[e.g., Francois et al., 1993]. As Afjsso decreases with
burial (equation (7)) and A%y, increases (equation (17)),
the presence of authigenic U limits the applicability of the

c
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Figure 5. (a) Relationship between the scavenged 2*°Th activity (*A3i%50) and vertical settling fluxes

of particles (Fy) at three different depths.

OAf52%5, was calculated according to equation (9):

0 A scav —
ATh—23O -

8230 Z/Fy. (b) Uncertainty on estimating vertical settling flux (Fy) by *°Th normalization when °A35*%5,

has an uncertainty of 0.25 dpm g~ .
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#39Th normalization approach for older anoxic or suboxic
sediments [e.g., Frank et al., 2000]. Development of
chemical leaching techniques to directly measure ASEt o/
A5 and A H35/A 5, in sediment could greatly allevi-
ate these two problems.

4.5. Uncertainties in the Flux of **Th Reaching
the Seafloor

[44] The underlying assumption that the flux of **°Th
scavenged to the seafloor is always exactly equal to the rate
of 2°Th production in the overlying water (Fp39 = P»30) is
also an approximation. There are primarily two processes,
boundary scavenging and deep water circulation, that can
disturb this simple balance.

4.5.1. Boundary Scavenging

[4s] If the removal of dissolved **°Th from the ocean
were to occur entirely by proximal scavenging and not by
boundary scavenging, as the model assumes, removal
would have to be instantaneous, and the activity and
residence time of dissolved **°Th in seawater would have
to be zero. Since *°Th resides in deep water for several
decades and its concentration builds up to measurable
levels, boundary scavenging must contribute, albeit to a
limited extent, to its removal. As a result, the flux of >*°Th
should be somewhat higher than the production rate in high
particle flux regions, and equation (11) should somewhat
underestimate the true preserved vertical rain rate. The
opposite should be true for regions of low particle flux.
4.5.2. Deep Water Circulation

[46] Likewise, deviations from constant >*°Th flux could
occur as a result of the deep meridional overturning circu-
lation of the ocean (Figure 6). In the absence of significant
advection and mixing, a scavenging model that assumes
reversible equilibrium between **°Th adsorbed on particle
surfaces and dissolved in seawater predicts linear increase in
the *°Th activity of seawater with depth [Krishnaswami et
al., 1976; Nozaki et al., 1981; Bacon and Anderson, 1982]
(Figure 6¢). However, linear seawater *°Th profiles are
relatively rare, and thus far, they have been found only in
subantarctic waters [Rutgers van der Loeff and Berger,
1993; Chase et al., 2003; R. Francois and T. W. Trull,
unpublished manuscript, 2003] and in the North Pacific
[Roy-Barman et al., 1996; M. P. Bacon and R. Francois,
unpublished manuscript, 2003; K. Hayashi, unpublished
manuscript, 2002]. Elsewhere, we invariably find signifi-
cant deviations from linearity, which appear to reflect the
influence of deep water formation and upwelling (Figure 6).

[47] In the Nordic Seas, winter cooling of surface water
and deep convective mixing result in relatively low and
homogeneous **°Th concentration over the entire water
column (Figure 6a) [Moran et al., 1997]. Initiating the
meridional overturning (or “conveyor belt”) circulation,
this water mass and its low **°Th concentration forms the
Deep Western Boundary Current (DWBC) and the North
Atlantic Deep Water (NADW), which propagate southward
in the deep Atlantic. The dissolved 2**Th concentration in
the newly formed deep water is lower than the concentration
in equilibrium with the settling particles predicted by
the scavenging model, producing a clear deviation from
linearity [Moran et al., 1997, 2002; Vogler et al., 1998]
(Figure 6b). The deep water deficit in **°Th favors desorp-
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Figure 6. Schematic representation of the influence of
meridional overturning circulation on ***Th water column
profiles and lateral transport (see text for explanations). The
Atlantic cross section shows deep convective mixing in the
Nordic Seas and propagation of the North Atlantic Deep
Water (NADW) toward the Circumpolar Deep Water
(CPDW) in the Southern Ocean. Figures 6a—6d show
predicted vertical seawater profiles of total >°Th (C,) in
different oceanic regions (thick continuous line) and the
linear profile (dotted line) toward which the profiles are
evolving. Arrows indicate the direction of the expected
changes in seawater 2°Th activity.

tion of scavenged *°Th from settling particles, and as deep
water flows southward and ages, its 23°Th activity gradually
increases with an e-folding time equivalent to the mean
residence time of ***Th with respect to scavenging (~20—
30 years). This gradual increase continues until the linear
profile is regained (Figure 6¢). Prior to reaching this stage
(i.e., in waters with ventilation ages < 100 years), there is
net lateral transport of 2*°Th “downstream” because at any
one site, incoming water always has lower activity than
outgoing water. As a result, in areas close to the location of
deep water formation, a fraction of ***Th produced from U
decay is used to build-up the *°Th concentration of the
water mass and the vertical fluxes of scavenged **°Th to the
seafloor are lower than the production rate in the overlying
water.

[48] In principle the opposite occurs in zones of deep water
upwelling and shoaling isopycnals such as found within the
Antarctic Circumpolar Current and in the North Pacific. In
that situation, we find convex-upward profiles [Nozaki and
Nakanishi, 1985; Rutgers van der Loeff and Berger, 1993,
Chase et al., 2003; M. P. Bacon and R. Francois, unpub-
lished manuscript, 2003] and **°Th activity in the water
brought up from greater depth is in excess of the value
expected from the linear trend dictated by scavenging alone
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Figure 7. **°Th fluxes intercepted by sediment traps (F»30)
normalized to *°Th production in the overlying water
(P»30) in oceanic regions characterized by a wide range of
total mass flux [Yu et al., 2001].

(Figure 6d). The resulting enhanced adsorption should
work toward gradually reducing this excess, thus adding to
the scavenged flux of *°Th and yielding a vertical flux of
#39Th larger than the production rate.

4.5.3. Documenting the Effect of Boundary
Scavenging and Deep Water Circulation

on the Flux of >**Th

[49] Our database on the distribution and fluxes of **Th
in the water column is rapidly expanding and provides an
increasingly accurate and complete view of the extent to
which the constant *°Th flux assumption is valid.

[s0] A recent compilation of available sediment trap data
[Yu et al., 2001] indicates that the measured flux of
scavenged 2*°Th normalized to production (Fa30/P230)
ranges from 0.8 to 1.7 over most of the ocean (Figure 7).
Only in the Weddell Sea, where extensive ice cover limits
scavenging [Walter et al., 2001], did F,3¢/P230 drop below
0.7. The highest values were found at the margins of the
Pacific Ocean where boundary scavenging is fully expressed.
However, these values have high uncertainties (1.5 + 0.7;
1.7 £ 0.8). In parallel, Henderson et al. [1999] used a global
ocean circulation model that reproduces the major features of
ocean circulation and particle flux to evaluate the effect of
deep water circulation and boundary scavenging on the
scavenged flux of **°Th. They produced a global map of
scavenged **°Th fluxes ranging from 0.4 to 1.6 times the
water column production. In their model, 70% of the ocean
floor receives a *°Th flux within 30% of that expected from
production, which is in essential agreement with the sediment
trap database.

[51] Using indirect arguments based on correlations
between the accumulation rates of different sedimentary
constituents, Thomas et al. [2000] have argued that the
scavenged flux of 2?°Th in the equatorial Pacific could far
exceed the production rate. They proposed that enhanced
239Th scavenging in the equatorial upwelling region could
result from large but localized, repetitive and transitory
increases in particle flux. They argue that such a situation
could take place in the equatorial Pacific in response to the
passage of tropical instability waves that produces intermit-
tent increases in particle flux [Honjo et al., 1995]. However,
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Bacon et al. [1985] measured the seasonal variation in >*°Th
and total mass flux in the Sargasso Sea over a 3-year period
when particle flux variability was as important or larger than
observed in the equatorial Pacific and the resulting mean
annual flux of scavenged **°Th was still within 10% of the
production rate [Yu ef al., 2001]. In addition, Loubere et al.
(submitted manuscript, 2003) have found large spatial
variability in sediment focusing in the eastern equatorial
Pacific, which is inconsistent with the interpretation of
Thomas et al. [2000]. Instead, this spatial variability further
points to localized, site-specific sediment redistribution as
the main reason for enhanced *°Th accumulation rates in
the sediments of the equatorial Pacific. Compelling geo-
chemical arguments against enhanced **°Th scavenging in
the equatorial Pacific were also presented by Marcantonio
et al. [2001a]. Although the possible effect of brief, repet-
itive and localized increase in particle flux on the scaveng-
ing of 2°Th and its oceanographic significance should be
fully evaluated, it does not appear to significantly affect the
general validity of the constant *°Th flux model.

[52] To illustrate the effect of deep water formation in the
North Atlantic, we can make a preliminary calculation using
recent water column data that documents the gradual build
up in dissolved **°Th in the Deep Western Boundary
Current (Figure 8). The dissolved 23°Th activity in the
Denmark Strait Overflow Water (DSOW) off SE Greenland
has been measured at 0.2 dpm m > [Moran et al., 1997]. In
the core of the DWBC, between 4000 and 5000 m on the
lower slope of the N. American margin, dissolved **Th
activity is ~ 0.4 dpm m > (R. Francois and M. P. Bacon,
unpublished manuscript, 2003). Tritium >He measurements
in the DWBC indicate that it takes about 10—12 years for
DSOW to travel between the two points [Doney and Jenkins,
1994]. Therefore the core of the DSOW has accumulated
~0.02 dpm m > year '. Considering that the depth range
with a noticeable deviation from linearity is about 1000 m,
DSOW must have accumulated at most 20 dpm m ™2 year ™'
Since the rate of production of *°Th in a 5000 m water
column is 130 dpm m 2 year ', only 15% of the **Th
produced accumulates in the water mass for export to the
south instead of being removed to the underlying sediments.
This estimate can be refined as the seawater database in the
North Atlantic increases. However, the results already show
clearly that little ***Th can be exported laterally from the
North Atlantic as a result of deep water formation.

[53] Figure 6 suggests that we should find a lateral input
of 2°Th in the Southern Ocean. In the Atlantic sector,
Walter et al. [2001] have shown evidence for lateral
transport of °°Th from the Weddell Sea to the Antarctic
Polar Frontal Zone (APFZ). The general circulation model
study [Henderson et al., 1999] and sediment trap data [ Yu et
al., 2001] suggest relatively modest lateral addition in the
APFZ (F»30/P230 = 1.3). However, a more detailed water
column study of the distribution and transport of *°Th in
the Pacific sector [Chase et al., 2003] indicates that lateral
addition from upwelling in the Antarctic Circumpolar
Current maybe compensated by a northward export result-
ing from deep water formation near the Antarctic continent,
resulting in scavenged **°Th fluxes similar to production
rates, at least in the western Pacific sector.
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Figure 8. Increase in °°Th activity in the Deep Western Boundary Current between Denmark Strait
(63.6°N; 33.0°W; dissolved Z*°Th activity; Moran et al. [1997]) and a station off New England (33.5°N;
69.2 W; total >*°Th activity; R. Francois and M. P. Bacon, unpublished manuscript, 2003).

[54] Assumption of constant >*°Th flux in regions where
F230/P230 > 1 will underestimate the preserved vertical rain
rate and thus overestimate sediment focusing. The errors
will be systematically in the other direction for F»30/Pp39 < 1.
Water column profiles, sediment trap fluxes and modeling
studies suggest, however, that F,30/P,3( rarely drops below
0.7, i.e., that the constant flux model will engender system-
atic errors generally not exceeding 30%, although in some
restricted regions, such as the Weddell Sea, they could be
larger. Likewise, F,30/P239 seems rarely to exceed 1.5
[Henderson et al., 1999; Yu et al., 2001], suggesting
maximum errors of ~ 50% in high flux regions. These
errors are small compared to potential corrections required
for syndepositional redistribution of sediments (up to
>1000%; Figure 2). The constant flux model proposed by
Bacon [1984] is thus a robust and useful approximation.
Downcore records of flux variability reconstructed by *°Th
normalization will be somewhat muted, since higher fluxes
tend to be underestimated and lower fluxes overestimated,
but Figure 7 indicates that this effect will be small compared
to the recorded flux variations (a ten-fold increase in particle
flux is required to double the flux of scavenged 23°Th).
Because these biases are systematic and not random, as we
gain a more quantitative understanding of the factors that
control the lateral transport of 2*°Th in the water column, it
will eventually be possible to take these deviations into
account, thereby further increasing the accuracy of the **°Th
normalization method.

4.6. Uncertainties in the Correction For
Syndepositional Sediment Redistribution

[s5] Even with a perfect constant flux tracer, uncertainties
would remain when applied to the reconstruction of vertical
flux from sediments affected by sediment redistribution.
These uncertainties result in part from possible differences
in the composition of the sediment laterally and vertically
transported, and in part from ambiguities in the meaning
of “vertical flux.”

4.6.1. Modes of Syndepositional Redistribution of
Sediment

[s6] Syndepositional sediment redistribution can follow
two distinct pathways (Figure 9):

[57] 1. Intermediate nepheloid transport, where sediment
resuspension is initiated at shallower depth (Z;) from topo-
graphic highs (continental slopes, Mid Ocean Ridges, sea-
mounts) and is followed by lateral transport of the fine
resuspended particles along isopycnals over relatively long
distances (AH) prior to capture by large particles from
surface water and incorporation into the vertical settling flux.

[s8] 2. Bottom nepheloid transport, resulting from resus-
pension of bottom sediments within the zone of turbulent
mixing above the seafloor. Here, the water depth at which
resuspension occurs (Z;) is close to the depth of final
deposition (Zyg), and lateral transport can occur over a wide
range of distances (AH).

[59] There is a continuum of depth differential (AZ =
Z¢ — Z;) between zones of initial resuspension (Z;) and
final deposition (Zy). The vertical flux originating from the
surface mixed layer (Fy) is distinct from the lateral flux of
particles (‘Fp) that is being added to the vertical flux at
depth Z;. The total flux (Ft) is the sum of the initial
vertical flux from the surface mixed layer plus the cumu-
lative horizontal flux (XFp):

Fr =Fy + XFL. (22)
[0] The flux originating from the mixed layer (Fy) is
often the flux of interest to paleoceanographers because of
its direct link with export production from the euphotic
zone, and is the quantity that often we want to estimate by
239Th normalization.
4.6.2. The Effect of Sediment Redistribution on **°Th
Normalized Fluxes
[61] If particles settling directly from the overlying
water and particles that have been laterally redistributed
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Figure 9. Modes of syndepositional sediment redistribu-
tion: (1) Intermediate nepheloid transport. (2) Bottom
nepheloid transport. Z;;  are the depth of initial resuspen-
sion of the laterally transported sediment. Z¢ is the depth of
final deposition. AH and AZ are the lateral and vertical
distances separating the sites of initial resuspension and
final deposition. Fy is the vertical flux originating from
surface mixed layer. “'Fy is the contribution to the vertical
flux that is laterally transported at depth Z;; . Fr is the
total flux (Fr = Fy + XFp). Only a fraction of Fp, Fyand Fp,
are preserved and buried in sediment. The resulting
preserved fluxes are denoted P'Fr, P'Fy and P'Fy.

have similar **°Th activities, the constant **°Th flux
model (equation (11)) can readily yield the preserved flux
originating from surface waters (°'Fy) and accurately esti-
mate V(= P'Fr/P'Fy; where PFr is the total preserved flux,
i.e.,, the sum of the vertical and integrated lateral fluxes
preserved during burial). These conditions are met when the
sediment is redistributed by bottom nepheloid transport on a
relatively flat seafloor within a region of uniform settling
flux. This situation arises when interaction between bottom
currents and small to mesoscale irregularities on the seafloor
creates localized zones of reduced current velocity where
particles preferentially settle (Figure 1). Then the **°Th
activity of the sediment that initially settled within the zone
of redistribution is the same everywhere, and sediment
redistribution will not change the 23°Th concentration in
focused sediments. This type of local to mesoscale sediment
redistribution is likely to be prevalent wherever bottom
currents are sufficiently high to redistribute particles that
just settled on the seafloor (~10 cm s~ '; Beaulieu [2002]).

[62] In contrast, redistribution of sediment through inter-
mediate nepheloid layers (Figure 9) can produce inaccura-
cies in **°Th-based estimates of P'Fy. The fine particles
initially resuspended at shallower depth (Z;) should be in
equilibrium with seawater as they are carried along iso-
pycnals, thereby laterally transporting scavenged 23°Th.
Once these particles are incorporated into the vertical
settling flux, they start contributing to the scavenging of
dissolved *°Th from seawater at depth >Z;. This lowers the
dissolved #*°Th activity in deeper water and the **°Th
activity of settling particles below the values that would
have been attained without lateral transport. As a result, the
fluxes obtained by **°Th normalization are intermediate
between preserved fluxes originating from the surface (*'Fy)
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and the total preserved flux (P'Fr). If resuspension and
lateral transport occur close to the seafloor (i.e., as Z;
approaches Zg), 2°Th normalized fluxes provide accurate
estimates of the preserved vertical flux originating from the
surface mixed layer. On the other hand, if lateral transport
originates from shallow depths (e.g., horizontal transport
within intermediate nepheloid layers originating from the
shelf break; Pak et al. [1980]; Dickson and McCave
[1986]), 2*°Th normalized fluxes are a more accurate
estimate of the total preserved fluxes (*'Fr = P'Fy, + XPFp).

[63] The error on PFy; due to lateral transport within deep
nepheloid layers is thus typically small in comparison to the
extent of sediment focusing often observed [Francois et al.,
1990]. For instance, if we assume uniform lateral transport
within the bottom 1000 m of a 5000 m water column that
triples sediment accumulation rates to 30 g m 2 year ' from
a PFy of 10 g m 2 year ', ??°Th normalized fluxes
overestimate P'Fy by only 23% compared to 200% for
MARs, and the focusing factor (y) is underestimated by
19%. However, if the resuspended sediment originates from
an oceanic province where the composition of settling
particles is distinct from that at the site of final deposition,
deep nepheloid transport can produce larger errors in the
P'Ey of individual sediment constituents. This could occur
when nepheloid layers consist of lithogenic particles that
have been resuspended from the continental slope [Biscaye
and Eittreim, 1977, McCave, 1986]. Such lateral addition
increases the **°Th normalized lithogenic fluxes above the
vertical flux originating from the overlying surface waters,
while decreasing slightly the **°Th normalized fluxes of
biogenic material below the actual rain rate. On Bermuda
Rise, for instance, where a well-studied drift deposit is
accumulating, two different cores were analyzed, one by
Suman and Bacon [1989] [KNR 31 GPC5] and the other by
McManus et al. (submitted manuscript, 2004) [OC326
GGC 5]. Although taken in close proximity, the two cores
have different mean Holocene sedimentation rates (GPC 5:
19 cm kyr'; GGC 5: 9 ecm kyr '), further illustrating the
large variations in sediment accumulation rate that can exist
within short distances on the seafloor. Notwithstanding the
large difference in sedimentation rate, both cores give the
same **°Th normalized fluxes (Figure 10). As predicted for
this situation, the **°Th normalized fluxes of lithogenic
material obtained on Bermuda Rise (16 g m 2 year ') are
much higher than the flux of lithogenic material originating
from surface waters. The latter can be estimated from the
flux of lithogenic material (2 g m ™2 year ') measured with
a sediment trap deployed at 3200 m (1300 m above the
seafloor) at station OFP (32°05'N, 64°15'W; Conte et al.
[2001]), and from the **°Th normalized flux of lithogenic
material obtained from the Holocene section of a core from
the same general area (CHNS82 31 11PC; 42°23'N,
31°48'W) but outside the drift deposit (1.9 g m~* year ';
Francois and Bacon [1994]). The **°Th normalized car-
bonate fluxes, however, are comparable (~ 7 g m ™2 year ')
to the carbonate flux measured by sediment traps at station
OFP (7.4 g m ™2 year'; Conte et al. [2001]). It is interesting
to note that even though the sedimentation rates (and thus
the focusing factors) are different in the two cores, they both
give the same **°Th normalized fluxes. This must indicate
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that the difference in focusing between the two cores is due
to a local redistribution effect and not different input from
distal nepheloid transport. The latter establishes the **°Th
concentration of the sediment reaching the Rise. However,
further redistribution after initial deposition on the Rise can
produce variable sediment accumulation rates on the Rise,
without changing the ***Th normalized rain rates. Thomson
et al. [1999] also found similar *°Th normalized fluxes in
two cores taken on the slope off Portugal at different depths
(2465 m; 3381 m) and subjected to different degree of
sediment focusing. This important study demonstrates the
applicability of 2°°Th normalization to reconstruct vertical
particle fluxes at ocean margins.

[64] The **°Th normalization model also assumes that the
redistributed sediment has not been subjected to fraction-
ation according to size, density or composition. Some
degree of particle sorting is no doubt occurring, however,
during sediment redistribution by bottom currents. Smaller
grain sizes with larger surface areas and higher **°Th
activities are preferentially redistributed [Thomson et al.,
1993; Scholten et al., 1994; Luo and Ku, 1999]. Conse-
quently, 2*°Th normalized fluxes could deviate from P'Fy,
even during redistribution in bottom nepheloid layers.
Fortunately, fine-grained material generally constitutes the
bulk of most deep-sea sediments, and it is unlikely that the
hydrodynamically mobile fraction has a mean chemical and
particle size composition very different from the bulk
sediment from which it originates. This would be particu-
larly true if syndepositional redistribution affects primarily
phytodetritus aggregates, which would limit sortin§ of
individual particles. To the extent that this is true, >*°Th
normalized fluxes would still be an accurate estimate of
P'Fy. However, the effect of sorting cannot be neglected for
the occasional larger particles, such as large foraminifera or
ice-rafted debris, which could reach the seafloor as discrete
particles. These large particles are much less prone to lateral
redistribution [Thomson et al., 1993]. Since they are asso-
ciated with only a small fraction of the total adsorbed ***Th,
normalization to 2>°Th cannot be used to estimate their P'Fy,
and focusing factor. A correction of the rain rates of such
large particles by focusing factors based on the budget of
#39Th adsorbed to small particles would overcompensate for
their limited lateral transport.

5. Summary and Conclusion

[65] The rapidly increasing database on **°Th concentra-
tion in dated deep-sea sediment cores indicates that synde-
positional redistribution of sediment by bottom currents is
much more common than generally believed and must be
systematically evaluated when the flux of sedimentary
constituents is interpreted in terms of particle flux from
the overlying surface water. Normalization to **°Th was
proposed nearly twenty years ago as a means of assessing
sediment redistribution and estimating the vertical rain rate
of sedimentary constituents [Bacon, 1984]. The underlying
principle of the method (i.e., the settling flux of scavenged
230Th is constant and equivalent to its rate of production)
has now been verified to hold true within 30% over large
areas of the ocean. This conclusion was reached by a variety
of approaches (**°Th measurements in the water column
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Figure 10. Comparison of 2*°Th normalized fluxes
obtained from two cores taken in close proximity on
Bermuda Rise (KNR 31 GPCS5; 33°41'N, 57°37'W, 4583 m
and OC326 GGC 5; 33°42'N, 57°35'W, 4550 m). The
two cores have very different sedimentation rates(GPC 5:
19 em kyr'; GGC 5: 9 cm kyr ') but similar *°Th-
normalized fluxes.

and material intercepted by sediment traps; general circula-
tion models), and is also supported by theoretical argu-
ments. This level of uncertainty is adequate to identify
sediment focusing, which often alters sediment mass accu-
mulation rates several-fold. Errors resulting from assuming
a flux equivalent to the known production rate of **°Th are
systematic, not random, and will be further reduced as we
improve our understanding of the limited lateral transport of
29T} in the water column. The general applicability of this
method has now been convincingly established for much of
the seafloor. Problems may arise, however, when it is
applied to shallow sediments with high lithogenic content,
and older sediments with high authigenic U content,
because of difficulties in accurately measuring Afi%30 in
these sediments. >>*Th normalization should not be applied
to the coarse fraction of sediments that are minimally
redistributed by bottom currents and scavenge very little
29Th because of their small surface area. In sediments
heavily affected by focusing, such as drift deposits, the
interpretation of the **°Th normalized flux should also
consider the depth of lateral transport. If lateral transport
occurs near the seafloor in bottom nepheloid layers, *°Th
normalized fluxes approach the true vertical flux originating
from the surface mixed layer. If lateral transport occurs at
shallow depth in intermediate nepheloid layers, **°Th
normalized fluxes approach the total flux (i.e., the vertical
flux + lateral contributions). In addition to compensating for
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sediment redistribution, 2*°Th normalization has also the
advantages of not relying on measurements of dry bulk

FRANCOIS ET AL.: SEDIMENT FLUX BY %*°TH NORMALIZATION

density, of being less sensitive to chronological errors, and

of providing higher resolution flux profiles. These advan-
tages and recent analytical developments that greatly facil-
itate the measurement of >*°Th in sediments should prove to
be powerful incentives for the widespread use of this
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