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Abstract. Holocene sediments from the Atlantic are characterized by 23'Pa/?3°Th ratios below the production
ratio of the two radionuclides in the water column (0.093), whereas Holocene sediments from the Southern Ocean
have 2*'Pa/?30Th > 0.093. This pattern of 23! Pa deficit and excess was ascribed to southward 231Pa export
from the Atlantic by the Atlantic thermohaline circulation (THC) as Pa is scavenged less efficiently by marine
particles and more effectively transported by the THC than Th. The same pattern is observed in deposits of
the Last Glacial Maximum (LGM), which led to a previous contention that the THC strength did not vary
markedly through the last glacial termination. Here we embed a description of trace metal scavenging into a
zonally averaged, circulation-biogeochemistry ocean model to explore the sensitivity of 221Pa/?3Th in Atlantic
and Southern Ocean sediments to THC changes. Our results show that the production of biogenic opal (which,
unlike other marine particles, poorly fractionates Th and Pa) in the Southern Ocean water column determines
the spatial pattern of the sensitivity. Also, 221Pa/?3Th increases in the North Atlantic but changes little in the
South Atlantic and decreases in the Southern Ocean as THC is reduced. The mean 23'Pa/?**Th of the whole
Atlantic is therefore less sensitive to THC changes than the mean 23'Pa/23°Th of the North Atlantic. The current
uncertainties in Atlantic mean ?**Pa/?3Th are too large to rule out a twofold reduction of the THC at the LGM.
However, the increase in North Atlantic mean ?*'Pa/?3Th simulated in response to a twofold THC reduction is
larger than the observed change in the North Atlantic mean 23! Pa/?*°Th from the LGM to Holocene. Comparing
this change with the modeled sensitivity of North Atlantic 23'Pa/?%Th to THC variations indicates that the
THC at the LGM could not have been reduced by > 30% of its present strength. Experiments of transient THC
changes indicate that high-resolution ?3'Pa/?3°Th records from North Atlantic sediments could also document
thermohaline oscillations on century-to-millennial timescales.

constant). The activity ratios Apa—231/Au_235
(N 10_3) and ATh—23O/AU—234 (N 10_4) are well be-
low unity, pointing to very strong radioactive disequi-
libria in ocean waters. The process responsible for
these disequilibria is scavenging, i.e., the adsorption
of 23'Pa and 23°Th onto settling particles and subse-
quent removal to the sediments [Anderson et al., 1983a,
1983b;  Bacon, 1988]. The affinity of marine parti-
cles is generally higher for thorium than for protac-
tinium. This is illustrated by the fractionation factor
f = (Ath-230/Apa—231)p/(ATh—230/ APa—231)a (where
p stands for particulate and d is for dissolved), which
typically approaches 10 in ocean waters [Nozaki and
Nakanishi, 1985; Walter et al., 1997]. Hence the mean
residence time with respect to scavenging in deep wa-

1. Introduction

Radioisotepes #*'Pa (half-life of 32.5 kyr) and 2*°Th
(75.2 kyr) are naturally occurring, produced from the
a decay of 23U and 3*U, respectively. The activity
of U is essentially uniform in the ocean [Chen et al.,
1986}, with Ay_235 ~ 108 disintegrations per minute
per cubic meter of water (dpm m™2) and Ay_s34 ~
2750 dpm m™3. Thus ?3'Pa and 23°Th are produced
at a constant rate in the water column, according to a
production ratio Bpa—231/BTh—230 = (Apa—231Au—_235)/
()\Th_ggoAU~234) = 0.093 (where A is the radiodecay
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ters is substantially longer for 221 Pa (~ 200 years) than
for 20Th (~ 30 years) [Yu et al., 1996].
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Because of this difference in particle reactivity the
231Pa/?30Th ratio of deep-sea sediments exhibits a pro-
nounced geographic variability (the 2*1Pa/23°Th ratios
considered here are corrected for 2*'Pa and ?*°Th sup-
ported by U isotopes present in the sediment mineral
lattices and for radiodecay since the time of deposition).
The mean residence time of 2*!Pa with respect to sca-
venging is comparable to the mean ventilation time of
the modern deep Atlantic, which was estimated to ~
100 years [Broecker, 1979] or ~ 275 years [Stuiver
et al., 1983]. A relatively large fraction of the 23'Pa
produced in the Atlantic can thus be exported to the
Southern Ocean by the southward flowing North At-
lantic Deep Water (NADW). This is reflected in the
231Pa /230Th ratio of Atlantic sediments deposited du-
ring the Holocene (0-10 kyr B.P.), which is most gene-
rally below the production ratio of the two radionuclides
in the water column [Yu et al., 1996; Walter et al.,
1999]. Yu et al. [1996] estimated that ~ 45% of the
31Pa produced in the Atlantic basin (north of 50°S)
is exported today to the Southern Ocean, compared to
only ~ 15% for 23°Th (the exported 23!Pa and 230Th
are primarily in dissolved form, which constitutes the
bulk of 31 Pa and #3°Th in seawater [e.g., Walter et al.,
1997; Vogler et al., 1998]). Sediments from the South-
ern Ocean, on the other hand, have a 23! Pa/230Th ratio
higher than 0.093 [Walter et al., 1999], suggesting that
the 23 Pa originating from the Atlantic is deposited, at
least partly, in the Southern Ocean.

A pattern of #*!Pa depletion in Atlantic sediments
and *'Pa enrichment in Southern Ocean sediments is
also observed for the Last Glacial Maximum (LGM) at
~ 21 kyr B.P. [Yu et al., 1996]. This led Yu et al.
[1996] to conclude that the net, interbasin transfer of
231P5 and thus NADW export to the Southern Ocean
during the LGM and Holocene were similar. This con-
clusion conflicts with benthic §**C and Cd/Ca records
from North Atlantic sediments and benthic §*3C records
from Southern Ocean sediments, which point to re-
duced NADW production during the LGM (for a re-
view, see Boyle [1992, 1995]). It seems consistent, how-
ever, with records of benthic Cd/Ca and Ba/Ca from
Southern Ocean deposits, suggesting relatively minor
glacial-interglacial changes in NADW flux to this basin
[Boyle, 1992; Lea, 1995; Rosenthal et al., 1997]. Clearly,
the apparent discordance between different paleoceano-
graphic proxies must be solved in order to understand
the role of the THC during the transition between the
two largest climatic extrema of the last 21 kyr.

In this paper we explore the sensitivity of 22! Pa/239Th
of Atlantic and Southern Ocean sediments to changes in
the THC. We embed a simple description of trace metal
scavenging into a circulation-biogeochemistry ocean
model (section 2). The model is calibrated using water
column data and Holocene sediment data of Ap,_g31

MARCHAL ET AL.: OCEAN CIRCULATION AND SEDIMENT 2*'Pa/?**Th

and Arn_230 representative of the open ocean (section
3). We then examine the influence of the THC on
the sediment 23! Pa/?3°Th ratio (section 4) and discuss
the paleoceanographic implications of our model results
(section 5).

2. Model Description

The activities of dissolved and particulate 23'Pa and
230Th increase generally with depth in the open ocean
[Nozaki et al., 1987; Luo et al., 1995; Roy-Barman et al.,
1996; Moran et al., 1997; Rutgers van der Loeff and
Berger, 1993; Walter et al., 1997]. This implies that for
both metals the exchange between the dissolved and
particulate phase must be reversible and occur contin-
uously as the particles sink to the seafloor [Bacon and
Anderson, 1982]. According to the reversible exchange
model [Nozaki et al., 1981; Bacon and Anderson, 1982],
a particle-reactive metal is adsorbed onto and desorbed
from settling particles assuming first-order kinetics for
both processes. The continuity equations for the metal
activity in dissolved form (A,4) and particulate form
(Ap) read

%j%i = T(Ad) + 8+ (k_lAp) — [(kl + )\)Ad] (1)
94, 04,
S = T(Ap) = S75F+ (kA = [(kr + 1) 4],

(2)

where t is time, z is depth, T is the transport by fluid
advection, eddy diffusion, and convection, g is the ra-
dioactive ingrowth from U decay, k; and k_; are the
rate constants for adsorption and desorption, respec-
tively, and S is an average particle sinking velocity.
We embed (1) and (2) into a zonally averaged, circula-
tion-biogeochemistry ocean model [Marchal et al., 1998].
The circulation component of this model is the global
ocean circulation model of Wright and Stocker [1992],
which provides the transport of 23'Pa and 23°Th in dis-
solved and particulate forms (T'(Aq4) and T'(Ap); the
sedimentation term S0A,/0z is discretized using the
same scheme as for advection but without the correc-
tion for numerical diffusion). The Atlantic, Indian, and
Pacific are represented as individual flat bottom basins
(water depth of 4 km) and connected by a well-mixed
Southern Ocean (for model grid, see Stocker and Wright
[1996]). The circulation parameters adopted here pro-
duce a satisfactory fit to the basin mean vertical profiles
of temperature, salinity, and 4C activity of dissolved
inorganic carbon (DIC) observed in the modern ocean
[Marchal et al., 1998, Table 1]. The biogeochemistry
model component, on the other hand, accounts for the
effect of the quantity and quality of the sinking parti-
cles on 23'Pa and 23°Th scavenging. This component
includes a description of the cycles of organic carbon
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and carbonate particles [Marchal et al., 1998]. The bio-
geochemical parameters lead to a reasonable agreement
with the distribution of POy, apparent O, utilization,
DIC, alkalinity, and *C/!2C ratio of DIC observed in
the modern ocean [Marchal et al., 1998, Table 2].

2.1. Scavenging Intensities

Our description of scavenging must include the fac-
tors potentially responsible for the 231Pa deficit in At-
lantic sediments and 23!Pa excess in Southern Ocean
sediments. Whereas the low Atlantic 231Pa/?39Th is
likely due to preferential southward export of 231Pa by
the NADW [Yu et al., 1996], two different factors could
contribute to the 231Pa/?°Th > 0.093 in the Southern
Ocean. First, 231 Pa originating from the Atlantic could
be scavenged in the Southern Ocean owing to the large
vertical particle fluxes associated with the productive
polar fronts [Kumar et al., 1993; Yu et al., 1996; Boyle,
1996]. Second, the lower fractionation factor f in the
Southern Ocean resulting from the presence of biogenic
opal [Rutgers van der Loeff and Berger, 1993; Walter
et al., 1997] could contribute to the efficient removal of
231Pa in this basin.

In order to represent these factors in our model the
adsorption rate constants k7 and k™ are scaled ac-
cording to the vertical flux of particulate organic mat-
ter Fom, carbonate particles Fear, and opal Fopa at the
base of the euphotic zone (100 m):

ke o= (Usngpom) + (Ufaachar) + (U§;a1Fopal)
(3)
= (Ugg)meom) + (ocTa}:Fcar) + (UgglalFopal) .

4)

These expressions are explicit statements of the clas-
sical view that the removal of particle-reactive metals
from the water column depends on the amount of par-
ticles produced in the surface layers, although a linear
dependence is not necessarily postulated [Bacon, 1988).
We assume that the scaling factors ¢ (m? mol~!) are
spatially uniform, so that &7 and k" vary with lati-
tude and basin but not with depth. Depth-invariant kF'#
and kP lead to simulations of linear vertical profiles of
dissolved and particulate Arn—230 and Ap,_o3; if deep
water transport is not significant [Bacon and Ander-
son, 1982]. This prediction is consistent with precise
water column measurements, e.g., in the central North
Pacific [Roy-Barman et al., 1996].

We make two remarks regarding our description of
scavenging. First, (3) and (4) neglect the possible
role of lithogenic particles, considering that the verti-
cal flux of particles in the open ocean (which dictates
the sediment 231Pa/239Th) is chiefly biogenic [Honjo,
1980; Honjo et al., 1982]. Luo and Ku [1999] presented
a negative correlation between 2*1Pa/?39Th and 232Th
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concentration for sediment trap and sediment materi-
als from the equatorial Pacific and Blake Outer Ridge
(North Atlantic). These authors interpreted the cor-
relation as reflecting a strong preference by clay par-
ticles for Th and then speculated that these particles
could be important in Th-Pa fractionation in ocean
waters. Whereas the importance of clays remains spe-
culative, their possible contribution should be included
in Th-Pa scavenging models if it is proved significant.
Second, our description of scavenging is different from
the one used to simulate 22*Th in a three-dimensional,
circulation-biogeochemistry ocean model [Henderson
et al., 1999]. In the latter model the 23°Th partitio-
ning between the dissolved and particulate phase is re-
lated indirectly to surface particle production through
a particle concentration-dependent distribution coeffi-
cient Kq = A,/(A4Cp), where C), is the local concen-
tration of particulate organic matter, carbonate parti-
cles, or opal. We do not follow this approach here, for
the possible effect of C), on Ky is not known for Pa.

2.2. Affinity Factors

The scaling factors ¢ (m? mol™!) in (3) and (4) depict
the affinity of each biogenic phase for Th and Pa. We
are not aware of experimental data which document the
relative preference of each biogenic phase for Th. We
follow therefore Henderson et al. [1999] by assuming
that Th is equally reactive for each phase. Likewise,
there seems to be no experimental data to support a
different affinity of particulate organic matter and car-
bonate particles for Pa. By contrast, determinations of
the fractionation factor in the field [Walter et al., 1997]
and in the laboratory [Anderson et al., 1992] indicate
that particulate silica fractionates Pa and Th much less
strongly than other marine particles. We thus assume

Th Th _ _Th _ _Th
Upom = Ocar = aopa.l =0, (5)
p p OTh
a _
Upgm = Ocar = [ ) (6)
pom,car
Th
P _ g
oo;)aal - fopal ) (7)

where fiom car and fopal are fractionation factors. De-
terminations of the fractionation factor in oceanic envi-
ronments where biogenic silica is not produced in large
amounts [Nozaki and Nakanishi, 1985; Walter et al.,
1997] suggest that fpom,car ~ 10. On the other hand,
the factors measured in Southern Ocean waters [Rut-
gers van der Loeff and Berger, 1993; Walter et al., 1997]
and on a suspension of silica gel [Anderson et al., 1992]
suggest that fopal ~ 1.

2.3. Particle Fluxes

The vertical fluxes Fom, Fcar, and Fopa) are provided
by the biogeochemistry model component. F,op, de-
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Figure 1. Latitudinal profiles of the vertical flux of particulate organic matter (solid circles), carbonate
particles (open circles), and opal (crosses) at the base of the euphotic zone (100 m) predicted by the
zonally averaged model for modern circulation conditions. Opal fluxes calculated with a production ratio
of 1.0 mol Si (mol C)~" (reference simulation), 1.5 mol Si (mol C)~%, and 2.0 mol Si (mol C)~! are
shown. Note that the scale is different for Fyom (left scale) and for F.a: and Fopar (right scale).

pends on the availability of phosphate (taken as the
limiting nutrient) in the euphotic zone, whereas F.q;
depends on both PO, and temperature [Marchal et al.,
1998). Fhom and Fe,, simulated for modern circulation
conditions (with 24 Sv of waters formed in the North
Atlantic; 1 Sv = 10® m® s7!) exhibit maxima in the
northern North Atlantic, at subpolar latitudes, and in
equatorial regions of Ekman divergence (solid and open
circles in Figures la—1c).

We need, on the other hand, to represent the export
flux of opal in the Southern Ocean [e.g., Walter et al.,
1997]. The large-scale production of opal in this basin is
usually estimated by scaling with measurements of pri-
mary productivity [Spencer, 1983; Nelson et al., 1995).
This approach considers that diatoms (siliceous phyto-
plankton) are a major producer of both new organic
carbon and particulate silica in Antarctic waters. We
adopt a similar approach by relating Fopal t0 Fpom in
the model:

Fopal = TFpom; (8)

where 7 is a production ratio (mol Si (mol C)~1). We
constrain r so as to simulate a net rate of opal produc-
tion in the Southern Ocean consistent with available
observational estimates. The gross rate of opal pro-
duction in this basin was estimated at 17-37 Tmol Si
yr~! [Nelson et al., 1995]. To infer the net rate, we
need to account for the dissolution of opaline particles
in the upper water column [Wollast, 1974; Spencer,
1983]. Nelson and Gordon [1982] estimated a silica, dis-
solution/production ratio of 0.18-0.58 in the Antarc-
tic circumpolar current. We hence infer an estimate of
net opal production in the Southern Ocean of 3.1-21
Tmol Si yr~'. We use r = 1 mol Si (mol C)~! as a
reference value in our model. This yields a net opal
production integrated over the Southern Ocean area of
13 Tmol Si yr~!, in the middle of the range of obser-
vational estimates. We note that Fopar is nil at the
southernmost grid cell of the Southern Ocean (crosses
in Figure 1c) owing to insufficient deep water POy sup-
ply simulated at this location [Marchal et al., 1998].
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Table 1. Water Column 2**Th Data Used in This Study?®

Reference Ocean Basin Dissolved Particulate Total
Krishnaswams et al. [1976] South, tropical, and North Pacific Y
Nozaki et al. [1981] North Pacific Y
Moore [1981] tropical Pacific Y
Anderson et al. [1983a] tropical Pacific and North Atlantic Y
Nozaki and Horibe [1983] North Pacific Y
Nozaki and Nakanishi [1985] tropical and North Pacific Y
Nozaki et al. [1987] North Pacific Y Y Y
Rutgers van der Loeff and Berger [1993] South Atlantic Y Y Y
Luo et al. [1995] tropical Pacific Y
Colley et al. [1995] North Atlantic Y Y Y
Roy-Barman et al. [1996] tropical Pacific Y Y
Moran et al. [1997] North Atlantic Y Y Y
Walter et al. [1997] South Atlantic Y Y Y
Vogler et al. [1998] North Atlantic Y Y Y
R. Francois (unpublished data, 1999) South and tropical Atlantic Y Y

*All 3°Th activities are expressed in dpm m™3 (disintegrations per minute per cubic meter of water), assuming a
seawater density of 1028 kg m™* and using the conversion 1 fg *°Th = 4.48 x 107° dpm. Y, yes.

Whereas opal production outside the Southern Ocean
is neglected, this production does not alter the Atlantic
and Southern Ocean 2*'Pa/?**Th in our model (section
5).

In summary, the simulation of 2*!Pa and 23°Th re-
quires six additional parameters: o™h, fpom,car, fopals
7, k_1 (taken the same for both metals), and S. We ex-
amine the sensitivity of the sediment 23! Pa/?3°Th ratio
to each parameter in section 3.2.

2.4. Global Radiochemical Balance

The world ocean balance for 2®'Pa and 23°Th is
achieved in the model when the net radioactive produc-
tion of dissolved 2*'Pa and ?3°Th in the water column
equals the sedimentation flux of the two isotopes at the
ocean bottom (depth z):

J18-24a+ 4,100 = [ - ©alaas,

where the integrations are over the whole ocean volume
v and surface area s. The model is integrated for 10,000

years, sufficient to produce a quasi-steady state distri-
bution for each tracer. The ”sediment” 2*1Pa/?3°Th in
the model is the 231 Pa/?20Th of particles in the deepest
grid cell (3.5-4 km).

3. Simulation of *'Pa and °Th
in Holocene Ocean

We have selected from the literature water column
and Holocene sediment data of 23'Pa and *3°Th, pre-
sumably representative of the open ocean (Tables 1-3).
Although differences in analytical techniques between
different studies likely contribute to the variability in
the selected data set, the data suggest some robust fea-
tures in the large-scale distribution of 23! Pa and 2*°Th,
as discussed below.

3.1. Results for Water Column

The observed activities of dissolved and particulate
230Th (and hence of total 22°Th) are generally lower in
the northern North Atlantic (north of 45°N) than in
the Southern Ocean (south of 47°S) and the North Pa-

Table 2. Water Column ?3!Pa Data Used in This Study?®

Reference Ocean Basin Dissolved Particulate Total
Anderson et al. [1983a] tropical Pacific and North Atlantic Y
Nozaki and Nakanishi [1985] tropical Pacific
Rutgers van der Loeff and Berger [1993] South Atlantic Y Y Y
Walter et al. [1997] South Atlantic Y Y
R. Frangois (unpublished data, 1999) tropical Atlantic Y

2All 23! Pa activities are expressed in dpm m™2

, assuming a seawater density of 1028 kg m~2. Y, yes.



630

MARCHAL ET AL.: OCEAN CIRCULATION AND SEDIMENT **!Pa/?3Th

Table 3. Data of Holocene Sediment 23! Pa/?*°Th Ratio Used in This Study

Reference

Ocean Basin

Ku [1966]

Ku et al. [1972]

DeMaster [1979)

Bacon and Rosholt [1982]
Mangini and Dieter-Haass [1983]
Anderson et al. [1983a)

Yang et al. [1986]

Lao et al. [1992]

Anderson et al. [1994]

Legeleuz [1994]

Kumar [1994]

Yu [1994]

Scholten et al. [1995)

Walter et al. [1997]

Asmus et al. [1999]

H. Walter (unpublished data, 1999)

North Atlantic and South Pacific
North Atlantic

South Atlantic

South Atlantic

North Atlantic

North Atlantic

South Pacific

South Pacific

North Atlantic

North Atlantic

South Atlantic

South and North Atlantic
North Atlantic

South Atlantic

South Atlantic

South Pacific

cific (Figures 2a—2c). The low activities in the northern
North Atlantic were ascribed to the injection to depth
of 2°Th-poor NADW [Moran et al., 1997; Vogler et al.,
1998]. On the other hand, the upwelling of 23°Th-rich,
lower Circumpolar Deep Water is presumably responsi-
ble for the high activities south of the Antarctic polar
front (~ 50°S; Rutgers van der Loeff and Berger [1993]).
The available data suggest that the activity gradient
between the Atlantic and the Southern Ocean is lower
for dissolved ?3!Pa than for dissolved 25°Th (compare
Figure 3a with Figure 2a).

Water column Ap,_ 331 and Arn_s30 data are com-
pared with model results for modern circulation con-
ditions. We use estimates of the scavenging parame-
ters fpom,car, fopal, T, k—1, and S from the literature
and then determine o™ so as to obtain a reasonable
agreement with these data. We take the following val-
ues: fpom,car = 10 [Nozaki and Nakanishi, 1985; Wal-
ter et al., 1997]; fopat = 1 [Rutgers van der Loeff and
Berger, 1993; Walter et al., 1997; Anderson et al., 1992];
r = 1.0 mol Si (mol C)~* (section 2.3); k_; = 3 yr1,
the average of estimates by Bacon and Anderson [1982)]
based on vertical profiles of dissolved and particulate
Arh-230; and S = 700 m yr~!, in the range of estimates
of 3 x 10% to 9 x 102 m yr~! from vertical profiles of
particulate Arp_o30 in various ocean settings [Krish-
naswami et al., 1976, 1981; Rutgers van der Loeff and
Berger, 1993; Scholten et al., 1995).

A reasonable agreement with data of both Ary_230
and Ap,—231 is obtained with o™ in the range 0.375-
1.125 m? mol~! (Figures 2 and 3). The model replicates
the low activities of dissolved and particulate Ary—_s30
in the northern North Atlantic and the high activities
in the Southern Ocean and North Pacific (Figures 2a—

2b). The simulated southward increase in Aty _a3¢ from
the northern North Atlantic to the Southern Ocean is
related to scavenging and deep ocean ventilation, both
being relatively high in the former region and low in

- the latter region. The difference in scavenging inten-

sity between the two regions stems from the different
amplitude in the vertical flux of biogenic particles (Fig-
ure la). The difference in deep ventilation, on the other
hand, is illustrated by the *C activity of DIC, which
is high in the northern North Atlantic and low in the
Southern Ocean in the simulation of modern circulation
conditions [Marchal et al., 1999, Figure 7a]. The model
also predicts 2*1Pa activities and partitioning between
the dissolved and particulate phase, which are broadly
consistent with the available data (Figure 3).

3.2. Results for Sediments

Data of the 23'Pa/?30Th ratio in Holocene sediments
reveal clearly the 23! Pa deficit in the Atlantic and 23! Pa
excess in the Southern Ocean (circles in Figure 4a).
Note that the data for the Southern Ocean come to
a large extent from the Atlantic sector of this basin
[Walter et al., 1997]. The 23'Pa/?3Th ratio at the
margins in the Atlantic basin barely exceeds the pro-
duction ratio of 0.093 [Yu et al., 1996]. This indi-
cates that the preferential deposition of 23'Pa at the
margins (boundary scavenging) is weak in the Atlantic
[Yu et al., 1996], in contrast to the Pacific [Lao et al.,
1992; Walter et al., 1999]. This suggests that using a
zonally averaged model (which cannot represent bound-
ary scavenging) is a reasonable first-order approach to
simulate the behavior of 22! Pa and 23°Th in the Atlantic
and Southern Ocean.
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Figure 2. Vertical profiles of (a) dissolved ***Th, (b) particulate >*°Th, and (c) total ?*°Th in the ocean
water column. The open circles are measurements (for references, see Table 1). The curves are model
results for modern circulation conditions with a scavenging affinity o™ =0.375 m® mol~! (short-dashed

curve), 0.750 m? mol™! (solid curve), and 1.125 m? mol~

scavenging parameters are reported in Table 4.

The observed pattern of 23'Pa depletion in the At-
lantic and 23! Pa enrichment in the Southern Ocean can
indeed be reasonably reproduced by the zonally ave-
raged model (solid curve in Figures 4a-4e). Sensiti-
vity tests demonstrate that this pattern persists if the
scavenging parameters g P, fpom,car, T, k_1, and S are
changed individually by +50% (Figures 4a—4e). Inter-
estingly, the high 231Pa/230Th observed in the Southern
Ocean cannot be replicated with fopa = fpom,car = 10
(dashed curve with pluses in Figure 4b). This confirms
that less fractionation between the two metals by opal
would be a major contributor to the excess 23! Pa, ac-
tivities observed in Holocene sediments of the Southern
Ocean [e.g., Walter et al., 1997]. Opal would thus

(long-dashed curve). The values of the other

be an important factor that transforms the Southern
Ocean into a 2*'Pa sink. Without opal and its rela-
tively high affinity for Pa, the THC would export 231 Pa,
from the Atlantic into the Indian and Pacific.

In our reference simulation (solid curve in Figures 2—
4; for model parameters, see Table 4) the fractions of .
231Pa and 23°Th produced in the Atlantic (47°S-80°N)
and exported to the Southern Ocean reach 0.27 and
0.02, respectively. These values are lower than the ob-
servational estimates (~ 0.45 for 23'Pa and ~ 0.15 for
230Th [Yu et al., 1996]). On the one hand, we may
underestimate the export of the two radionuclides to
the Southern Ocean owing, e.g., to a too high scaveng-
ing intensity in the equatorial Atlantic (Figure 2a and
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Figure 3. Vertical profiles of (a) dissolved 2*! Pa, (b) particulate 23! Pa, and (c) total **' Pa in the ocean
water column. The open circles are measurements (for references, see Table 2). The curves are model
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results for modern circulation conditions with the scavenging affinities o5, ocar, and Topar calculated

with ™ = 0.375 m® mol™! (short-dashed curve), 0.750 m? mol~! (solid curve), and 1.125 m? mol~?
(long-dashed curve) (see (6) and (7) in the text). The values of the other scavenging parameters are

reported in Table 4.

Figure 4a). On the other hand, the observational esti-
mates reported by Yu et al. [1996] are based on very
limited water column data and still need corroboration.
We note that the ratio between 23'Pa flux at the ocean
bottom and depth-integrated 2*'Pa production in the
water column averages 0.73 in the Atlantic and 1.58
in the Southern Ocean. The ratio for 25°Th averages
0.98 in the Atlantic and 0.94 in the Southern Ocean.
Thus the high 2*'Pa/?39Th simulated in the Southern
Ocean are due largely to enhanced 23! Pa scavenging in

this basin, owing to the production of biogenic opal [see
also Rutgers van der Loeff and Berger, 1993; Walter
et al., 1997].

4. Sensitivity to Deep-Ocean
Circulation

We consider a sample of simulations characterized
by different THC strengths and the same values of the
scavenging parameters (Table 4), as determined previ-
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Figure 4. Latitudinal profiles of the sediment ?*' Pa/**Th
in the Atlantic and Southern Ocean. The circles in Fig-
ure 4a are measurements in Holocene (0-10 kyr B.P.) sed-
iments (for references, see Table 3); two high *3'Pa/***Th
values (from off West Africa), reflecting presumably bound-
ary scavenging, are shown as solid circles. The curves cor-
respond to model results for modern circulation conditions
with (a) ¢™ = 0.375 m? mol~! (short-dashed curve), 0.750
m? mol™! (solid curve), and 1.125 m* mol~! (long-dashed
curve); (b) fpom,car = 5 (short-dashed curve), 10 (solid
curve), 15 (long-dashed curve), and fopa = 10 (plus dashed
curve); (c) 7 = 0.5 mol Si (mol C)™" (short-dashed curve),
1.0 mol Si (mol C)~' (solid curve), and 1.5 mol Si (mol
C)~! (long-dashed curve); (d) k—1 = 1.5 yr~! (short-dashed
curve), 3.0 yr~! (solid curve), and 4.5 yr~! (long-dashed
curve); and (e) S = 350 m yr~ ' (short-dashed curve), 700
m yr~* (solid curve), and 1050 m yr~' (long-dashed curve).
The values of the other scavenging parameters in Figures 4a—
4e are reported in Table 4. The horizontal dashed line in
each panel denotes the production ratio of the two radionu-
clides in the ocean water column.

ously (section 3). The different THC strengths were
generated by changing the restoring value of surface
salinity at the northernmost grid cell in the Atlantic,
Sna  [England, 1992; Stocker et al., 1992]. We use a
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three-step procedure for each simulation. In step 1 the
model is integrated for 10,000 years to a first steady
state using a Sna representative of newly formed deep
waters in the modern North Atlantic. This state corres-
ponds to the reference simulation considered in section
3. The production of organic matter in the euphotic
zone is calculated from a restoring to climatological POy
data [Marchal et al., 1998]. In order to account for the
effect of circulation changes on the biogenic fluxes Fom,
Fear, and Fyp, we replace in step 2 the restoring ap-
proach by a prognostic approach, where this production
is described as a function of local POy using Michaelis-
Menten kinetics [Marchal et al., 1999]. The tracer dis-
tributions remain virtually unaltered from step 1 to step
2. Finally, in step 3 the model is integrated for an ad-
ditional 10,000 years using a different Sya.

4.1. Changes in Latitude Distribution
of 231Pa/230Th

The ?*'Pa/?°Th generally increases north of ~ 30°S
in the Atlantic and decreases south of this latitude,
when the THC strength is reduced from 24 to 3 Sy (com-
pare thick solid curve with thin solid curve in right panel
of Figures 5b-5e). The predicted 2**Pa/?*°Th changes
are due to the direct effect of the THC on the trans-
port of the two metals as well as to its indirect effect
through varying scavenging intensities (kF* and kI,
both depending on the biogenic particle fluxes through
(3) and (4) and hence on the circulation-driven deep
water supply of POy4). To elucidate the direct effect,
we consider a series of simulations where k7' and k™
are kept fixed to their values of the reference simula-
tion. We find almost the same results as with variable
scavenging intensities (compare dashed curve with thin
solid curve in right panel of Figures 5b—5e).

The fraction of 23'Pa produced in the Atlantic and
exported to the Southern Ocean decreases from 0.27
to 0.08 when the THC drops from 24 Sv (left panel of
Figure 5a) to 3 Sv (Figure 5e). The fraction for 230Th
is < 0.02 in all the simulations, indicating that almost
all the 23°Th produced in the Atlantic remains there.
We thus ascribe the 21Pa/?%0Th rise simulated in the
North Atlantic to a longer residence time of 231 Pa in this
basin when THC is reduced, permitting more efficient
scavenging. Likewise, the 2*1Pa/?39Th decrease in the
Southern Ocean is due to smaller 23! Pa import from the
Atlantic. We note that **'1Pa/?3°Th in the northern-
most Atlantic when the THC is completely shut down
is smaller than in the reference simulation (right panel
of Figure 5e). The biogenic particle fluxes in this re-
gion decrease drastically owing to reduced convective
activity and deep water supply of PO, (middle panel of
Figure 5e). The effect on ?31Pa/?*0Th of the resulting
decrease in scavenging intensity exceeds the ventilation
effect.
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Table 4. Parameters of the Scavenging Model

Parameter Description Value

oTh efficiency of Th scavenging 0.75 m? mol ™!
fpom,car Th-Pa fractionation factor® 10

fopal Th-Pa fractionation factor® 1

r production ratio in Southern Ocean® 1.0 mol Si (mol C)~*
k-1 desorption rate constant for Pa and Th 3.0 year™!

S average particle sinking velocity 700 m yr~!

2For particulate organic matter and carbonate particles

bFor biogenic silica

°Between biogenic silica and particulate organic matter

4.2. Changes in Basin Mean ?!Pa/?Th

From the similarity between their estimates of the
Atlantic mean 2*1Pa/?*°Th of the Holocene and LGM,
Yu et al. [1996] argued that the THC did not vary
significantly between the two climatic periods. Here we
attempt to provide a more quantitative estimate of the
change in THC between these two periods by compa-
ring the mean 23! Pa/2%0Th calculated from the updated
database with model-predicted changes.

The geographic distribution of the current database
[Walter et al., 1999] is still too limited to make a rigo-
rous estimate of the mean 2*1Pa/?*0Th of Atlantic sedi-
ments. As mentioned previously, however, boundary
scavenging in the Atlantic is minimal, presumably due
to the comparatively short residence time of the deep
waters in this basin. It can thus be anticipated that
the environmentally controlled geographic variability of
231p3/230Th is small and that much of the variabi-
lity present in the current database (e.g., right panel
of Figure 5a) is due to analytical or stratigraphic er-
rors that are distributed randomly. If so, the Atlantic
mean 23'Pa/?*°Th and its uncertainty can be estimated
from the mean and variance of all the values from the
database. We note that this approach cannot be applied
to the Southern Ocean because of the large and syste-
matic variation of 22Pa/?3Th across the polar frontal
zone (Figure 5a). To accommodate this variability, we
would need a synoptic data set over the entire region.
While the Atlantic sector is fairly well covered [Walter
et al., 1997, 1999], the data available from the remain-
der of the Southern Ocean are too sparse.

We find that the mean 2%'Pa/?*9Th of Holocene At-
lantic sediments (north of 45°S) equals 0.065+0.005 (n
= 90; Table 5). The uncertainty of 0.005 is half the 95%
confidence interval calculated for one normal mean with
unknown variance [Dudewicz and Mishra, 1988; p. 555].
Two samples from the upwelling region off West Africa
seem influenced by boundary scavenging (solid circles
in Figure 5a). Removing them from the database, how-
ever, does not change the mean and variance signifi-

cantly (0.063+£0.004; n = 88). Yu et al. [1996] found
similar results, using a subset of the present database
(0.060+0.004; n = 68).

Calculating the Atlantic mean 23!Pa/?*°Th for the
LGM is more delicate, as boundary scavenging off West
Africa appears to have been more pronounced [Yu
et al., 1996]. If we neglect this effect and consider that
our entire database is normally distributed, we find that
the mean 2*'Pa/?*Th of the glacial Atlantic (north of
45°8) is 0.063+0.011 (n = 29; Table 5). If we remove the
three cores off West Africa with a 231Pa/?3°Th > 0.12,
we find 0.05440.006 (n = 26). In the first approach
we probably overestimate the mean and variance, while
we underestimate them in the second approach. To
address this problem, Yu et al. [1996] assumed that
the upwelling region off West Africa occupied 3% of
the whole Atlantic surface area and calculated an area-
weighted average of the glacial Atlantic ?*'Pa/?*°Th of
0.059+0.007 (n = 29). However, because of the lack
of synoptic data, it is difficult to estimate the errors
on the surface area and the 2%'Pa/?3Th of the up-
welling region. We thus use the two previous estimates
to bracket the mean and variance of the glacial Atlantic
231Pa/23°Th.

The difference between the Atlantic mean 2**Pa/?3°Th
of the LGM and Holocene, Ay, is —0.002 if data from
off West Africa are included and -0.009 if these data are
removed. We estimate the uncertainty in this difference
from the 95% confidence interval (CI) for the difference
between two normal means in case where the population
variances are unknown but equal. The length of the CI
(twice the uncertainty) is calculated as [Dudewicz and
Mishra, 1988]

1 1
Cl= 2ty +ng—2 812) (n—l + E),

(10)
where ny and ns are the numbers of 221Pa/?*°Th data
for the LGM and Holocene, t,,+n,—2 is the fractional
point of the t distribution with a degree of freedom of
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Figure 5. (left) Stream function (in Sv), (middle) total flux of biogenic particles at the base of the
euphotic zone, and (right) sediment 3! Pa/?3°Th ratio in the Atlantic and Southern Ocean in simulations
where the strength of the Atlantic thermohaline circulation (THC) is (a) 24 Sv, (b) 16 Sv, (c) 12 Sv, (d) 8
Sv, and (e) 3 Sv. The total flux of biogenic particles F' = Fpom + Fear + Fopal. The total particle flux and
the sediment ratio predicted in the simulation with a THC strength of 24 Sv (representing presumably
modern circulation conditions) are shown in each panel for reference (thick solid curve). The circles in
the right panel of Figure 5a are measurements in Holocene sediments; two high ?**Pa/?**Th values (from
off West Africa), reflecting presumably boundary scavenging, are shown as solid circles. The thin solid
curve in the right panel of Figures 5b-5e displays the ratios predicted when the scavenging intensities
kr® and k1" are allowed to vary. The thin dashed curve in these panels shows the ratios predicted when
these intensities are kept constant. The horizontal dashed line in each right panel denotes the production
ratio of the two radionuclides in the ocean water column.

(n1 + ng — 2) at the probability level 0.975 (i.e., for a Ap = —0.002 £+ 0.010 (12)
95% confidence interval), and sf, is the pooled variance,
when data from off West Africa are included and
s _ (=15t 4 (ny — 1)} .
A — R (11) Ap = —0.009 + 0.008 (13)

where s? and s% are the variances of the LGM and  when data from off West Africa are excluded. We thus
Holocene 23! Pa/?30Th data. We obtain conclude that at the 95% confidence level the mean
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Table 5. Observational Estimates of Basin Mean 23'Pa/239Th Ratios for Holocene and LGM Sediments®

Mean **'Pa/***Th
Data From off West Airica Excluded

Basin Epoch Mean 23! Pa/?3°Th
Data From off West Africa Included
Atlantic® Holocene 0.065=0.005 (n = 90)
Atlantic® LGM 0.063%0.011 (n = 29)
North Atlantic® Holocene 0.06740.006 (n = 70)
North Atlantic® LGM 0.06240.016 (n = 15)

0.06340.004 (n = 88)
0.054+0.006 (n = 26)

0.06540.005 (n = 68)
0.052:£0.006 (n = 13)

*The data used to calculate the basin averages for Holocene and LGM sediments are from the compilation of Walter

et al. [1999] and Yu et al. [1996], respectively.
bBetween 45°S and 80°N.
°Between 7°N and 80°N.

?31Pa /230Th of the glacial Atlantic could not have been
higher by > 0.008 compared to the mean value of the
Holocene Atlantic.

In our model the mean 23! Pa/?3Th of the entire At-
lantic (47°S-80°N) rises by 0.011 (variable k;) or 0.013
(constant k) for a full collapse of the THC (from 24 to
3 Sv) (Figure 6a). It rises by 0.008 (variable ;) or 0.009
(constant k;) for a twofold reduction in THC strength
(from 24 to 12 Sv) (Figure 6a). These increases are
substantially less than anticipated if the Atlantic mean
*31Pa/?*"Th depends only on THC. In such a case, as
THC approaches 0 Sv, ?*'Pa/?3Th should approach
0.093 [Yu et al., 1996, Figures 4b-4c]. In our model
the poor sensitivity of the Atlantic mean 23!Pa/230Th
to THC strength stems from the small 231Pa/230Th
changes in the South Atlantic. The South Atlantic is a
hinge zone, influenced by reduced *'Pa import from
the north and by enhanced ?*'Pa scavenging in the
Southern Ocean where biogenic opal is produced (right
panel of Figures 5a-5e¢). We note that 23'Pa/230Th
declines slightly at the southernmost grid cells in this
basin in response to THC reduction (e.g., Figure 5e),
even though no opal production is simulated at these
locations. This decline results, at least partly, from the
small decrease in bioproductivity predicted at these lo-
cations (middle panel of Figure 5e and compare thin
solid curve with dashed curve in right panel of F ig-
ure 5e). We observe, finally, that >*'Pa/230Th in the
Southern Ocean is not very sensitive to the thermoha-
line oscillations (Figures 5a-5e), consistent with recent
box model calculations [Asmus et al., 1999]. We thus
conclude that provided that our model accurately re-
flects ocean circulation, particle flux, and the behavior
of 21Pa and 2°Th in seawater, the current data rule
out the possibility that the THC was totally shut off
during the LGM. However, the possibility that THC
was reduced to a level as low as 50% of its present
strength cannot be dismissed (Figure 6a).

The model suggests that the mean 3P4 /230T} of the
North Atlantic (7°N-80°N) is more sensitive to THC

strength than the mean 23!Pa/?**Th of the whole At-
lantic (47°S-80°N) (compare Figure 6b with Figure 6a).
From our database the mean 2*1Pa/?*°Th of Holocene
sediments from the North Atlantic is 0.06740.006
(n = 70; Table 5). Removing the two samples from the
upwelling region off West Africa, we obtain 0.06540.005
(n = 68; Table 5). For the glacial North Atlantic
we obtain 0.0624+0.016 (n = 15; data from off West
Africa included) or 0.052+0.006 (n = 13; data from off
West Africa excluded). The change from the LGM to
Holocene is thus

Ana = —0.005 4 0.014 (14)
when data from off West Africa are included and
Ana = —0.013 £ 0.011 (15)

when data from off West Africa are excluded. The
North Atlantic mean 231Pa/?30Th at the LGM could
thus not have been higher by 0.009 than the
modern value. In our model the North Atlantic mean
231Pa/?%0Th increases by 0.014 (variable ki) or 0.016
(constant k) for a twofold reduction in THC strength
(Figure 6b). Our results suggest therefore that the
glacial THC was more than half its present strength.
Considering 231 Pa/?*Th data from North Atlantic sedi-
ments only thus better constrains the intensity of the
glacial THC. Our model predicts that the THC strength
would have to drop by ~ 30% (from 24 Sv to 16 Sv) to
increase the North Atlantic mean 231Pa/2?3°Th by 0.010
(variable k1) or 0.011 (constant k;). This suggests that
the glacial THC could not have been reduced by more
than ~ 30% of its present intensity.

4.3. Rapidity of ?>'Pa/?*Th Changes

We finally use our model to examine whether the
sediment 23'Pa/?3Th can record transient changes in
the Atlantic thermohaline circulation, such as hypothe-
sized, e.g., during the fast climatic oscillations of the
last glacial period [Broecker et al., 1985]. We con-
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Figure 6. Basin mean **'Pa/**°Th simulated for differ-
ent THC strengths (on the left in Figures 6a-6b) com-
pared to observational estimates of changes in basin mean
*31Pa/*3°Th from the LGM to Holocene (on the right in
Figures 6a—6b). The basin means simulated with vari-
able and constant scavenging intensities are connected by
a solid curve and a dashed curve, respectively. The obser-
vational estimates of changes in basin mean 23'Pa/?*°Th
(on the right in Figures 6a-6b) are calculated by includ-
ing the high ?*'Pa/?**Th values observed off West Africa
(symbol on the left) and by excluding these values (sym-
bol on the right). (a) Mean ?*'Pa/?*°Th of the whole At-
lantic (model: 47°S-80°N; data: 45°S-80°N). (b) Mean
**1Pa/**Th of the North Atlantic (asterisks; model and
data: 7°N-80°N) and mean ***Pa/?**Th of the South At-
lantic (crosses; model: 47°~7°S). The zero on the scales for
the observed 2*! Pa/?**Th changes (right vertical scales) cor-
responds to the **'Pa/?**Th simulated for modern circula-
tion conditions, as shown by the horizontal long dashed line
in Figures 6a-6b. This allows one to compare directly the
modeled sensitivity of ?*'Pa/?**°Th to THC strength with
the observational estimates of the changes in basin mean
?31Pa/?°Th. The horizontal short dashed line on the left
of Figures 6a—6b denotes the production ratio of the two
radionuclides in the ocean water column.

sider two integrations where the THC is temporarily
perturbed by a freshwater flux anomaly of different am-
plitude applied at the surface in the North Atlantic
basin (Figure 7a). The anomaly is applied to an initial
steady state corresponding to modern circulation condi-
tions (as for the reference simulation) and constructed
for freshwater perturbation experiments (for the proce-
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dure to construct the steady state, see Marchal et al.
[1999]).

The Atlantic overturn drops from 24 Sv to a minimum
of 12 or 3 Sv, depending on the prescribed anomaly
(Figure 7b). The response of 2*1Pa/?39Th to the fast
THC changes is largest in the North Atlantic (Fig-
ure 7c), lowest in the South Atlantic (Figure 7d), and
intermediate in the Southern Ocean (Figure 7e). The
peak-to-peak amplitudes in the North Atlantic (at 50°N)
amount to 0.016-0.030, increasing with the severity of
the THC change (Figure 7c). The two latter values are
larger than 75 and 90% of the analytical uncertainties
reported for Holocene sediments [Walter et al., 1999,
respectively. Furthermore, recent measurements based
on inductively coupled, plasma mass spectrometry typi-
cally constrain 231Pa/?30Th at +0.0025 (R. Francois et
al., unpublished data, 1999). Our results thus suggest
that high-resolution ?*'Pa/?**Th records from North
Atlantic cores with high deposition rates could docu-
ment the fast changes of the THC that probably punc-
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Figure 7. Time series from two different model experi-
ments of freshwater flux anomaly (FFA). The two experi-
ments are characterized by a different amplitude of the FFA
applied at the same location in the North Atlantic (between
32.5° and 45°N). The time series illustrate (a) the FFA, (b)
the Atlantic thermohaline overturn, and (c—e) the sediment
**1pa/?*Th ratio in the Atlantic at 50°N and 26°S and in
the Southern Ocean at 59°S.
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tuated the last glaciation (see also box model calcula-
tions by Yu et al. [1996, Figure 5]).

5. Discussion

Our model results support the view that the ratio be-
tween 231Pa and 23°Th in Atlantic sediments could be
used to constrain past changes in the strength of the

Atlantic thermohaline circulation [Yu et al., 1996]. Yu = to those predicted when opal production outside the

et al. [1996], however, did not consider the effect of en-
hanced ?3!Pa scavenging by biogenic opal south of the
polar front on the 2*!Pa budget of the South Atlantic.
As a consequence, they probably overestimated the ef-
fect of the THC on the mean 231Pa/230Th of the entire
Atlantic. Our results suggest that the current uncer-
tainties in Atlantic mean 2*'Pa/?3°Th cannot rule out
a 50% decrease in THC at the Last Glacial Maximum.
Hence the conclusion of Yu et al. [1996] that the in-
tensity of the THC during the LGM and Holocene was
”similar” , must be revisited.

We find that the mean 23!Pa/?3°Th of the North At-
lantic is more sensitive to THC changes than the mean
#31Pa/?39Th of the entire Atlantic. If we use the for-
mer ratio instead of the latter, we thus better constrain
changes in large-scale Atlantic overturn and find that
the THC at the LGM could not have been reduced be-
low 70% of its present strength. This reduction level
would be consistent with a recent reconstruction of the
geostrophic transport in the Florida Straits [Lynch-
Stieglitz et al., 1999]. The uncertainties in North At-
lantic mean ?3'Pa/?*°Th are still very large, however,
to the point that it is also consistent with a larger than
modern intensity of the THC at the LGM. This latter
possibility seems unlikely, when considering the results
from other paleocirculation tracers [Boyle, 1992, 1995;
Lynch-Stieglitz et al., 1999].

We discuss below the potential effects on our results
of (1) opal production outside the Southern Ocean and
(2) enhanced boundary scavenging in the glacial At-
lantic. Opal production outside the Southern Ocean
may affect 231Pa/?39Th in the Atlantic and Southern
Ocean. Estimating opal production in marine surface
waters from the amount of opal in underlying sedi-
ments is confounded by the many factors that can influ-
ence the efficiency of opal preservation [Broecker and
Peng, 1982; Spencer, 1983; Archer et al., 1993]. Never-
theless, the distribution of opal in marine sediments
points to the Southern Ocean, the equatorial Pacific,
and the northernmost Pacific as the major regions of
opal production in the open ocean [Broecker and Peng,
1982; Spencer, 1983]. We have repeated the equili-
brium simulations with a vigorous (24 Sv), intermediate
(12 Sv), and collapsed THC strength (3 Sv) by adding
an opal production of 13 Tmol Si yr ~! (the same as
in the Southern Ocean for modern circulation condi-
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tions) both in the equatorial (7.5°S—7.5°N) and north-
ern North Pacific (45°-55°N). The difference between
the 2*1Pa/?3%Th in the Atlantic and Southern Ocean
predicted without and with this additional production
does not exceed 0.003. Furthermore, the changes in At-
lantic and North Atlantic mean 231 Pa/?*Th predicted
for the full (0.011 and 0.019, respectively) and twofold
reduction of the THC (0.008 and 0.014) are identical

Southern Ocean is omitted. This production does not
therefore alter the Atlantic ?*!Pa deficit and South-
ern Ocean 2%'Pa excess and their sensitivity to THC
changes in our model.

Boundary scavenging, on the other hand, may have
been enhanced in the glacial Atlantic, which could also
affect our results. As mentioned above, the current
database suggests that boundary scavenging of Pa in
the Holocene Atlantic is weak [Yu et al., 1996, Figure
2b; Walter et al., 1999, Figure 5]. Most of the Holocene
231Pa/239Th data for the Atlantic’s margins come from
the Middle Atlantic Bight [Yu et al., 1996, Figure 2b].
The #31Pa/?39Th data from this region were obtained
on young sediments from 20 different cores [Anderson
et al., 1994]. None of these 3! Pa/?30Th values is signifi-
cantly larger than 0.093 [Anderson et al., 1994, Table
2]. Furthermore, only two cores from the upwelling re-
gion off West Africa, one of the Atlantic regions where
boundary scavenging would be most pronounced, have
a 231Pa/?30Th larger than the production ratio (e.g.,
Figure 4a). This contrasts sharply with the eastern
equatorial Pacific, where 2*1Pa/23°Th is consistently >
0.093 [Walter et al., 1999, Figure 4]. On the other hand,
there are only three cores from off West Africa, which
document boundary scavenging during the LGM [Yu
et al., 1996, Figure 2b]. The indication for enhanced
boundary scavenging in the glacial Atlantic is thus very
weak.

Such an enhancement, however, would be consistent
with our current understanding of the oceanic behavior
of 281Pa if the THC was indeed reduced at the LGM
and deserves therefore consideration. Since boundary
scavenging is not incorporated in our zonally averaged
model, we have compared above the model results with
the changes in basin mean 23'Pa/?39Th from the LGM
to Holocene calculated either by including or by ex-
cluding the high values from off West Africa. Another
possibility would have been to use a model that can re-
present boundary scavenging. One major difficulty here
is that boundary scavenging may occur on small spatial
scales, so that high-resolution models must be used to
represent this effect properly (Henderson et al. [1999]
pointed out that boundary scavenging is not explicitly
incorporated in their coarse-resolution, 3-D model).

We therefore can only speculate about the qualita-
tive effect of a possible enhancement of boundary sca-
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venging in the glacial Atlantic. The ?31Pa excess that
would reside in this basin in response to reduced NADW
flux to the Southern Ocean should be at least partly
trapped at the margins. Accordingly, the sensitivity of
the sediment 2*'Pa/?*°Th in the open Atlantic would
be lessened. This points to the necessity to better docu-
ment 231Pa/?3°Th of Holocene and LGM sediments at
the Atlantic’s margins and to account for the possible
emergence of boundary scavenging when interpreting
the changes in basin mean ?3'Pa/?Th between dif-
ferent climatic periods.

We finally examine whether the Atlantic 23! Pa/230Th
can still constrain the THC strength at the LGM, con-
sidering (1) the possibility that this reduction was short-
lived and (2) the effect of bioturbation on the sediment
231Pa/230Th records. We have applied a linear symme-
tric filter (simple moving averages) with different time
windows to the changes in Atlantic mean 23!Pa/230Th
predicted for the transient collapse of the THC from
24 to 3 Sv (section 4.3). The peak-to-peak amplitude
in Atlantic mean **'Pa/?*Th amounts to 0.015 (time
window is 200 and 400 years), 0.014 (600 years), 0.013
(800 years), and 0.011 (1000 years). All these values are
larger than the upper bound of +0.008 for the observed
change in Atlantic mean 23'Pa/?°Th from the LGM
to Holocene. Our previous conclusion that this change
rules out a complete collapse of the THC at the LGM
remains therefore valid. However, the exercise shows
that the smoothing effect of bioturbation on Atlantic
?*1Pa/?*0Th records can be significant and may require
the use of sediment cores with sufficient accumulation
rates in order to constrain the THC at the LGM. We
note that the sediment 3'Pa/23°Th should not be sen-
sitive to events lasting for periods much shorter than
the residence time of Pa in deep water (~ 200 years),
not because of bioturbation but because of the response
time of seawater Pa to circulation changes.

6. Outlook

Several possibilities present themselves to increase
the potential of the sediment 3! Pa/?3°Th to document
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past changes of the THC. First, the spatial coverage
in the North Atlantic, data quality, and time resolu-
tion of the sediment 2*'Pa/?*°Th database should be
increased. The spatial coverage of deep-sea cores must
be enhanced in order to clearly delineate oceanic re-
gions with possible distinct ?3'Pa/?39Th. There is an
obvious lack of data from high-productivity areas in
the Atlantic that might be a sink for Pa, which im-
plies a high uncertainty in the basin mean 23'Pa/230Th.
Reducing analytical and stratigraphic errors, on the
other hand, should improve the data quality. Recent
progress in mass spectrometric techniques [Shaw and
Frangois, 1991; Yu, 1994], the increasing availability of
cores with undisturbed surfaces and accurate stratigra-
phy, and studies on the effect of particle composition on
*$1Pa/?0Th [Walter et al., 1997; Luo and Ku, 1999
should be extended.

Second, it is important that our results be confirmed
by other models including a more complete descrip-
tion of both the deep-ocean circulation and trace metal
scavenging. The major weakness of our approach is
the use of a zonally averaged model with coarse reso-
lution and flat bottom to determine the sensitivity of
the sediment 2*!1Pa/?*°Th to the THC. A natural fol-
lowup to this study is thus the use of 3-D ocean cir-
culation models with high spatial resolution and realis-
tic bathymetry to constrain this sensitivity in different
oceanic regions (for a first step in this direction, see
Henderson et al. [1999]). While the models will help us
to better interpret the distribution of 2*'Pa and 23°Th
in the water column and sediment, synergistically, our
rapidly expanding database will also prove useful for
better constraining deep water circulation and particle
flux in the models. Both approaches must be pursued
in parallel to iteratively converge toward a better repre-
sentation and understanding of the glacial ocean.
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