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Abstract

231pa and **°Th are removed from the water column by a process of reversible scavenging which quickly removes ***Th to
the sediment. 2*'Pa is less efficiently scavenged onto particles than **°Th and is therefore more effectively transported via
advection and diffusion before it reaches the ocean sediment. This study combines particle fields (dust, opal, CaCO;, POC)
derived from observations with the Bern3D intermediate complexity ocean model and an equilibrium-scavenging model for
isotopes. The equilibrium partition coefficient for particulate versus dissolved isotope activity is varied with particle type. The
model can explain many of the features of the global *'Pa and 2*°Th distribution. The success of such a simple model at
representing the global pattern of *'Pa/***Th activity ratio supports the use of this proxy in paleoceanographic studies. We use
the model to address the controversy concerning which particle types are dominant in fractionating >*'Pa/?°Th in the ocean.
The lithogenic (dust) flux is found to be unimportant for *'Pa/?*°Th fractionation— the ocean fractionation of *'Pa/*°Th is
dominated by the distribution of the CaCO; and opal flux. We also confirm that opal is a weak scavenger of **°Th.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

231pa (32.5 kyr half-life) and *°Th (75.2 kyr half-

—_— life) are formed by the o decay of **°U and ***U,
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0.093 throughout the ocean (see Table 1 for a list of
constants). In other words there is a uniform, steady
source of 2*'Pa and #*°Th at every point in the ocean.

Dissolved **'Pa and **Th are removed from the
water column through reversible scavenging by fall-
ing particles considerably more rapidly than by the
radio-decay of either isotope [2,3]. Reversible scav-
enging is the process of isotope adsorption onto
particles with subsequent desorption due to the re-
lease of the isotope during dissolution, particle ag-
gregation/disagregation, or variation in the dissolved
isotope concentration [4]. Reversible scavenging
causes the activities of **°Th and **'Pa to generally
increase with water depth in both the particulate and
dissolved form [2,5].

Differential scavenging of **'Pa and **°Th in the
water column means that *°Th is removed more
readily from solution than **'Pa. Less efficient scav-

enging of dissolved *'Pa gives it an ocean residence
time of approximately 200 years while that of dis-
solved #*°Th is approximately 30 years [6]. Because
of its longer residence time, **'Pa is more strongly
advected by ocean circulation than *°Th, making the
sediment >*'Pa,/**°Th,, an important measure of
ocean circulation [6,7] (the xs subscript is used to
indicate that the values are for excess >*'Pa and
29T activities, corrected for *'Pa and **°Th isotopes
supported by U decay). In the absence of ocean
advection and mixing **'Pa and **°Th would be re-
moved from the water column at a fixed ratio identical
to the production ratio. Consequently the sediment
B1pa,/***Th, would equal the production ratio ev-
erywhere in the world ocean [2].

Advection of *'Pa in the Atlantic depends on the
strength of the Atlantic meridional overturning circu-
lation (AMOC) [6,7]. Recent work on sediment

Table 1

List of abbreviations and values for various parameters used in text

Variable Symbol Control run Sensitivity tests Units

Isotope variables

21pa production from U decay g 233%x1073 - dpm m 3 yr!
29Th production from U decay pm 2.52% 102 - dpmm 3 yr !
231pa decay constant JFa 2.13%x10°° - yr !

239Th decay constant s 9.22x10°° - yr!

Particle associated activity Ay - - dpmm 3 yr !
Dissolved activity Aqg - - dpmm 3 yr!
Bulk particle activity Ay, - - dpmm 3 yr !
Total particle activity Aotal - - dpm m 3 yr !
Particle flux variables

Penetration depth for CaCO; Zp 2000 1000, 3000 m

Dissolution constant for POC & 0.858 0.658, 1.058 -

Thickness of eutrophic layer zo - - m

Average particle sinking velocity W 1000 500, 1500 Myr !

Ocean temperature T - - °C

Particle flux from surface F - - mol C yr !
Dimensionless part. conc. C - - -

K values

Equilibrium partition coefficient: Kot 107 10%, 10°

230Th scavenging by CaCOs K Kor Ko/ 49, K or -

239Th scavenging by opal KI},‘,” K,er/20 K,er/49 -

239Th scavenging by POC Kide K, K,er/49 -

230Th scavenging by dust Kﬂ‘st 0 10 X Ko -

231pg scavenging by CaCO, kP Kot/ 40 Kot/49, K of -

231pa scavenging by opal KL’;";M K.oi/6 Kioi/4.9, K.ot/49, K or -

231pg scavenging by POC Krac Kior Ko/ 49 -

231pa scavenging by dust Kb, 0 Kiop -

K values for the control run are adapted from Chase et al. [10]. K values for sensitivity experiments are based on Luo and Ku [11,13,14].
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21pg /?%Th, from the Bermuda Rise has found
values approaching the production ratio during the
coldest interval during deglaciation in the North At-
lantic region [8]. Such **'Pa,/**°Th, values suggest
that the AMOC may have approached stagnation over
this period [8], assuming that changes in the
21pa /?°Th, at one site are representative of
changes in the zonally integrated circulation.

1.1. Observations of **' Pa and **°Th partition
coefficients

If one assumes that the rate of adsorption and
desorption are fast compared with the rate of removal
of particulates the partition of *°Th activity between
dissolved and particle-associated phases will be in
equilibrium [2]. In the open ocean this is a reasonable
assumption [9]. The ratio between dissolved, 44, and
particle-associated, 4, activity is given by a dimen-
sionless equilibrium partition coefficient, K,

(1)

where C,, is the dimensionless ratio of the particle
mass per cubic m to the density of the fluid and the
isotope activities are in units of dpm m™~>. The super-
script i represents 2>'Pa or *°Th and the subscript p
represents the particle type (Particulate Organic Car-
bon (POC), dust, CaCO5 or opal). The term A4} used
later in the text refers to the bulk, or total activity
associated with particles.

Chase et al. [10] and Luo and Ku [11] have found
that the values of the equilibrium **'Pa and **°Th
partition coefficients for the total or bulk particle flux
(Kpuik values) depend on the percentage concentrations
of opal, CaCO3, POC and lithogenic particles, although
these authors are in disagreement over which particles
drive changes in the equilibrium values [10-14]. Chase
et al. [10] find that opal preferentially scavenges **'Pa
while CaCOs preferentially scavenges *°Th. Litho-
genic particles are typically at least an order of magni-
tude less prevalent in the open ocean than biogenic
particles (Fig. 1) and may therefore be expected to be
less significant scavengers of **'Pa and ?*°Th than
biogenic particles [10]. Luo and Ku [11], however,
find that the equilibrium partition coefficients of
239Th and *'Pa for lithogenic particles are respectively
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Fig. 1. Surface particle fluxes interpolated to the model grid and

used to force the model. Particle flux is given in gm 2 yr ' on a

log;o colour scale. Details of the derivation of particle surface
forcing fields are given in the text. All values are annual averages.

490 and 45 times stronger than those for biogenic
particles (POC, opal, CaCOs3) so that despite the low
concentration of lithogenic particles in the ocean they
may still be important scavengers of >>'Pa and *°Th. It
must be noted that Luo and Ku [11,13,14] estimate
such high equilibrium partition coefficients for litho-
genic particles (unprecedented before Luo and Ku [11])
by extrapolating from bulk particle samples with only
~5% lithogenic material.

Before the dependence of **'Pa/?*°Th fraction-
ation by different particles is fully understood it is
not possible to use the sediment 2*'Pa,/***Th, as a
simple proxy for ocean advection. Resolving the con-
troversy concerning *>'Pa/**°Th fractionation by
lithogenic versus biogenic particles is an important
step towards understanding changes in ocean advec-
tion in the past using the sediment 2*'Pa,,/***Thyq
record.
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1.2. Previous modelling of **'Pa / **°Th

Using a zonally averaged, circulation-biogeochem-
istry model, Marchal et al. [7] applied the reversible
scavenging model of Bacon and Anderson [2] to
#31pa and **°Th. In that work **'Pa was scavenged
ten times more effectively by biogenic opal than by
POC or CaCOs5. Marchal et al. [7] kept desorption
rate constants for *'Pa and *°Th fixed at a single
value throughout the model for all particle types in a
fashion which does not allow for the effects of the
dissolution of different particle types on desorption of
21pa and 2*°Th. The adsorption/desorption model of
Marchal et al. [7] does, however, represent other
factors involved in desorption (such as particle dis-
aggregation). Although the biogeochemistry compo-
nent of the model was used to calculate fields of POC
and CaCOgs, the flux of biogenic opal in the Southern
Ocean was prescribed. The Marchal et al. [7] model
can approximate well the latitudinal and depth varia-
tions in **'Pa and **°Th and supports the notion that
preferential adsorption of *'Pa by opal in the South-
ern Ocean leads to high **'Pa/?*°Th ratios there.
Ocean circulation is, however, characterised by im-
portant east-west gradients and so there are clear
limitations in using a zonally averaged model. The
North Atlantic is key in determining the sensitivity of
Z1pa and **°Th distributions to changes in the
AMOC and needs to be well represented but there
are significant differences in the particle flux and
ocean circulation between the east and west of the
basin that cannot be accounted for in a zonally
averaged model. The equatorial Pacific also has pro-
nounced east—west variation in particle flux. To ac-
count for these effects an obvious step forward is the
use of a 3-dimensional ocean model.

A 3-dimensional model has been used by Hen-
derson et al. [9] to model the ocean **°Th. They
used the Hamburg Large Scale Geostrophic Ocean
Circulation Model to obtain an estimate of the ocean
circulation and the Hamburg Oceanic Carbon Cycle
Model to estimate ocean particle fluxes. They re-
stricted their study to **°Th and assumed a parti-
cle-concentration dependent equilibrium partition
coefficient [15,4]. Unlike Marchal et al. [7], the
Henderson et al. [9] approach allows for separate
‘desorption’ effects due to both equilibrium scaveng-
ing and particle dissolution. Different particle types

dissolve differently with respect to depth, tempera-
ture and other factors. Given the preferential scav-
enging effects of different particle types [11,10] this
differential dissolution is likely to be important when
considering the 3-dimensional distribution of **'Pa
and #*°Th in the ocean.

Apart from dissolution effects the Marchal et al.
[7] and Henderson et al. [9] approaches are equiva-
lent as long as the rates of adsorption and desorption
prescribed by Marchal et al. [7] are fast compared
with the rate of removal of the particulate matter, as
is the case in the open ocean [2]. The Henderson et
al. [9] approach did not consider >*'Pa but it makes
use of equilibrium **°Th partition coefficients and is
well suited to making use of recently observed rel-
ative scavenging equilibria with respect to different
particle types [11,10]. For this reason it is the
favoured approach in this paper although here we
include representation of **'Pa. An added advantage
of this approach is that, because a partition coeffi-
cient is prescribed, it involves the use of only one
ocean tracer per isotope (the total activity of the
isotope), as opposed to the two tracers needed in
Marchal et al. [7] (the dissolved and particulate
activities of each isotope).

By studying the behaviour of **'Pa and **°Th in
the Bern3D intermediate complexity ocean model
this paper is a step towards enabling a more rigor-
ous understanding of the relationship between the
2-dimensional ocean sediment 2*!Pa,,/?*°Th,, and
the 3-dimensional paleocean circulation. Thus we
extend the work of Marchal et al. [7] to include
the effects of particulate dissolution; 3-dimensional
ocean circulation; and particle fields for dust, opal,
POC and CaCOj;. Particular emphasis is placed on
resolving the disagreement over the importance of
Z31pa and **°Th scavenging by lithogenic particles
[10,12—-14].

2. Method
2.1. The ocean model

The ocean circulation used for this work is given
by the Bern3D model [16]. The Bern3D model is a

computationally efficient ocean model of intermedi-
ate complexity based on the planetary geostrophic
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equations complemented by a linear drag term [17].
Efficiency is a result of low horizontal resolution, 36
by 36 cells, and simplified physics. Ocean tracers are
subject to advection by the velocity field, diffusion
and convection. Simplified physics implies that
model diffusion represents a larger range of process-
es than in more complex models. The two ‘active’
tracers, temperature and salinity, which define the
density and hence the velocity, are treated exactly
analagously to the passive tracers (i.e., tracers which
do not affect the circulation), such as **'Pa and
29Th. In relation to the ocean model of [17], the
present model differs principally in using seasonally
varying forcing and higher vertical resolution, with
32 levels instead of 8. The convection and time
stepping schemes and the eddy-induced advection
have also been improved [16].

To derive the circulation state the model equations
are integrated forward in time for around 5000 years
by which time annually averaged tracer fields and
velocities are almost exactly steady. The steadily os-
cillating final state can generally be assumed to be
insensitive to the initial conditions and thus dependent
essentially on the forcing fields for temperature and
salinity [18], as well as wind stress [19] applied at the
surface boundary layer.

Model parameters have been tuned such that this
steadily oscillating state provides a solution that
closely matches measured values for radiocarbon in
the preindustrial North Atlantic, North Pacific and
Southern Ocean as well as chlorofluorocarbon inven-
tories for the Indopacific and the Southern Ocean
[20]. These ocean tracers are chosen to represent a
variety of ventilation timescales ranging from years
to centuries. This state can thus be taken to represent
relatively steady pre-industrial oceanic conditions.
Full details of the model and its tuning as used for
this work are described in Miiller et al. [16]. All
results presented are annual averages for the steadily
oscillating state.

2.2. Particle fields

To generate surface particle fluxes, the export pro-
duction of POC was estimated using the model of
Laws et al. [21], which calculates the ratio of total
primary production to export production (the export
production ratio) from the total primary production

and ocean temperature. Primary production was pro-
vided by the Vertically Generalised Production Model
(VGPM) of Behrenfield and Falkowski [22] and mean
temperatures for the upper 200 m of the ocean were
used [18]. Sampling of the data fields onto the model
grid was carried out by taking the average values from
the data points within each model grid cell. The export
production of POC was then calculated using the
annual mean total primary production from the
VGPM of Behrenfield and Falkowski [22] and the
derived export production ratio. To generate the ex-
port production of CaCO; and biogenic opal algo-
rithms similar to those described by Maier—Reimer
[23] were used. The potential particle flux due to the
production of biogenic opal P, is defined as:

z=0 42
[Si]
Popal = Fopa Rer—— 7 2

el vl /zzzoo [S1] + [Sio] @

where z is depth. [Si(z)] is the silicic acid concentra-
tion in mol m > [24], Topal 18 the observed dissolu-
tion/production ratio for biogenic opal of 0.5 in the
high latitudes [25] and [Sio] is set to 0.004 mol m™°.
R relates to the maximum rate of uptake of silicic acid
and is set at 0.015 yr~ '. Following Heinze [26], the
potential particle flux due to the formation of carbon-
ate shells, P, is given as

crexp(er(Tiey — T1))
1+ crexp(cx(Trey — T3))

Pear = rear (3)
where 7', is the mean temperature for the top 200 m
[18], P is the export flux, 7, is the maximum value of
the production ratio of carbonate to total flux that
would occur in warm waters and ¢, and ¢, are para-
meters. After Marchal et al. [27], T, was set to 10 °C,
c1= 1, ¢c,= 0.6 °C " and re,= 0.096. The potential
fluxes Pypa and P, may then be combined to give
the actual opal (Fopa) and carbonate (Fc,) fluxes
from the surface layer in mol m~ 2 yr~ ' [23]

P2

Fop = ——240 4

o Popal + Pcar ( )
P2

Fogr = 5. 5

“ Popal + Pcar ( )

The surface dust input field is taken from the
Global Ozone Chemistry Aerosol Radiation and
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Transport (GOCART) model simulations [27]. The
GOCART model assumes that all topographic lows
with exposed surfaces are potential dust sources as a
function of surface wind speed and wetness. In the
GOCART model, dust is advected by wind fields
from the Goddard Earth Observing System Data As-
similation System.

The surface export fields for POC, carbonate, bio-
genic opal flux and dust used to force the model are
shown in Fig. 1.

The particulate mass (Mp) in g m > of seawater is
given by the particle flux, F,, in mol C m ?yr ', the
settling velocity, w,, and the molar mass, J, so that
M,= JF,/ws. We follow Henderson et al. [9] and
Marchal et al. [27] who used exponential penetration
profiles to parameterise dissolution of CaCO; [28]

Manl2) = Meateolexp (25 ). ©

where z is depth, z, the thickness of the euphotic
zone, z, is the penetration depth. (A summary of the
values and symbols for the constants used in this
paper is given in Table 1.)

Henderson et al. [9] also applied exponential dis-
solution profiles to biogenic opal. The behaviour of
opal in the Southern Ocean is likely to be a significant
factor in the distribution of ?*'Pa and **°Th there [7].
Here we use an alternative dissolution scheme to
Henderson et al. [9], which is temperature dependent
so that

Dopat = B(T — Ty), (7)

where D, is the rate of biogenic opal dissolution in
mol yr~ ! and 7T is the water temperature at a given
point in the model [29-31], T is the minimum tem-
perature of sea water in the model (—2 °C) and B is a
constant set at 0.12 mol °C~' yr '. Temperature
dependent opal dissolution leads to realistic, almost
uniform vertical profiles of opal concentration in the
Southern Ocean (e.g., [25]).

Dissolution of POC with respect to depth is de-
scribed by a power law with exponent ¢ [32]

Mpoc(z) = Mroc(zo) (;) 78~ (8)

Values used for ¢ are given in Table 1.

An assumption of no dust dissolution is applied so
that the dust concentration remains constant with
depth.

Boundary scavenging refers to the range of pro-
cesses by which nuclides are preferentially removed
from the oceans at ocean margins and includes both
the effect of high particle flux and particle type
[33,34]— high lithogenic flux from rivers and coastal
erosion provide an important primary source of par-
ticulate flux for scavenging while the supply of
nutrients from rivers increases primary productivity
which also increases the particulate flux available for
scavenging close to the coasts. High productivity
areas at the coast are resolved by the model in the
form of upwelling zones but there is no representa-
tion of the input of lithogenic material at the coast.
This means that boundary scavenging is represented
in the model only by the effect of higher productivity
in grid boxes close to the coast. The potential effect
of nepheloid layers on the ?*'Pa and ?*°Th is not
considered here other than that the sediment
21pa/>OTh is equilibrated with the water immedi-
ately above it.

2.3. Equilibrium partition coefficient scavenging
model

We vary the Kl; values for **'Pa and **°Th on
biogenic opal, CaCO3, POC and the dust flux accord-
ing to the observations of Luo and Ku [11] and Chase
et al. [10]. The activities of **'Pa and **Th, in dis-
solved, A}, and bulk particle-associated, AL, form in
dpm m > are calculated using Egs. (9) and (10).

a4l o 045
a—ttt = Bl - AlA:()ta] - WSW
+ T ransport(Aimal); 9)

p is the production of new **'Pa or **°Th from the
decay of *°U and ***U and / is the radiodecay
constant. The transport term represents the action of
diffusion, convection and advection on the tracer
movement and is provided by the Bern3D ocean
model. The total activity of each isotope is advected
in the model so that both particulate and dissolved
forms advect. The total activity, Al s separated
into the total or bulk particle-associated, AL, and
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dissolved, 4}, fractions by rearranging Eq. (1) for
opal, POC, CaCO;3 and dust and summing the result-
ing terms:
= Ay + A}
= (K(iiusthUSt + KIiJOC Croc + Kci:arCCaT

+ K(i)pal Copal + l)ALI

i
total

so that
A:i — Aiotal :
<I<(iiustcdust + Kli’OC Croc + K&i:arCCaT + Képal CDPal + 1)

(10)

Henderson et al. [9] assumed an inverse power-
law dependence of K with respect to the particle
concentration obtained by linear regression [4].
Such a relationship between K and particle concen-
tration may be due to the complicated relationship
between particle concentration and particle aggrega-
tion/settling [4] and is only apparent if shallow water
data (with extremely high particle concentrations) are
included. Chase et al. [10] argue that the particle
concentration may also vary with the particle type
and it is hard to distinguish in field data between the
effects of particle type and particle concentration on
the bulk sediment K values. It is uncertain whether
the particle concentration effect on K is important in
the deep ocean so we take the simplest approach and
assume a constant K value with respect to particle
concentration.

Chase et al. [10] suggest that the particle concen-
tration effects may be due to scavenging disequilibria
on rapidly falling particles for example during high
production bloom events. Because we are interested in
relatively long time-scale processes over the global
ocean we force the model with annually averaged
production fields and such a seasonal ‘bloom effect’
will not affect our results.

In order to consider the relative equilibrium parti-
tion coefficients of various particle types a reference
equilibrium partition coefficient K ¢ is defined. All
other K values used in the model are stated as frac-
tions of K,er (Table 1). The **'Pa and #*°Th distribu-
tions are assumed to have reached equilibrium when
the ratio of the total **'Pa activity to the total >>°Th
activity reaching the sediment is equal to the produc-
tion ratio of 0.093. The modelled ‘sediment’ **'Pa and

20T activities are equivalent to the particulate **'Pa
and Z*°Th in the deepest grid cells.

Sensitivity tests are carried out for variation in the
particle settling velocity (ws), K values and particle
dissolution. The fractionation of **'Pa and **°Th by
dust, CaCOs, opal and POC is varied as a means to
resolve the disagreement over the relative importance
of these particle types in ocean **'Pa/*°Th fraction-
ation which exists in the literature [10-14].

2.4. A note on the vertical distribution of isotopes at
steady state and the effects of transport and mixing

For steady state, and neglecting the effects of
advection, diffusion and convection the effects of
production, decay and settling must balance at any
point in the ocean and Eq. (9) implies that

i igi aAi
B —AAml—wsa—b =0. (11)

For typical values of A and AR the isotope
decay term is three orders of magnitude less than
the production term and for the purposes of this
illustration is neglected. Rearranging the remaining
terms and assuming that A{ at the surface is zero
gives

Ay(z) = e ‘Z. (12)

In other words the particle-associated isotope ac-
tivities are expected to increase linearly with depth in
agreement with observations [2,5]. The increase of
particle-associated isotope activities with depth
depends on the ratio f'/wq. Interestingly A} is inde-
pendent of the particle concentration. Because wy is
assumed to be the same for both 2*'Pa and *°Th the
production ratio, S"*/f™=0.093, determines the
>31pa/?*°Th activity ratio at all points in the water
column. Combining Eqgs. (1) and (12) and noting that
C;=F;/ pws, where p is the fluid density, gives 4} as

i Pﬁi
Ad(z) = K[i,Fb ’

z, (13)

so that the dissolved activity of the isotopes is inde-
pendent of wg, remembering that the transport term
has been neglected for the purposes of this analysis. In
other words, it is the flux of particles which controls
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the dissolved concentrations, not the rate at which
they settle. As previously noted preferential transport
of #*'Pa means that the **'Pa/?**Th activity ratio in
the ocean differs strongly from the production ratio
and the relationship outlined in Eq. (11) shows that an
additional source of 4 (i.e., the transport term) would
affect A4 .

Ocean advection and diffusion distribute the iso-
topes in distinctly different ways. Diffusive transport
moves the isotopes downgradient. Because the iso-
topes are removed by particles in areas of high particle
flux these areas show reduced dissolved isotope con-
centrations. As a consequence of such reduced dis-
solved isotope concentrations there is a diffusive flux
of dissolved isotopes into these areas and subsequent
removal to the sediment. Diffusive transport of iso-
topes therefore increases the removal of **'Pa and
29Th in areas of high particle flux. Because **'Pa
has a longer residence time in the water column than
29T this process favours 2*'Pa transport and areas of
high particle flux have increased 21pg /3 Thy, ra-
tios. Here we refer to this as the “particle-flux mechan-
ism’ for generating high sediment BIpg /7Th,..
The advection of isotopes also preferentially trans-
ports *'Pa but, unlike diffusive transport, advection
transports tracers along the large-scale flow direction,
which may be up or down the gradient of isotope
concentration.

3. Results and discussion
3.1. Control run — Chase et al. [10] K values

The control run (Fig. 2) uses the values in Table 1
with K values taken from Chase et al. [10]. The ocean
sediment **'Pa/?**Th activity ratios are shown nor-
malised to the production ratio (0.093) and on a log;
scale (Fig. 2). Many of the general features seen in
observations are simulated by the control run. Both
21pa and **°Th increase approximately linearly with
respect to depth. Exceptions to the increase in isotope
activity with depth exist in areas of deep-water for-
mation where low values of *'Pa and 2*°Th activities
are transported quickly from the surface to the deep
ocean. Convection strongly reduces, or even reverses
the process of accumulation of isotope activity with
depth [35-37] and this is simulated by the model. In

the case of particle-associated *°Th and **'Pa these
depth-increases are most intense in the south Atlantic
and Southern Ocean.

The Southern Ocean maximum in the sediment
231pa/239Th activity ratio is well reproduced, as are
the high values of *'Pa/?**Th in the eastern equa-
torial Pacific. This southern ocean maximum is due
to the efficient removal of **'Pa in the southern
ocean by the high opal flux there. *'Pa is effectively
transported to the southern ocean from the major
ocean basins by the meridional overturning circula-
tion [47]. Another contributing factor to the Southern
Ocean **'Pa sink is the southward shoaling of iso-
pycnals within the Antarctic Circumpolar Current.
This brings deep water with relatively high **'Pa
concentration to shallower depths where the equilib-
rium concentration is lower with respect to particle
scavenging, thereby promoting adsorption [66].
There is also a maximum in the North Pacific
corresponding to the region of high opal production
there (Fig. 1). As suggested by Yu et al. [6] high
productivity areas in the Atlantic have less effect on
sediment **'Pa/**°Th activity ratios than in the Pa-
cific or Indian Oceans due to the relatively short
residence time of deep water in the Atlantic.

Ocean sediment **'Pa/*°Th activity ratios are
lower in the oligotrophic gyre regions than in regions
of high productivity due to the particle-flux effect. The
modelled sediment 2*'Pa/>**Th activity ratios in the
ocean gyre regions are generally slightly higher than
observed. The offset may be explained by the relatively
low halflife of **'Pa compared to *°Th. Givena 10 cm
bioturbated sediment mixed layer and an accumulation
rate of ~0.5 cm ka~ ' surface sediments in the Pacific
gyres might be as old as 20 ka so that the observed
sediment surface 2*'Pa will be considerably reduced
compared to *°Th.

Western north Atlantic cores are likely to be more
sensitive to changes in the AMOC than those to the east
due to the presence of the Deep Western Boundary
Current (DWBC). This sensitivity gradient across the
Atlantic is likely to be accentuated by the presence of
higher particle flux regions to the eastern North Atlantic.

It is possible that the increase in the **'Pa/***Th
activity ratio observed by McManus et al. [8] during
HI1 and discussed earlier in the text is the result of
varying production in the region around the core site,
though not at the site itself — in this way the core site
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Fig. 2. Atlantic transects of dissolved and particle-associated **'Pa and 2*°Th (upper panels) and global sediment 2*'Pa/?**Th activity ratios
(lower panels). Parameter values in all panels are as for the ‘control run’ — relative K values are after Chase et al. [10] (Table 1). Coloured
circles represent observations from Table 2. The crosses in the upper global plot represent the sites of the observations shown in the upper
transects. The transects are taken along the black line shown in the upper global plot. The white cross on the lower global plot is the site of the
core used in McManus [8]. Note that in the lower panels the *'Pa/?°Th activity ratio is plotted relative to the production ratio (0.093) on a
log) o scale. The contour line represents zero on the colour scale or 2*'Pa/?*°Th=0.093. The model parameters for the control run are 2,=2000
m, s=%858, we=1000 m yr ', Kpep=1 X107, Kéat =Krep, Kopar =Kret/ 20, Kpde = Krets Kats =0, Ko =Kot/ 40, Kipar=K e/ 6, Kide=Kres
Kd?lst: .

could have become part of a frontal region between The simulation of these general features of the
areas of high and low **'Pa/?**Th leaving no ocean >*'Pa and **°Th distribution is a first indication
corresponding productivity signal in the core. It is that the K values suggested by Chase et al. [10] are
important to consider multiple North Atlantic cores consistent with the 2*'Pa and 2*°Th scavenging model

in order to tackle this issue. used here. Note that the simulation of the ocean 2*'Pa
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Table 2
References for data used in Figs. 28

Atlantic water column 2*'Pa and >*°Th data

1py,

Global Holocene sediment zyy

Colley et al., 1995 [39].

Mangini and Key, 1983 [40].

Moran et al., 1997 [35].

Moran et al., 2001 [41].

Rutgers van der Loeff and Berger, 1993 [42].
Vogler et al., 1998 [37].

Walter et al. 1997 [38].

Francois R., unpublished data

Anderson et al., 1983 [43].
Anderson et al., 1990 [34].
Anderson et al., 1994 [44].
Asmus et al. 1999 [45].

Bacon and Rosholt, 1982 [46].
Chase et al. 2003 [47].
DeMaster, 1979 [48].

Francois et al., 1993 [49].

Frank et al., 1994 [50].

Frank, 1996 [51].

Ku et al., 1972 [52].

Kumar, 1994 [53].

Lao et al. 1992 [54].

Mangini and Diester-Haas, 1983 [55].
Mangini and Sonntag, 1977 [56].
Mangini and Kuehnel, 1987 [57].
Muller and Mangini, 1980 [58].
Shimmield et al., 1986 [59].
Shimmield and Price, 1988 [60].
Schmitz et al., 1986 [61].
Scholten et al., 1995 [62].
Scholten et al. 2005 [63].

Walter et al., 1997 [38].

Yang et al., 1995 [64].

Yang et al., 1986 [65].

Yu et al., 1996 [6].

Thomas A., Henderson G.M., McCave L.N. unpublished data

The xs subscript is used to indicate that the values are for excess »*' Pa and *° Th which have been corrected for >*' Pa and 2*° Th isotopes
supported by U decay within the sediment and for post-deposition radiodecay.

and »*°Th distribution is possible without strong frac-
tionation by lithogenic particles (in the control run
K™ and K 4,02 are set to zero). The reproduction of
various features of the ocean **'Pa and **°Th distri-
bution by the control run brings into question the
validity of the Luo and Ku [11] assertion that litho-
genic particles are important scavengers of 2*'Pa and
0y,

In preventing any isotope scavenging by dust in
the control run we have shown that scavenging by
dust does not dominate the global *'Pa/**°Th
distribution. We have avoided using model tuning
to find an estimate for Kg,&® and Ky, There is
a regional discrepancy between modelled and ob-
served dissolved **°Th concentrations in the North
Atlantic. This discrepancy occurs in the region of
the Saharan dust plume and might be explained by
the scavenging of *°Th by the significant dust flux

in this region. This effect is in a limited region of
the ocean and does not affect the results presented
here but it is a first indication that dust may
preferentially scavenge **°Th compared to >*'Pa.

3.2. Sensitivity experiments

The effect of increasing K.r but keeping the
relationship between the various K values as for
the control run (Table 1) is to adsorb more of the
#31pa and **°Th onto particles. The particles quickly
remove this increased **'Pa and *°Th load to the
sediment so that the transport of dissolved **'Pa
relative to °°Th is reduced. At any one site **'Pa
and #*°Th are removed at a rate closer to their
production ratio. This effect is seen in the plots
for K.=1X 108, ten times the K, in the control
run (Fig. 3). Preferential scavenging of **'Pa does
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Fig. 3. Atlantic transects of dissolved and particle-associated **'Pa and 2*°Th (upper panels) and global sediment 2*'Pa/?**Th activity ratios
(lower panels). K . is varied between 1 X 10° and 1 x 10® for the two simulations shown. Coloured circles represent observations from Table 2.
The transects are taken along the black line shown in Fig. 2. Note that in the lower panels the 2*'Pa/?*°Th activity ratio is plotted relative to the
production ratio (0.093) on a log,, scale. The contour line represents zero on the colour scale or *'Pa/?***Th=0.093. The model parameters
which are constant for the two runs shown are z,=2000 m, £=0.858, w,=1000 m yr ', Kin=Kyet, Komi =Krer / 20, Kpdc=K e, Kaus=0,
K(I:):r:Kref/“O: K(I:gal:Kref/6y KIE)(a)C:Krefy Kcll)L?st:O-
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still occur for K.or=1x10® but it is much reduced
and the global range of **'Pa and**°Th in both the
water column and sediments is much lower. The
reverse is true if K,;=1x10° and the intensified
transport of dissolved **'Pa relative to **°Th
increases the global range of **'Pa/**°Th activity
ratios considerably. The two extreme cases repre-
sented in Fig. 3 suggest that the Kr=1 X 107, as
used in the control run and found by Chase et al.
[10], is the correct order of magnitude. A lower K ¢
would improve the representation of the ocean gyres
but it would result in too large an increase in
21pa/?°Th activity ratios in the Southern Ocean
sediment.

Varying the exponent for POC dissolution, &, in
Eq. (8) varies the dissolution of POC with respect to
depth. Higher values of ¢ give lower POC concentra-
tions at depth due to increased dissolution. The POC
fractionation ratio, Kpoc "/ Kpod?, is 1 in the model so
the results shown in Fig. 4 are straightforward to
interpret. With lower POC flux the scavenging of
Z31pa is reduced, extending the residence time of the
isotope in the water column. Note that the residence
time of *°Th is such that it does not demonstrate
strong transport effects for the control run — the
effect of further reduction of the **Th residence
time is therefore not strongly visible in Fig. 4. There
is generally more transport of **'Pa compared to
2Z9Th  which increases the range of sediment
21pa/?3Th activity ratios.

Fig. 5 shows the effect of varying the penetration
depth, z,, of CaCOj; in Eq. (6) on the global #31pa and
29T distribution. A first glance at the plots of global
sediment >*'Pa/**°Th is somewhat puzzling. Increas-
ing z, increases particle concentrations and should
therefore enhance scavenging, reducing the residence
time of **'Pa and the transport effect. Such an argu-
ment suggests that for deep z, values the model
should give reduced range of sediment **'Pa/*°Th
activity ratios but the plots in Fig. 5 show the opposite
to be the case. Consideration of the effect of varying
z, on the dissolved isotopes resolves the apparent
discrepancy. CaCOs preferentially carries **°Th rather
than 2*!'Pa to the sediment with a fractionation ratio,
KIh/KPa ) of 40 in our simulation. Varying the pen-
etration depth of CaCOs therefore affects >**Th more
strongly than **'Pa. For shallow z, a high rate of
dissolution with respect to falling CaCOj is responsi-

ble for high levels of dissolved *°Th at depth Eq. (1).
High levels of dissolved 2*°Th increase the transport
of 2°Th in the ocean so that the range of *'Pa/?*°Th
activity ratios in the ocean is reduced. The reverse is
true for deep z, values.

Experiments varying the constant B in Eq. (7) for
opal dissolution by & 50% were carried out but had an
insignificant effect on the result and therefore are not
shown.

Fig. 6 shows the effect of varying the settling
velocity on the isotope distributions. This is seen
clearly in the particle-associated isotope activities,
which show increased 2*'Pa and **°Th activities for
reduced settling velocities. Reduced settling velocity
increases the **'Pa and **°Th activities associated
with particles and is explained by Eq. (12), as dis-
cussed earlier in the text. This effect gives a propor-
tional increase for both **'Pa and **°Th and so has
negligible impact on the sediment *'Pa/*°Th activ-
ity ratios. As suggested by Eq. (13) the same change
in the settling velocity has negligible impact on the
dissolved **'Pa and **°Th activities the ocean trans-
port remains the same for both runs.

An exception is the Southern Ocean where some
change in the sediment 2*'Pa/*°Th activity ratios for
high and low settling velocities is discernable. This is
because opal dissolution is described in the model as a
dissolution rate Eq. (7). Increasing the settling veloc-
ity decreases the amount of time opal is in the water
column and subject to dissolution and so opal con-
centrations are increased at depth. Because of the high
fractionation factor of opal (Kf;‘al/KoTéla] =20/6), in-
creased opal concentrations lead to increased sediment
231pa/239Th activity ratios in the Southern Ocean for
high settling velocity.

3.3. Lithogenic vs. biogenic fractionation

Having established that the model is capable of
reproducing many of the features of the global
231pa/#3°Th distribution it is interesting to consider
whether the approach presented here can resolve the
disagreement about whether the lithogenic [13,14] or
biogenic particle [10,12] fraction dominates the
B1pa and *°Th distribution in the ocean. Two
simulations have been carried out using the K
values from Luo and Ku [11]. Luo and Ku [11]
state that **'Pa scavenging by opal may be impor-
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Fig. 4. Atlantic transects of dissolved and particle-associated **'Pa and 2*°Th (upper panel) and global sediment **'Pa/**°Th activity ratios
(lower panel). The exponent for POC dissolution, ¢ is varied between 1.058 and 0.658 for the two simulations shown. Coloured circles represent
observations from Table 2. The transects are taken along the black line shown in Fig. 2. Note that in the lower panels the 2*'Pa/?*°Th activity
ratio is plotted relative to the production ratio (0.093) on a log;, scale. The contour line represents zero on the colour scale or
21pa/?39Th=0.093. The model parameters which are constant for the two runs shown are 2,=2000 m, w,=1000 m yr~ U Kep=1 %107,
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Fig. 5. Atlantic transects of dissolved and particle-associated 2*'Pa and 2*°Th (upper panels) and global sediment **'Pa/?**Th activity ratios
(lower panels). The penetration depth for CaCOs3, z,,, is varied between 3000 m and 1000 m for the two simulations shown. Coloured circles
represent observations from Table 2. The transects are taken along the black line shown in Fig. 2. Note that in the lower panels the 2*'Pa/**°Th
activity ratio is plotted relative to the production ratio (0.093) on a log;, scale. The contour line represents zero on the colour scale or
231pa/230Th=0.093. The model parameters which are constant for the two runs shown are ¢ =0.858, wy=1000 m yr— ! Keer=1x107, KZJ‘,:KM,
Kapa=Kret/ 20, Kidc=Krer, Katis=0, K&ie=Kret/40, Kopar=Krer/ 6, Kb =Kret, Kt =0
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Fig. 6. Atlantic transects of dissolved and particle-associated >*'Pa and ***Th (upper panels) and global sediment **'Pa/**°Th activity ratios
(lower panels). Settling velocities, wy, are varied between 500 and 1500 m s~ '. Coloured circles represent observations from Table 2. The
transects are taken along the black line shown in Fig. 2. Note that in the lower panels the *'Pa/*°Th activity ratio is plotted relative to the
production ratio (0.093) on a log;, scale. The contour line represents zero on the colour scale or *'Pa/***Th=0.093. The model parameters
which are constant for the two runs shown are z,=2000 m, £=0.858, K =1X% 107, KIR=K ep, KI,L‘ul:Kmf/ZO, Kb =Ko, Kify=0,

Kem=Krer/40, Kosa=Krer/ 6, Kpde=Krer, Kiasi=0.
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tant in opal rich areas. In order to consider this issue
two simulations were carried out for which the
fractionation factor of opal, K(f;aa] / KOTPL‘] , was set
to 1 and 10 with all other K values after Luo and
Ku [11] (Table 1).

The two simulations are shown in Fig. 7 where
Kah =1x108% which compares to Luo and Ku’s
[11,13,14] estimate of (2.2 +0.9) x 10%. Simulations
were carried out using different K&, values (1 x 107
to 1X 109) as well as different variations on Koliﬂﬂ/
KOTP};I (2 to 20) but were all very similar and so only
two of these simulations are shown in Fig. 7. Both of
the dust-scavenging simulations demonstrate a classic
‘particle-flux effect” due to high dust flux into the
North Atlantic and North Pacific. Although the
231pa /39T fractionation factor for dust, K2 /K got
is ~0.1 the high dust flux areas in the North Atlantic
and North Pacific (Fig. 1) overcome this fractionation
effect via the ‘particle-flux mechanism’ whereby
1pa is preferentially removed in areas with high
particle flux. In the Saharan plume the dust makes
up around 25% of the total particle flux in the model
and drives the ‘particle-flux mechanism’ there. In fact,
because Luo and Ku [11] find K&2 /K4h ~0.1, a
greater proportion of the total **'Pa is in the dissolved
phase than is the case for »°Th for the simulations
shown in Fig. 7 and the dissolved **'Pa is preferen-
tially transported to areas of high dust flux. The Luo
and Ku [11] relative fractionation factors therefore
imply very high sediment 2*'Pa/**°Th activity ratios
corresponding to high dust flux in the North Atlantic.
This seems quite at odds with numerous observations
in the North Atlantic shown in the figure.

In Fig. 7 the much reduced scavenging by biogenic
particles found by Luo and Ku [11] prevents the sim-
ulation of the high #*'Pa/***Th activity ratios in the
eastern equatorial Pacific. High **'Pa/**°Th activity
ratios in the eastern equatorial Pacific were simulated
by runs with Kabh=1x10° (not shown here), although
this value is unrealistically large.

It is clear that the Luo and Ku [11] fractionation
ratios are quite at odds with the observations in the
context of these model results. Luo and Ku [11] state:
‘In highly productive waters with abundant biogenic
particles, 2>'Pa and **°Th are scavenged with similar
efficiencies, whereas in oligotrophic gyres where
dominant particles are clays, the scavenging efficien-
cy of 2'Pa is 10 times smaller than that of **°Th. It is

this difference in scavenging efficiency that allows
21Pa to be transported more readily than **°Th from
oligotrophic oceans to areas of high productivity.’
This statement does not take into consideration the
preferential removal of **'Pa in areas of high absolute
dust flux (such as the North Atlantic) as illustrated in
Fig. 7. The Luo and Ku [11] extrapolation of unprec-
edented high equilibrium partition coefficients for
lithogenics from bulk particle samples with only
~5% lithogenic material may be outside the range of
validity of the extrapolation. Fig. 1 makes clear an-
other problem in the Luo and Ku [11] statement given
here. While it is true that the dominant particles
preserved in the sediment are clays, the flux of parti-
cles from the surface and within the water column is
dominated by the biogenic component.

3.4. Weak adsorption of **°Th onto biogenic opal

Chase et al. [10] state: “Where the particle flux is
dominated by opal, as in the Southern Ocean, sinking
particles essentially do not fractionate between Th, Pa
and Be (i.e., F(Th/Pa) and F(Th/Be) both=1). This
is due not only to the strong affinity of opal for Pa and
for Be, but also, to the weaker affinity of opal for Th,
relative to other particle types.” (F is the fractionation
factor, len) 2/ Kg ") This is a new suggestion about the
scavenging of Th**° by opal and so here we test the
consistency of this suggestion with our model and
with the other K values presented by Chase et al.
[10]. Note that although previous work to Chase et
al. [10] has found that opal strongly scavenges Pa**'
Koty /Kopm ~1 [38]). Chase et al. [10] are the first
to identify that opal weakly scavenges **°Th in finding
that KOTP};] =KI/20. Here we consider this assertion.

Fig. 8 shows a run with high scavenging by opal for
both **'Pa and **°Th (Kggal =K0T;131=KCT.£, thus the
opal fractionation factor is 1). The band of high sed-
iment 2*'Pa/?*°Th activity ratios around Antarctica
moves northward towards the band of high
CaCO; and POC flux and away from the maximum
in opal production (Fig. 1). It seems that in the
Southern Ocean there is a sensitive balance between
fractionation by the effect of variation in produc-
tivity (the particle-flux effect) and fractionation by
opal. If only the scavenging of >*'Pa onto opal is
reduced to the observed value of Chase et al. [10]
and the weak scavenging of **°Th by opal is still
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Fig. 7. Atlantic transects of dissolved and particle-associated **'Pa and 2*°Th (upper panels) and global sediment 2*'Pa/?**Th activity ratios
(lower panels). The K values are after Luo and Ku [11]. The two runs are with opal fractionation factors of 1 and 10, respectively. Coloured
circles represent observations from Table 2. The transects are taken along the black line shown in Fig. 2. Note that in the lower panels the
231pa/239Th activity ratio is plotted relative to the production ratio (0.093) on a log,, scale. The contour line represents zero on the colour scale
or 2'Pa/*°Th=0.093. The model parameters which are constant for the two runs shown are z,=2000 m, £¢=0.858, w,=1000 m yr l
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Fig. 8. Atlantic transects of dissolved and particle-associated >*'Pa and 2*°Th (upper panels) and global sediment >*'Pa/?*°Th activity ratios
(lower panels). The relative K values test the assertion of Chase et al. [10] that opal weakly scavenges ***Th. The simulation in the upper of each
set of plots is from a run with equilibrium partition coefficients onto opal for both **'Pa and *°Th the same as for **°Th onto CaCOs
(Kf:;a] :K(,paT] "=K 7). The lower plots show the results from a run when only the scavenging of **'Pa onto opal is adjusted to the observed
value of Chase et al. [10] but the weak scavenging of >*°Th they observe is ignored (KgSM:KZ;a]M:KI;/é). Coloured circles represent
observations from Table 2. The transects are taken along the black line shown in Fig. 2. Note that in the lower panels the **'Pa/*°Th activity
ratio is plotted relative to the production ratio (0.093) on a log;, scale. The contour line represents zero on the colour scale or
231pg/230Th=0.093. The model parameters which are constant for the two runs shown are z;=2000 m, ¢= 0.858, w,=1000 m yrfl,
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M. Siddall et al. / Earth and Planetary Science Letters 237 (2005) 135-155 153

ignored (K opal = Opal /6=KIh/ 6) this effect is accen-
tuated further and sediment 2*'Pa/?**Th activity ratios
around Antarctica fall below the production ratio.

The two simulations illustrated in Fig. 8 indicate
an important self-consistency in the Chase et al. [10]
work. Chase et al. [10] suggest that the scavenging of
21pa onto opal is less than the scavenging of **°Th
onto CaCO; (Kopal Ky 6). In this case the model
indicates that the scavenging of *°Th onto opal must
also be less than the scavenging of **°Th onto CaCOs
(Kopal <KJhy 6) in order for our model to simulate the
observed **'Pa and **°Th around Antarctica. Chase et
al. [10] find Kopal ~K /20, in good agreement with
the model prediction. This work therefore provides an
objective test of the Chase et al. [10] suggestion that
opal is a poor scavenger of 2>°Th— this is consistent
with the other K values they present.

The observed Southern Ocean maximum in sedi-
ment >*'Pa,,/*°Thy, is simulated by the control run
due both to the relatively high scavenging of **'Pa by
opal compared to CaCOj;, and weak scavenging of
#39Th by CaCOs. High sediment **'Pa/***Th activity
ratios in the Southern Ocean are therefore a product of
fractionation by opal (K(,,l;‘.j1 Kopal 3). This conclusion
compares to that of Walter et al. [38] and Marchal
et al. [7] who found Kopal/Kopal

3.4.1. Concluding remarks

The ability to represent the modern global *'Pa and
29T} distribution using a simple scavenging model,
which is sensitive to ocean circulation, particle flux and
particle type makes the sediment B1pa /P Thy a
potentially extremely useful paleo-proxy (see also Mar-
chal et al. [7]). The success of this particular model at
simulating realistic core-top sediment %*'Pa/***Th dis-
tributions makes it a powerful tool with which to
interpret down-core records of **'Pa,/*°Thy in
terms of ocean circulation and particle fluxes.

These results strongly favour the Chase et al. [10]
K values over those of Luo and Ku [11]. The Chase et
al. [10] K values are self-consistent and when imple-
mented in the model presented here they effectively
represent many aspects of the global **'Pa and ***Th
distribution.

Future work on global **'Pa and **°Th might
consider issues not addressed here. A clearer under-
standing of the effects of nepheloid layers on scav-
enging, the effects of the input of lithogenic material

at the ocean margins and remineralisation within the
sediment structure would make interesting avenues
for future research.
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