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Abstract. A two dimensional scavenging model is used to the last ice age and deglaciation (Schmittner et al., 2002;
investigate the patterns of sediméitPaf30Th generated Clark et al., 2002). However, documenting the link be-
by the Atlantic Meridional Overturning Circulation (AMOC) tween changes in climate and ocean circulation still remains
and further advance the application of this proxy for oceana major challenge in paleoclimatology (Lynch-Stieglitz et al.,
paleocirculation studies. The scavenging parameters an8007). Past changes in circulation were first inferred from
the geometry of the overturning circulation cell have beenthe sedimentary records of nutrient proxies (Boyle and Keig-
chosen so that the model generates meridional sections afin, 1987). While these tracers provide important informa-
dissolved239Th and 231Pa consistent with published wa- tion on changes in the geometry of the overturning circula-
ter column profiles and an additional 12 previously unpub-tion, they do not constrain changes in the rate of overturning
lished profiles measured in the North and Equatorial At-(Legrand and Wunsch, 1995). To address this problem, sev-
lantic. The processes that generate the meridional sectionsral kinematic tracers of ocean circulation are being inves-
of dissolved and particulaté®Th, dissolved and particulate tigated (Lynch-Stieglitz et al., 2007). THéPa?3Th ratio
231pg, dissolved and particulaté'Pa?3%Th, and sediment of Atlantic sediments is one of these tracers. This proxy has
231paP30Th are discussed in detail. The results indicate thatrecently been used to investigate past changes in the rate of
the relationship between sedime&dtPa?3°Th at any given  the AMOC from the last glacial maximum to present (Mc-
site and the overturning circulation is very complex. They Manus et al., 2004; Hall et al., 2006; Gherardi et al., 2005,
clearly show that constraining past changes in the strengtt2009). Because bo#Pa and?3°Th have uniform produc-
and geometry of the AMOC requires an extensive data setion rates (from the decay of dissolved uranium) &#tPa
and they suggest strategies to maximize information from ehas a longer residence time th&#Th in the water col-
limited number of samples. umn, the AMOC exportd3Pa more effectively from the At-
lantic into the Southern Ocean (Yu et al., 1996; Francois,
2007). The modern rate of overturning results in the mean
1 Introduction residence time of deep water in the Atlantic roughly equiva-
lent to the mean residence time%3tPa in the water column
Ocean circulation plays an important role in climate con- (~200 years), so that nearly half of t88'Pa produced in
trol by transferring solar heat from low to high latitudes Atlantic water is exported to the southern ocean with the wa-
(Ganachaud and Wunsch, 2000). In particular, rapid changeter in which it formed. On the other hand, with its much
in the strength and geometry of the Atlantic Meridional shorter residence time~@0 years), nearly all of thé>°Th
Overturning Circulation (AMOC) have been invoked to ex- produced in this water is removed into the sediments of the
plain the abrupt variations in climate that have punctuatedAtlantic and little is exported to the Southern Ocean. As a
result, the?>1Paf3CTh ratio in Atlantic sediments is, on av-
Correspondence toY. Luo teorage,_ab(r)]ut half the ||3roduction ra(';e ra/'ziio of these two iso-
= (yluo@eos.ubc.ca) pes in the water column (0.092dpm/dpm). Faster rates
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of overturning export a larger fraction 6#1Pa and further malism to describe scavenging imbedded in a 2-D circula-

decreasé3Pa?30Th, while slower rates of overturning in- tion scheme to investigate how the concentratiof?a and

crease this ratio (Marchal et al., 2000; Siddal et al., 2007). 23%Th in the water column and sediments can potentially be
Application of this simple principle is, however, compli- affected by changes in circulation and scavenging rate.

cated by two factors. First, sediment&’3Paf°Th is not

only controlled by the rate of overturning, but also by the re-2.1 Formulation

moval rate of the two isotopes from the water column by par- , ,

ticle scavenging. Scavenging rates, which are controlled byThe scavenging mo‘?'e' used3for b&ﬁlg;? and?¥Th is

the flux and composition of settling particles (Bacon, 1988;5_hOWn in Fig. 1. Dissolved OT3h and 232‘5‘ concentra-

Walter et al., 1997: Chase et al., 2002, 2003). dictate thdio"S (IXla; where X represents*°Th or 25/Pa) are con-

residence time of3Pa in seawater and the extent to which rolled b%’ the production rates of the respective nuclidgs (

it can be exported from the Atlantic by the AMOC (Yu et dPMNT y™1), their adsorption k') and desorptionK %)

al., 1996). On the other hand3’Th has a residence time rate constants (¥9), and the transport rates imposed by the

sufficiently short to severely limit its redistribution by circu- Circulation schemey(; my1), while 2*°Th and®*'Pa par-

lation and mixing, even when the rate of overturning is fastticulate concentrations X[] ;) are controlled by the adsorp-

(Francois et al., 2004). It is possible to assess the impact diion/desorption rate constants, transport rates and the sinking

changes in particle scavenging by analyzing the compositiofates §; my~1 of the particles that scavenge the two nu-

of the sediment, which informs us on changes in particle fluxclides from the water column. At steady-state, we can write:

and composition at the site of study and their possible over- .

print on sedimen€3Pa?3Th at this location (Gherardi et P = KualXla + K-1:[X1p + V A[X]a =0 @)
al., 2009), at least to the extent that we can take into accoung, [xJ, — K_1[X]1,+ VA[X],+dFlux/dZ =0 )
the effect of diagenesis. However, the extent to which scav-

enging can also affect sedimefitPa?*°Th further “down-  yrjyy/a7 = SAX19D — [x19) 3)

stream” in the overturning circulation cell still needs to be

investigated. The second point of contention is the extent tayherex represent83°Th or231Pa, 7 is water depth (m); is
which sedimen#3!PaF%Th integrates circulation rates over e vertical index, and is an “upwind” difference divided

the overlying water column. In a recent study using & 1-Dpy the grid spacing (Press et al., 1992). The model uses a
scavenging model, Thomas et al. (2006) have argued thaglniform grid with a horizontal grid spacing of 2.5 degrees
sedimentary®'Pa/*°Th may only record overturning occur- |4titude and a vertical grid spacing of 250 m.

ring in about 1000 m of water overlying the analyzed sedi-  These equations are used to calculate the concentration of
ment and shallower overturning cannot be recorded in deepjissolved and particulat®®*Th and23!Pa as a function of

sediments. depth and latitude. Using the upwind scheme with a horizon-
Several studies have investigated the distributiof®®a {4 velocity u=5.3x 10-3m/s and an horizontal grid spacing
and #3°Th in the ocean using three dimensional circula- A x=278x10%m, the inherent mixing in our modeKgi) is
tion models based on simplified dynamics (Henderson et al...goo m s2 (Kair=uAx/2; based on equivalence of the up-
1999; Siddall et al., 2005, 2007) or the primitive equationsyind scheme applied to an advective-reactive equation and
(Dutay et al., 2009). In this study, we take a very different 35 analytic diffusive-advective-reactive equation; e.g. Press
approach and develop a simple 2-D scavenging model to esgt a|., 1992). This is in the upper range of the along-isopycnal
tablish the patterns ot*'Pa?®°Th distribution that can be racer diffusivities reported for the southern ocean (100—
generated by an ascribed overturning circulation. The resultgoo m s2: Zika et al., 2009). Initial tests indicate that using

provide possible explanations for some of the existing fielda smaller grid size to decrease the model's diffusivity does
observations in the water column and sediments and a basept result in significant differences in the model results.

line for further evaluating the influence of the other factors
that affect the distribution of3*Pa#3°Th in the real ocean. 2.2 Overturning circulation
They also suggest sampling strategies to maximize the in-
formation on paleocirculation that could be obtained form aThe 2-D meridional overturning circulation scheme (control
very limited sediment database. run) used in this study is ascribed within a meridional section
in the Atlantic Ocean (constant depth of 5000 m froni MO
to 7C S) and based on the meridional overturning transports
2 Model descriptions for the North Atlantic reported by Talley (2003). It consists
of two meridional overturning cells flowing in opposite di-
Water column profiles of dissolved and particul&€Th and  rections (Fig. 2). The Atlantic Meridional Overturning Cir-
231pa concentration indicate that these two isotopes are reculation (AMOC) is initiated by the formation of 20.5 Sv of
moved from seawater by reversible scavenging (Bacon andNorth Atlantic Deep Water (NADW) (Friedrichs and Hall,
Anderson, 1982; Nozaki et al., 1987). We use the same for1993; Macdonald, 1998; Talley et al., 2003) resulting from
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. The second overturning cell is initiated by 8 Sv of AABW,
X’ Xp” originating from the same mixing cell, flowing into the south-
: ernmost region (67%-70° S) and sinking directly to 3500 m.
"""""""" V S V Four Sverdrups are transported northward between 3500 m
--------------- A sl B G and 4500 m depth and entrained in the upwelling NADW
P i south of 40 S. The remaining 4 Sv are transported north-
1 : ward below 4500 m. This northward flow is gradually at-
: V V tenuated by entrainment in the NADW and disappears at
Xd T~ Xd T 37.5 N, which is roughly consistent with hydrographic ob-
P servations (Sloyan and Rintoul, 2001). In this study, we do
/ K_1 not specifically represent the Antarctic Intermediate Water
K (AAIW). Although the rate of AAIW formation may affect
P 1 the231Pa?30Th of sediment deposited at intermediate depths
; vV : vV in the South Atlantic, preliminary model runs indicate that
Xp Xp this water mass has little or no effect on téPa?3’Th of
i3 : deep sea sediments.

2.3 Parameterization

Among all the parameters needed to constrain the model

V S|V shown in Fig. 1, the production rates f¥Th and?3lPa are

+ ! best known since they are essentially constant and only de-
pend on the well established concentratiod¥t) and?3°U

in seawater (Delanghe et al., 2002; Robinson et al., 2004).

The other parameters, however, are associated with greater

Fig. 1. The scavenging model consists of a meridional section
(from 70° N to 7C¢° S) evenly divided into 5&20 grids (20 layers L Do
evenly distributed over 5000 m depth and 56 columns evenly dis-van_ab'!Ity and uncertamue;. L

tributed over the meridional section; 2.&titude per column). In Sinking rate (S)most estimates of the average sinking rate

each boxX represent§3°Th or231pa, x4's=dissolved concentra-  Of fine particles §) obtained from water column profiles of

tions (dpm m_3). Xp’S = particu|ate concentrations (dpm_ﬁ]) particulat9230Th (eg Krishnaswami et al., 1981, RUtgerS
Px=production rates from U decay (dpmtiy—1). S=sinking  van der Loeff and Berger, 1993; Scholten et al., 1995; Moran
rates of particles (my). V=Transport rates (my'). et al., 2001) range between 400-800M.ySince there are

no clear indications of systematic variability in this parame-
water flowing north in the upper 1500m of the water col- ter, we chose a uniform and intermediate value of 500ty
umn and sinking between 66 and 70 N. This latitudinal (Tablﬁ D). " _ _
range coincides roughly to the latitudes where deep water K1~ and Kj: the adsorptionK) and desorptionK 1)
forms in the Labrador and Nordic seas. The site of deep wafate constants fof3°Th have been estimated using a re-
ter formation (60 N—70° N) is represented by one homoge- Versible scavenging model (Bacon and Anderson, 1982;
nized region between 250 to 4250 m depth to represent rapifozaki et al., 1987; Clegg and Whitfield, 1991; Clegg et al.,
deep water convection. Water from this homogeneous re1991) and mostly range from 0.2 to 0.8yfor K" and 1 to
gion is then transported horizontally to the south at different3y~* for KIQ. We chose values within this range (Table 1)
rates (Fig. 2b). The depth distribution of lateral transportwhich generate dissolve®°Th profiles broadly consistent
was chosen so that the model generates disséffth and  with water column profiles measured at several locations in
#31pa profiles consistent with observations (see below). Atthe Atlantic and in the Southern Ocean (Fig. 3; Tabler2)"
10° N, the NADW flow increases to 22.5 Sv with the addi- is lower in the Southern Ocean than in the Atlantic, consis-
tion of 2 Sv from the Antarctic Bottom Water (AABW) be- tent with the data of Chase et al. (2002). We also used higher
tween 10 N and 35 N. Two Sverdrups of AABW are added KlTh in the upper 500m to reflect the increaselsl‘lﬁh with
further south, resulting in a total flow of 24.5 Sv of NADW, particle concentrations (Bacon and Anderson, 1982).
which is close to the NADW strength (23 Sv) estimated Kf aand Kﬁfi: the adsorption and desorption rate constants
from the World Ocean Circulation Experiment (WOCE) data for 2314 are even less constrained and we selected their val-
(Ganachaud and Wunsch, 2000). NADW starts to graduyes so as to obtain dissolv&#Pa concentration profiles (Ta-
ally upwell at 42.5S towards a mixing zone (i.e. one ho- pjle 2) and fractionation factors that are also broadly consis-
mogeneous region) located above 1000 m betweerf 67.5 tent with observations in the field.
and 57.8 S. Water from this mixing zone feeds surface and
intermediate water forming the shallow return limb of the
AMOC.
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Fig. 2. (a) Velocity vector plot. Size of the arrows is proportional to the transport rates used in the nflopg€lverturning fluxes in the
model at the equator.

The fractionation factor is defined as (Anderson et al.,
1983):

F = (%Pd;/[2°Th)y) /((3%Pal,/(2%0Th] ) @)

F has been directly measured in the Atlantic and southern
ocean (Walter et al., 1997; Moran et al., 2001; Chase et al.,
2002). Particle composition affects the fractionation factor
(F) due to the stronger affinity of opal fé#'Pa. In carbon-
ate dominated regiong; is much higher than in opal dom-
inated regions, wherg' is close to 1. We have adjusted the
adsorption and desorption rate constants with latitude (Ta-
ble 1) to produce systematic variations in the “equilibrium”
fractionation factor which broadly reflect the field observa-
tions (Moran et al., 2002; Walter et al; 1997; Table 3). The
“equilibrium” fractionation factor is the fractionation factor
that would be measured if particles were in equilibrium with
surrounding seawater. In this casel,/[X]1,=K /KX, and
F=(kP2kIMi(kPak™). As we will discuss below, how- o
ever,F measured in the field is also affected by particle sink-
ing rates and circulation. The “equilibrium” fractionation
factors used in our control run are set at 7.8 in all waters situ-
ated north of 42.5S. Further south, they decrease gradually
to reach a minimum of 0.9 south of 58. e —
In order to calculate the transport rat&s (ny—1) needed 70w B0 o 10w
to obtain the desired water transport fluxes (Sv), we fixed the Lol
width of the Atlantic basin in our model at 3000 km.

LATITUDE
o

Fig. 3. Station locations for the water column profiles used to con-
strain the parameters in the model. Nordic Seas: N-A, N-B, N-C
3 Dissolved3°Th and 231Pa water column profiles: (Moran et al., 1995, 1997, 2002); Western Atlantic: W-A to W-F
data-model comparison (Table 2); Eastern Atlantic: E-A to E-F (Table 2); Southern Ocean:
S (Rutgers van der Loeff and Berger; 1993).

We used water column data (dissol&8Th and?3'Pa pro-

files; fractionation factors) to constrain the circulation and

scavenging parameters in our model. Dissol¢8Th and  328), and 2005 (ENDEAVOR 407). In this section, we
231pa profiles from the North and Equatorial Atlantic (Ta- present the fit between field data and those generated by our
ble 2; Fig. 3) were measured following the ICP-MS isotope control run and discuss the processes that generate them.
dilution method described by Choi et al. (2000). Samples Simple scavenging models using constéht K1 and
were collected in 1998 (KNORR 159-7), 1999 (ENDEAVOR K_1 and neglecting circulation predict a linear increase in

Ocean Sci., 6, 381400, 2010 WwWw.ocean-sci.net/6/381/2010/
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Table 1. List of abbreviations and values for the model parameters.

Variables Symbol Control run  Units
231pa production rate Ppa 0.00246 dpm/m.y
230Th production rate Prh 0.0267 dpm/m.y
Particle sinking rate S 500 mly
230Th adsorption rate (FON-50° S)

0-250 m KJh 1.0 1ly

250-500 m K]][h 0.75 1ly

>500m KN 0.5 1ly
230Th adsorption rate (506—70 S)

0-250 m kIh 0.6 1ly

250-500 m K]]Fh 0.45 1ly

>500m K" 0.3 1ly
230Th desorption rate (FAN-7C° S)

All depths K™ 1.6
231pg adsorption rate (FIN—42.5 S)

0-250 m kPa 0.08 1ty

250-500 m Kililza 0.06 1ly

>500m Kla 0.04 1ly
231pg adsorption rate (42545 S)

0-250 m KkPa 0.2 1ly

250-500 m nga 0.15 1y

~500m kP2 01 1ly
231pg adsorption rate {6-47.5 S)

0-250m KkPa 0.3 1ly

250-500m nga 0.225 1ly

>500m Kla 0.15 1ly
231pg adsorption rate (42570 S)

0-250m kP2 0.44 1ly

250-500 m K%:a 0.33 1ly

> 500 m Kla 0.22 1y
231pa desorption rate (PN—7C° S)

All depths kP2 1 1ly

dissolved and particulat€°Th and?3'Pa concentrations ver-  (Fig. 4). Shallow waters entering the Nordic Seas to pro-

sus depth (Bacon and Anderson, 1982; Bacon et al., 1985juce deep water have lo%°Th and231Pa concentrations

Nozaki et al., 1987): and deep winter convective mixing results in low and nearly
constant concentration profiles. Concentrations are higher at

(X1 =1Px/S]Z ) shallow depths and lower in deep waters than predicted by
_ the scavenging model in the absence of vertical mixing. The

Xla=[Px/K K_1Px)/(K1i$)1Z 6

[X1a = [Px/Kal+1(K-1Px)/(K15)] © fit of the modeled®3°Th is best with the profiles measured

WhereZ is depth. in the Labrador Sea in 1993 (Moran et al., 1997) and in the

However, most3°Th and 231Pa seawater profiles mea- Norwegian Sea (Moran et al., 1995). TR€Th concentra-
sured in the ocean display significant deviations from linear-tions measured in the Labrador Sea in 1999 are significantly
ity because the effect of circulation can rarely be neglectedhigher and have been attributed to a temporary cessation of
The dissolved?3°Th and 231Pa concentration profiles ob- deep water convection in the Labrador Sea during that pe-
tained with our model using the parameters listed in Table 1riod (Moran et al., 2002). The build-up 8f*Pa resulting

also deviate often from linearity and are broadly consistenifrom the same effect is expected to be much smaller (the
with observations. response time depends the residence time and is longer for

The model reproduces reasonably well the water col->*Pa; see below), and we find a reasonable fit between the
umn profiles measured in the Labrador and Norwegian Se#nodel and the 1999 Labrador Sea measurements of dissolved

WWW.ocean-sci.net/6/381/2010/ Ocean Sci., 6, 380D-2010
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Fig. 4. Dissolved?3%Th and?31Pa obtained with the control run at®70° N and measured in the Norwegian Sea (I0C93-13: Moran et al.,
1995) and the Labrador Sea in 1993 (I0C93-2; Moran et al., 1997) and 1999 (Labrador: Moran et al., 2002).

231pa (although the model generates somewhat higher corln the absence of circulation or mixing, and assuming a
centrations than observed). constant K, the reversible scavenging model predicts that
The concentration deficit in deep waters generated in thé*[X],=Px Z/SK, where*S[X], is the total concentration
Nordic and Labrador Seas spreads southward with the Nortlof 23°Th or 231Pa in seawater at steady state with respect
Atlantic Deep Water. During transit to the Southern Ocean,to scavenging. Z/SK is thus the residence time with re-
the newly formed deep water is continuously subjected to thespect to addition by uranium decay and removal by scav-
particle rain that originates from surface waters and whichenging when the profile has regained linearity (i.e. when it
scavenges th€°Th and?31Pa continuously produced in the has regained steady state with respect scavenging), defined
water column. When particles reach the depth of the newlyast,; =*[ X1,/ Px. Thereforez;,=Z/SKand:
formed deep water where tR&°Th and?3!Pa seawater con- (X, = (Py 1y + [X])(1—e~755/T0) )

centrations are below steady-state concentrations dictated b ) ] O )
scavenging, desorption from particles is enhanced and a fra —quation (9) predicts that the radioisotope profiles relax back

tion of the23°Th and?3!Pa scavenged at shallower depths is 1© linearity more slowly with increasing,; and therefore

released to the deep waters instead of being removed inty/ater depth. Profile linearity is thus regained closer to the
the underlying sediments. Thus, t&Th and?3'Pa con- sourgglatshallower depths, afdTh regains linearity faster
centrations in newly formed deep waters gradually increasdN@n”*'Pa because of its shorteg. The shapes of th€°Th
during transit to the southern ocean until the concentration aProfiles measured in the Atlantic are in agreement with this
steady state with respect to scavenging is regained, at whicRiMPIe conceptual model and are also reproduced in the con-
point the water column profiles have relaxed back to linear-rol run (Figs. 5 and 6). The seawater data show clearly the
ity (Francois, 2007). The gradual relaxation of the profiles 9radual southward relaxation of the profiles towards linear-
to linearity has been described for each isopycnal by addindly: Linearity is regained faster fof*°Th and at shallower

a lateral transport term to the scavenging model, as first prodepths. We also note that the profiles from the western At-

posed by Rutgers van der Loeff and Berger (1993): lantic display. a .greater deficit farther squth, reflecting the
stronger ventilation of the western Atlantic basins. The pro-

d[X],/0t=Px—Sd(K[X1,)/dZ+([X];—[X1)/1w=0 (7) files obtained from the model (Figs. 5¢ and 6¢) show similar
trends with dissolved3°Th and?31Pa concentrations close

i 23 231 :
Wherel[X], and[X], are total?3?Th or 231Pa concentration to those observed in the ocean.

measured at tV_VO chat|ons on the same |sopyc_na| mh’ Further south, where the deep waters start to upwell, their
the concentration in the upstream source region ands

. A _ relatively high23%Th concentrations exceed the concentra-
the “transit time” of water between these two sites. In deep

ters. K (=1X1-/IX1) | | ant. Int ting th tions predicted by the scavenging model in the absence of
waters, K (=[X],/[X],) is nearly constant.  Integrating the circulation, resulting in convex dissolved profiles (Francois,
above equation thus gives:

2007). This is again clearly seen in measured seawater pro-
[X], = (Pxty 4+ [X],)(L— e 2/TwSKy (8) files (RL_thers van _der Loe_ff and Berger, 1993) and_ model re-
sults (Fig. 7a). This trend is less apparent¥Pa (Fig. 7b)
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Fig. 5. Dissolved?30Th measureda) in the western Atlantigb) in the eastern Atlantic, an@) produced with the control run.
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Fig. 6. Dissolved?31pa measurefh) in the western Atlantigb) in the eastern Atlantic, an@) produced with the control run.

because of its slower response time, preventingitea pro-  Usbeck, 2004). Our model reflects the generally accepted

files from regaining linearity before reaching the Southernview that F is much lower in the opal dominated Southern

Ocean. Ocean than in the carbonate-dominated Atlantic Ocean and
we chose adsorption and desorption rate constants to gener-
ate “equilibrium” fractionation factor broadly consistent with

4 Fractionation factors: data-model comparison field observations (Table 3). The fractionation factor gener-
ated by the model using Eq. (4) indicates, however, fhat

Fractionation factorsK) are most often obtained by mea- is also significantly affected by the sinking rate of particles

suring dissolved and particula?8'Pa anc?3°Th concentra- and ocean circulation (Fig. 8). This is because the chem-

tions in the same seawater sample and applying equation igal equilibrium between particles and seawater cannot be
(e.9. Anderson et al., 1983; Walter et al., 1997; Moran et al, féached when particles sink through vertical dissoRA8@h

2002). These measured values are generally viewed as bei@dzglpa concentration gradients. In the absence of circula-
mostly controlled by particle composition, with opal having 0N, We can rearrange Egs. (4-6) to show that:

a much lower F than the other major constituents of marine

particles (Chase et al., 2002; Guo et al., 2002; Geibert and

WWW.ocean-sci.net/6/381/2010/ Ocean Sci., 6, 2380D-2010



388 Y. Luo et al.23¥Paf30Th in a 2-D model
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Fig. 7. Concentration profiles of dissolvéd®Th and?31pa measured (Rutgers van der Loeff and Berger, 1993) and modeled (control run)
in the southern ocean.
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_ K"S+KP2) 10) ° 230Th and 231Pa distribution in the control run
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Since our control run is broadly consistent with the limited

If the two nuclides have identical desorption rate con-water column data that are available, we can discuss the gen-
stants,F would be independent of sinking rates in the ab- eral distribution 023°Th and?3!Pa generated by the model
sence of circulation. However, K°2 < K™ andkP2< k" with some level of confidence.
(Table 1) thenF calculated with sinking particles rises well
above equilibrium values and gradually decreases towards.1 Dissolved3°Th
the equilibrium value with depth (Fig. 8a). When parti-
cles sink through the Atlantic Meridional Overturning cell, The model clearly generates the downward penetration of
the fractionation factors estimated from Eq. (4) drop belowlow dissolved?3°Th by deep convection in the high north-
the equilibrium fractionation factor within the core of the ern Atlantic (Fig. 9a). The horizontal isolines betweef RO
NADW (Fig. 8b). The fractionation factors measured in the and 30 S indicate however that the vertical dissol/&lTh
field are therefore not directly comparable to those derivedprofiles quickly regain linearity, as is observed in the field
from equilibrium absorption experiments conducted in thedata. South of 30S, dissolved?3°Th concentrations start
laboratory (e.g. Geibert and Usbeck, 2004; Guo et al., 2002)to increase at all depths as a result of deep water upwelling

In contrast to theF generated by our model, the fraction- (Fig. 2). The increase in dissolveédTh concentration is
ation factors measured by Moran et al. (2002) and Scholterenhanced south of 8@ by the lower adsorption rate con-
et al. (2008) in the equatorial and southern Atlantic increasestants imposed in this region to reflect the dominance of bio-
with depth down to~1500 m and stay roughly constant or genic silica (Table 1), while the formation of AABW results
decrease further down. Also, the natural variabilityfinis in dissolved?3°Th maxima at intermediate depths, similar to
much larger than the range observed in our model. The reasbservations (Fig. 7a). In surface water, dissok&d@h con-
son for this discrepancy could be depth variation in particlecentration is significantly higher in the southern ocean, as has
composition, a factor that is not taken into account in ourbeen noted in field data (Rutgers van der Loeff and Berger,
model. Scholten et al. (2008) invoke a drop in the opal con-1993; Walter et al., 2001; Chase et al. 2003)
tent of particles to explain the trend. However, the few avail-
able data on the composition of suspended particles (in th&.2 Particulate23°Th
Sargasso Sea, Sherrell and Boyle, 1992; and in the North Pa-
cific, Sherrell et al. 1998) do not show a clear trend with The pattern of distribution of particula®°Th concentra-
depth (except for one profile taken in spring 1991 in thetion (Fig. 9b) is similar to that of dissolve®#°Th. There
North Pacific). Clearly, more data are needed before addings a conspicuous maximum in particulZ8Th just north of
this variable in any model and this discrepancy must be leftthe southern opal belt, which is a result of the increase in
unresolved for now. dissolved®°Th concentration resulting from deep water up-

welling. The sharp drop in particulaté°Th further south is

Ocean Sci., 6, 381400, 2010 www.ocean-sci.net/6/381/2010/
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Table 2. 239Th and?3pa activities in seawater (dpm/1000Kkg).

depth
m

250

500

751

1001
1250
1501
1800
2200
2500
2750
2980

Diss230Th Diss.231pa
dpm/1000kg £95% CI)
W-A: Station EN407-3 (3928 N; 68°22 W)
- 0.062-0.004
0.14@0.005 0.118-0.005
0.1870.007 0.14#0.006
0.204-0.008 0.134-0.006
0.1630.006 0.092-0.005
0.265-0.009 0.148-0.009
0.2920.008 0.166-0.007
0.338:0.011 0.176:0.007
0.353:0.011 0.18%0.007
0.3220.019 0.165-0.011
0.295:-0.009 0.146-0.005

W-B: Station EN407-4 (386 N; 68°53 W)

50
200
400
600
800
1000
1200
1400
1600
1800
2000
2200
2400
2600
2800
3000
3200
3400
3470

0.044£0.002
0.096:0.004
0.116:0.005
0.238:0.008
0.2350.009
0.242-0.009
0.206:0.008
0.24%0.008
0.28@:0.012
0.2920.010
0.3030.011
0.346:0.011
0.33%0.014
0.33#£0.014
0.3210.016
0.344:0.015
0.276:0.011
0.2240.013
0.196:0.010

0.038:0.004
0.064:0.005
0.113-0.007
0.168:0.009
0.17%0.006
0.152-0.008
0.148-0.006
0.14%0.006
0.176:0.005
0.155:0.006
0.156:0.007
0.193:0.008
0.18%0.009
0.182:0.007
0.165:0.007
0.156:0.006
0.144-0.007
0.125-0.005
0.129:0.006

W-C: Station KNR0O7-4 (0134 N; 23°38 W)

50
400
800
1100
1500
1800
2100
2400
2700
3000
3400
3800

0.054t0.003
0.13@0.003
0.2180.004
0.284:0.005
0.372:0.008
0.43@:0.009
0.463%0.007
0.4820.007
0.496:-0.007
0.47#0.007
0.502-0.006
0.5710.008

0.0380.007
0.1220.009
0.253:0.017
0.316:0.021
0.3140.013
0.296:0.011
0.326:0.031
0.323:0.019
0.348:0.020
0.314:0.015
0.304:0.017
0.264:0.015
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Table 2. Continued.

depth
m

50
400
800
1000
1300
1500
2000
2500
3000
3500
4000
4500

Diss230Th Diss.23lpa
dpm/1000kg £95% ClI)
W-D: Station KNR0O7-3 (0112 S; 2529 W)

0.063:0.003 0.053%0.004
0.14@-0.006 0.128-0.009
0.2230.005 0.234-0.014
0.274-0.004 0.292:0.012
0.325-0.007 0.29%0.016
0.37240.008 0.275:0.013
0.446-0.009 0.268:0.017
0.449-0.006 0.308:-0.016
0.425-0.006 0.2830.012
0.47&0.006 0.236:0.012
0.5720.014 0.2140.012
0.806-0.009 0.263-0.013

W-E: Station KNRO7-2 (0344’ S; 2758 W)

50
300
900
1100
1600
2100
2600
3100
3600
4000
4400
5000

0.0510.003
0.174:0.006
0.2710.007
0.2950.008
0.43%0.010
0.496:0.012
0.5320.011
0.598-0.019
0.594-0.011
0.69&0.011
0.8480.015
0.845:0.018

0.05z20.011
0.104-0.010
0.27%0.012
0.30&0.017
0.2920.017
0.2780.014
0.32%0.015
0.29%0.016
0.2240.014
0.222-0.019
0.266:0.014
0.262:0.010

W-F: Station KNRO7-1 (0710 S; 315 W)

50
450
900
1350
1756
2250
3150
3556
4000
4456
5000

0.062-0.003
0.1720.008
0.304:0.010
0.382-0.007
0.48%0.009
0.492-0.014
0.56#0.017
0.56&0.010
0.734:0.011
0.908-0.013
0.81%0.013

0.0368:0.006
0.208:-0.016
0.33e:0.018
0.2820.015
0.306:0.020
0.272:0.011
0.2780.013
0.2380.010
0.262:0.012
0.26#40.016
0.254:0.012

E-A: Station EN328-9 (4%32 N; 21°24' W)

50
400
800
1000
1500
2000
2500
3000
3500
3827

0.03@:0.001
0.139%:0.003
0.194:0.003
0.236:0.004
0.256:0.004
0.312£0.005
0.2820.004
0.244-0.009
0.272£0.005
0.3320.005

0.066:-0.004
0.09£0.007
0.146:0.008
0.168-0.008
0.163:0.009
0.1620.010
0.176:0.011
0.198-0.012
0.2620.014
0.306:0.014
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Table 2. Continued.

depth
m

50
400
800
1000
1500
2000
2500
3000
3500
4000
4375

Diss230Th Diss.231pa
dpm/1000kg £95% CI)
E-B: Station EN328-7 (3100 N; 31°02 W)

0.058:0.002 0.0620.007
0.1510.003 0.078:0.005
0.1930.004 0.1470.006
0.2720.006 0.205:0.007
0.3610.007 0.23#0.011
0.4220.007 0.2740.014
0.504:0.008 0.2830.012
0.65%0.010 0.3230.011
0.795%0.014 0.364-0.014
0.77%0.012 0.365%0.013
0.7640.017 0.3430.010

E-C: Station EN328-4 (ZD0 N; 36°31 W)

50
400
800
1000
1300
1500
2000
2500
3000
4000
4997
5506

0.062£0.002
0.174:0.003
0.23%0.004
0.273:0.005
0.40%0.007
0.453-0.008
0.6820.013
0.814:0.011
0.902-0.012
0.983-0.012
0.906:0.009
0.843-0.010

0.058:0.005
0.096:0.006
0.196:0.008
0.246:0.011
0.282:0.011
0.323:0.013
0.4140.012
0.4420.014
0.423:0.013
0.368:0.013
0.292:0.014
0.28&:0.010

E-D: Station KNR07-9 (1256 N; 23°21' W)

50
450
900
1300
1700
2100
2500
3000
3500
4000
4500
4700

0.061-0.003
0.142:0.004
0.2330.005
0.334:0.006
0.4610.008
0.56%0.009
0.543-0.008
0.67%0.011
0.77&0.009
0.692:0.008
0.65#40.012
0.596:0.008

0.06#40.011
0.126:0.017
0.342:0.031
0.422-0.030
0.408:0.028
0.413-0.027
0.43#0.026
0.446-0.038
0.332:0.013
0.266:0.013
0.232-0.010
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Table 2. Continued.

depth
m

50
450
900
1300
1700
2100
2500
3000
3500
4000
4500
4700

Diss23%Th Diss.231pa
dpm/1000kg £95% ClI)
E-F: Station KNRO7-5 (0750 N; 24°37'W)

0.056:0.002 0.05#0.006
0.156:0.004 0.086:-0.007
0.254:0.006 0.2740.013
0.3620.008 0.316:0.020
0.4592-0.008 0.298-0.018
0.554-0.010 0.396:0.020
0.586:0.013 0.356:0.019
0.671#0.013 0.3580.019
0.665-0.011 0.3520.023
0.646:0.010 0.306:0.023
0.696:0.010 0.2730.019
0.702:0.015 0.2480.017

Station KNR06-3 (2932 S; 4320 W)

12
401
797
1202
1600
1998
2200
2400
2800
3197
3598
3944

0.096:0.003
0.1940.004
0.316:0.005
0.494:0.006
0.5720.008
—0.30#£0.015
0.69&:-0.009
0.692:0.009
0.746:0.010
—0.3080.012
0.96%0.011
1.4120.014

0.045:0.006
0.076:0.008
0.146:-0.008
0.268:0.012
0.353:0.016

0.31%0.014
0.344-0.020
0.376:0.017

0.33%0.014
0.326:0.015

Table 3. “Equilibrium” Fractionation Factors used in the model
(derived from the adsorption and desorption rate constants listed in

E-E: Station KNRO7-6 (104 N; 23°14 W)

Table 1).
Latitude “Equilibrium Fractionation Factor”
70°N-42.8 S 7.8
425 S-45 S 3.1
45°S-478S 2.1
475 S-50 S 14
50°S-70 S 0.9

50
450
900
1300
1700
2100
2500
3000
3500
4000
4500
5000

0.088t0.002
0.164:0.003
0.228:0.005
0.356:-0.008
0.466-0.007
0.54%0.008
0.62@:0.010
—0.3840.027
0.73%0.010
0.666-0.009
0.70#40.011

0.07#0.007
0.1320.014
0.22%0.013
0.324:0.026
0.356:0.021
0.352:0.031
0.43%0.028

0.366:0.025
0.3020.016
0.266:0.012
0.248:0.015
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a direct consequence of the Iovxléi”‘ in the southern ocean.
Total 22°Th concentration profiles measured in the western
(Table 2; Fig. 10) and eastern (Scholten et al., 2008) South
Atlantic display a near bottom maximum similar to that gen-
erated by the model. This result may help explain the pres-
ence of a near-bottom maximum in tof2°Th when there

is no clear evidence for the presence of a nepheloid layer
(Scholten et al., 2008). However, our model generates these
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near-bottom maxima further south than observed, suggesting
that a better representation of the AMOC in our model may
require that the shoaling of the deep limb of the overturning  « A
cell starts further to the north.

The fraction of totaP3%Th in particulate form generated
by the model #3°Th],/ [2%°Th],) ranges from 0.18 to 0.22
at low latitude (Fig. 9c¢), which is also conforming to field ob-
servations (Bacon and Anderson, 1982; Moran et al., 2002). §
In the Southern Ocean below 1000m, the model produces
somewhat lower fractions in particulate form (0.16-0.18), re-
flecting the lower affinity of biogenic silica for Th (Table 1).
Somewhat higher fractions are generated in the upper watel
column of the Southern Ocean (0.22) and in the Nordic Sea
(0.28) reflecting deep convection and longer residence time ‘
of particles in these waters.

Fractionation Factor
0

5.3 Dissolved3Pa ractonsionFactr §

As for dissolved?3°Th, the model produces a clear down-
ward penetration of low dissolvetf!Pa by deep convec-
tion at high northern latitudes (Fig. 9d). However, follow-
ing expectations and observations, the minimum associatec
with the core of the NADW propagates much further south,
reaching the southern ocean. South of Spdissolved3Pa
concentrations start to increase as a result of deep water up
welling but the effect is not as pronounced as4Th be-
cause of the higher adsorption rate constants imposed in the
southern ocean to reflect the dominance of biogenic silica
(Table 1). Surface water dissolvé#Pa concentrations are
significantly higher in the southern ocean, but the effect is ' e s s o TN aN 4N sn o an
less pronounced than fé°Th because of the higher scav-
enging rate of3Pa. Fig. 8. Distribution of fractionation factors:(a) obtained in
our model with sinking particles but without circulatig¢h) ob-
5.4 Particulate231Pa tained with sinking particles in the control run with AMOC
(NADW: 21.5Sv; AABW: 8Sv). Note that sinking rates and
The most prominent feature in the distribution of particu- circulation significantly affect the fractionation factor defined as
late 231Pa concentration is the concentration maximum in (?31Pa;/23%Th,)/(?31Pa,/30Th),) (see text for explanation).
the southern ocean (Fig. 9e), resulting from the highéi"
used in this region. The fraction of particul#®@Pa gener-
ated by the model north of 4% remains uniform between
0.04 and 0.05 (Fig. 9f), in general agreement with observa- ..
tions (Moran et al., 2002), while the higher values gener-
ated in the southern ocean (0.16—0.20) are consistent witk |}
some of the extreme values reported by Rutgers van der Lo- =
eff and Berger (1993). Profiles of toi'Pa generated in the
south Atlantic in the model are intermediate between mea- s
surements made in the western and eastern side of the basi | \
(Fig. 11). The lower concentrations measured in the west- =i
ern Atlantic suggest that the Deep Western Boundary Cur-
rent rather than boundary scavenging plays a major role in
controlling the distribution of3!Pa in the water column of
this region.

Depth

Diszhad 20T

EERI R

Fig. 9a. Dissolved?3%Th section generated by the model.
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Fig. 9b. Particulate?3°Th section generated by the model. Fig. 9e. Particulate?®'Pa section generated by the model.
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Fig. 9f. Fraction of tota?3lPa associated with particles generated

Fig. 9c. Fraction of totaP30Th associated with particles generated by the model.

by the model.
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Fig. 9d. Dissolved?31Pa section generated by the model. Fig. 9g. Dissolved?31Paf30Th section generated by the model.
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Patticulate 231P #230Th

0 . R Total Z°Th (dpm/m?)

e 1000 +

€ 2000 -

0
Latitude

3000 -
Fig. 9h. Particulate?31Pa?30Th section generated by the model.

Sediment PaiTh 4000

ors Fig. 10. Total 23%Th concentration measured in the Southwestern
Atlantic at 2932 S; 4320 W (Station KNR06-3; Table 2) show-
ing a near-bottom maximum similar to that generated in the South
it Atlantic by our model.

231,

Total ®'Pa (dpm/m®)

08 208 108 o 10N 20N 30N 40N 50N BON 1000 il
Fig. 9i. Sediment31Pa?30Th section generated by the model as- 2000 |
suming that sediment reach equilibrium with bottom water (see text
for explanations). E
3000 -

5.5 Dissolved?3Paf3Th
& 29°32'S - 43°20'W (measured)

—40° S (modeled) ! !
A 32°00'S - 5°00'E (measured) ! 0
O 25°0'S - 3°29'E (measured) )

Modeled dissolved?®1Pa?3°Th ratios systematically de-

crease with water depth in the North and Equatorial Atlantic,
while this trend is less pronounced in the South Atlantic
(Fig. 99). Data from nine of the North and equatorial Atlantic _ 231, ) )
stations presented in Table 2 reflect this trend with a cleaf 'd- 11- Total **Pa concentration measured in the western South

decrease in dissolve®Pa2%Th with depth below 500m Atlantic at 2932 S; 4320 W (Station KNR06-3; Table 2) and in

. . . the eastern South Atlantic (Scholten et al., 2008) compared to model
(Fig. 12). In shallower water, dissolvéd'Pa?*’This more | .c iis at 40S. ( ) comp
variable. This may be a result of the short residence times of

230Th and?3'Pa at these shallow depths and their limited lat-

eral transport. Shallow dissolvéd'Pa?3°Th are likely tobe  Walter et al. (2001) report an increasing trend in surface wa-

more affected by local changes in particle composition. Theter dissolved3Pa#3°Th from 0.5 to 2.0 between 6% and

lack of a clear trend with depth below 1000 m generated byA(r S (their Fig. 4c). However, water column profiles from

the model in the South Atlantic is consistent with the obser-the South Atlantic available to date (Moran et al., 2002) fail

vations of Scholten et al. (2008). to document the predicted large ratios in surface water. High
The model also predicts that the highest ratios would beratios are generated in our model because surface waters

found in the surface water of the South Atlantic (Fig. 9g). from the southern ocean with relatively high dissol¢&®rh

WWWw.ocean-sci.net/6/381/2010/ Ocean Sci., 6, 2380D-2010
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Dissolved *'Pai*Th 6 Sediment?31Paf3°Th: data-model comparison
0.0 0.2 04 0.6 0.8 1.0 1.2 14
0 L] A d A d r J L4 L . . . . . -
ne® *C’_,O. - In this section, we compare the distribution of sediment
o LICN XTI 231paf30Th generated by the model witi:Pa?3°Th mea-
& 3° ¢ sured in Atlantic sediments as a test for further validation.
2000 . A * The distribution of particulate (Fig. 9h) and sediment
£ g bu o ¢ KNRO7-4 (Fig. 9i) 231Pa?3°Th generated by the model is clearly con-
* 0 KNRO07-3 . . . - .
5000 oga e o KNRO7.2 trolled both by circulation and particle composition. We find
p p
omuna o? = KNRO7-1 the lowest values near the base of the two overturning cells
4000 om B e [ just downstream of the sites of deep water formation and the
| ] = . .
A *KNRO7-9 highest values in the Southern Ocean. The low values are
8000 “ KNRO7-6 |- clearly generated by the overturning circulation cells, while
. A KNRO7-5 : . .
the high values in the southern ocean are a direct conse-

6000

guence of the particle composition.
Fig. 12. Dissolved?31Pa?30Th profiles measured at 9 stations in Sedimt_ant231Pa/7—30Th generally decreases with depth, a
the North and Equatorial Atlantic (Table 2). pattern dictated by trends in dissolv&dPa?3°Th which is
generated by the overturning circulation. A similar decreas-
ing trend from~0.13 at~1000 m to~0.04 at~5000 m has
and?3!Pa concentrations are advected north. SA¥€&h is been reported by Scholten et al. (2008) for surface sediments
more quickly removed by scavenging, dissol¢é#a?3°Th in the South Atlantic. Holocen&Pa?3°Th from the five
initially increases to eventually decrease farther north as théNorth Atlantic cores discussed by Gherardi et al. (2009) also
scavenging of3!Pa “catches up” with that of3°Th. Ev-  show a similar trend, with values approaching the production
idently, the complexity of surface water movement in the rate ratios for the two shallower cores and lower values for
South Atlantic cannot be fully captured in our simple 2-D the three deeper cores (Table 4). Values reported for core
model and these very high surface values may be artifacts ofops from the Nordic Seas range from 0.07 to 0.09 (Yu et al.,
our simplified circulation. This question needs to be further 1996). Our model generates these values with an equilibrum

explored with three dimensional models. fractionation factor of 7.8, somewhat higher than the frac-
_ tionation factors measured in the Labrador Sea (3—7; Moran
5.6 Particulate?3Pa/3%Th et al., 2002). Significantly higher sediméitPa?3°Th have

o ) 3023 been reported, however, just south of Iceland and the Den-
The distribution of particulaté*'Paf*°Th generated by the ik Strait (0.10-0.15; Yu et al., 1996; R. F. Anderson, per-

model is shovgrf in I;ig. 9h. We can take these values as repsonal communication, 2009) but they are generally found
resenting thé*!Paf*°Th that sediments would have if they iy sediments deposited between 1500 m and 2000m water
were deposited at a given depth and latitude. However, agiepth and seems confined to a relatively small area where
mentioned when discussing the fractionation factors, settling einen et al. (1986) report opal concentration (carbonate-free
particles in our model are not in chemical equilibrium with %) of up to 20%. With the fractionation factors reported in
surrounding waters. When particles reach the seafloor, they,pje 3 and Fig. 8, our model generates sedifma?3Th
could possibly come into equilibrium with bottom waters. pejow the production rate ratio at this depth range just south
Whether they do or not depends on how long they are ing¢ ihe site of deep water formation (Fig. 9i). The model gen-

contact with bottom waters before burial as a result of sed-grates the high values reported in this region only if we lower
imentation and bioturbation. With the rate constants useqhe equilibrium fractionation factor to 3.9 (Fig. 13).

in our model, it would take 1-3 years (depending on initial

conditions) for surface sediments to be within 95% of their

equilibrium value with bottom waters. We can calculate sed-7  piscussion

iment 231Pa?3%Th at equilibrium with bottom waters using

[X1p/[X1a=K{ /KX, for 2°°Th and®*!Pa (Fig. 9i). Partial 71 The effect of AMOC on sedimen?31Pa23°Th
equilibration would result in sedimeR#Paf3°Th interme-

diate between values reported in Fig. 9h and i. The differ-In the absence of any circulation, the model generates a field
ence is relatively small in deep water but significantly larger of constant sedimer”e'Pa#3°Th equal to the production rate

in shallower waters. This is consistent with the observa-ratio (0.092). In this case, changes in the fractionation factor
tion of Scholten et al. (2008) who remarked that, at shallow(Table 3) produce changes in the dissol¢&&rh and231pPa
depths,23Pa?39Th in suspended particles are significantly fields but not in the particulate fields. The distribution of
lower than?31Paf30Th in surface sediments (their Fig. 5) particulate and sedimeR8XPa?3°Th reported in Fig. 9h, i
and suggest that surface sediments do reach equilibrium witshould thus provide information on the ocean overturning
bottom water. circulation. The model results clearly indicate, however, that
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Sediment Pa/Th with NA opal

Table 4. Holocene?31Pa#30Th in 5 North Atlantic cores (Gherardi
etal., 2009).

Core Position Water Depth  Holocene
(m) 231pgp30Th
DAPC2 5858 N 1709 0.093+ 0.001 '
09°36' W
MD95-2037 3705 N 2150 0.0930.004 008
322017 W
SU81-18 3746 N 3135 0.064-0.005
10017 W 0.8
SU90-44 5001 N 4279 0.052-0.004
17°06' W
OCE326-GGC5 332N 4550 0.054-0.004
57°35 W

s

the relationship between sedimé&dtPa?3Th at any given A
site and the overturning circulation is very complex, as was | o %
also noted by Siddall et al. (2007). SediméAtPa?3°Th \ !
depends not only on the rate of the overturning and particle .|
scavenging, but also on the detailed geometry of the over- °=7
turning cell and the distance between the coring site and the -
site of deep water formation. SedimeédtPa?3°Th reaches
a minimum at a depth dictated by the geometry of the over-
turning cell and at latitude dictated by the position of the site

of deep water formation and the strength of the overturning "L, . . . . .
circulation (Fig. 14). Clearly, it is impossible to constrain s T
the history of changes in the AMOC from the evolution of
231paf30Th at one site, as was attempted by McManus et
al. (2004).

o

L L I I L
TEES o BN EDN

Fig. 13. (a)Sedimen31Pa?30Th generated with an opal belt just
south of the site of deep water formatidb) Difference in the sed-
iment231paf30Th field generated in with and without the northern

opal belt.
7.1.1 Vertical variations in sediment?31Pa/23%Th P

induced by the AMOC

fraction can be exported with increasing depth. Sediment
The use of sedimerf'Pa#*%Th to reconstruct past changes 231pa230TH integrates the lateral export3fPa over the en-
in the AMOC relies on the longer residence time?¥Pain tire overlying water column. The integration in terms of lat-
the water column. While the short residence timé¥fTh  eral volume transport, however, is not linear but weighted by
Severely limits the extent to which it can be Iatera"y trans- 7,s. At similar rates, shallow Overturning cells lower sed-
ported after its production by uranium decay, the longer resiment 231Pa£3Th at the base of the cells less than deeper
idence time 01231Pa results in its extensive redistribution by Overturning cells. The re|ati0nship between Changes in sed-
ocean circulation. iment231Pa?3%Th with depth and changes in lateral volume

According to Eq. (9), thé3Pa profiles relax back to lin-  transport with depth is therefore complex and difficult to in-

earity at a rate that decreases with (the residence time tuit. In our control run, sedimert®'Pa?3°Th reaches its
with respect to addition by uranium decay and removal bylowest value at the depth where we find the highest rate of
scavenging in the absence of circulation or mixing), which |ateral volume transport (Fig. 14a, b), but, this is not always
is proportional to water depth. Therefore, if the rate of lat- necessarily the case. For instance, if we use the zonally in-
eral volume transport were the same at all depths, the fractegrated overturning rates recently derived from the ECCO
tion of the231Pa production that is laterally transported with consortium dataset (Wunsch and Heimbach, 2006), the low-
the water would increase with depth. This effect contributesest sediment31Pa#3°Th is reached 1000 m below the depth
to the general decrease with depth in dissolved and particuof maximum lateral volume transport (Fig. 15a, b).
late231Pa?3°Th generated by the model (Fig. 9g—i) and mea-
sured in sediments (Table 4). Very litdé'Pa can be laterally
exported by circulation at shallow depths but an increasing
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tudinal minimum in sedimerf®¥Paf3°Th does not decrease,

0105 05 s 25 001 DFB“"J 12 ?IETh 02 02 but instead increases (Fig. 14b, c) (3) sedinféiPa?3’Th
. it N B . also increases at the site of deep water formation and directly
1000 o] | 1000 L south of it (Fig. 14c); (4) the vertical gradient of sediment
S g ) 231paf30Th at the latitude corresponding to the minimum
s 5 Pl | sy sediment31Paf30Th increases (Fig. 14b); (5) the largest de-
8 200 1 Fam Lo, crease in sedimert'Paf*°Th downstream of the deep wa-
s L N ,,“-\ —o0s2 ter formation zone is found in the Southern and equatorial
. . \& - region (Fig. 14c). Even without changing the geometry of

the overturning cell and particle scavenging, the same value
of sediment3Pa?3°Th can be generated at one site by dif-

i‘, o1 ...‘.;_.,,.ﬂ-,:.:.:;;m — ;Tﬂhmssv ferent rates of overturning. For instance, the same value of
R T P Dy 0.052 is produced at latitude 3629 at 3635 m with over-
gooe M- ::1-::::“ SN f:,rm_oogz turning rates of 10.25Sv and 30.75 Sv (Fig. 14c). This ob-
£ o T o2 O servation reinforces the fact that sedim&iPa?3’Th at one

50 30 10 10 20 50 70 site cannot constrain uniquely the rate of the AMOC.

Latitude

7.1.4 Changes in sedimem®'Pa”3Th resulting from
Fig. 14. (a)Lateral velocity profile in the control run betweerr80 changes in the geometry of the AMOC
and 3% N. (b) Vertical sedimerf31Pa#30Th bathymetric profiles
generated by the model at different rates of overturning and at theMe find systematic changes in the distribution of sediment
latitude where the lowest sediméitPaP3CThiis found.(c) Latitu-  231paP30Th when we impose a shallower overturning cell
dinal sedimen€31Pa£30Th profiles for different rates of overturn-  \ithout changing the rate of overturning: (1) the depth of
ing at the depth where the lowest sedimé&mPaf30Th is found  minimum sediment3Pa?3°Th tends to shoal (Fig. 15a, b),
52 s ottt i i b s 2 (2
itudinal profiles) (b) and latitude of minimaP1Pa?30Th (ie. the ~ "2 gradient at the depth of minimum sedim h
latitudes for the vertical profiles) c). dec_reases (higher _Sedlme??t Paf OTh in the North A_t'
lantic and lower sedimer£'Pa?3°Th in the South Atlantic,
Fig. 15¢) becausé3lPa has a shorter, in shallower wa-
7.1.2 Horizontal variations in sediment23¥Pa23°Th ter and is less effectively exported horizontally; (3) sediment
induced by the AMOC 231paf30Th increases rapidly with depth below the base of
the overturning cell (Fig. 15b), largely corroborating the find-

Sedimenf3Pa?30Th also changes systematically with lat- ing of Thomas et al. (2006) that the sedimé#tPa?*’Th
itude or distance from the site of deep water formation.signal generated by a shallow overturning circulation is, if
Latitudinal changes in sedimeR8!Pa3°Th at the depth  not totally absent, at least strongly attenuated in sediments
where the minimum ratio is reached documents an initial de-deposited more than 1000 m below the base of the overturn-
crease with distance from the site of deep water formationjng cell.

followed by an increase (Fig. 14c). Dissolvé®Th and

231pa concentrations are low throughout the water column?.1.5 Possible sampling strategy to constrain past

at the site of deep water formation (Fig. 4). Because of its changes in AMOC from sediment?3'Pa/#*°Th
shorterz,,, 23°Th concentration increases faster to reach its

steady-state concentration with respect to scavenging (Eq. 9);hese results suggest a possible sampling strategy to con-
thereby gradually decreasing dissolved, particulate and sedtrain past changes in the rate and geometry of the AMOC.
iment 231Pa230Th. Once dissolve@3°Th has reached its A series of bathymetric profiles down the eastern and west-
maximum value, the slower increase in dissol¢étPa re-  ern slope of the North Atlantic, the Mid Ocean Ridge, or the

sults is a slow increase #31Pa”3°Th further downstream. flanks of seamounts, with due attention to possible changes
in sediment composition, could document the vertical and

7.1.3 Changes in sediment3Pa”3%Th resulting from  horizontal sediment®Pa#30Th gradients and the depth of
changes in the rate of the AMOC minimum sediment3'Pa?3°Th for different time slices. The
shape of the vertical profiles would inform us on the geome-
Increasing the rate of overturning in the control run with- try of the meridional overturning cells, while the gradients
out changing the geometry of the overturning cell has severa(horizontal and vertical) would provide constraints on the
effects on the distribution of Atlantic sedimefi#Pa?3°Th: rate of the overturning. Figures 14 and 15 also suggest that
(1) it pushes the zone of minimufd'Paf30Th farther away  sediment3Paf30Th at the site of deep water formation may
from the site of deep water formation (Fig. 14c); (2) the lati- be sensitive to the rate and depth of the AMOC. Whether
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Latiuds Fig. 16. Sediment?31Pa?30Th field generated in the control run

without formation of AABW.

Fig. 15. (a)Contrasting lateral velocity profiles between the con-

trol run (20.5 Sv), the overturning profiles from the ECCO consor- 7 3 The effect of particle composition on sediment
tium (14 Sv; Wunsch and Heimbach, 2006) and an arbitrary shal- 231pg230TH

lower overturning cell (20.5 Svib) Vertical sediment3Pa?30Th
bathymetric profiles generated by the three overturning profile

S . . . . .
. . . As already indicated above, in the presence of circulation
at the latitude where the lowest sediméitPa?3%Th is found. y P

(c) Latitudinal sediment?31Pa23%Th profiles generated by the and/or mixing, localized changes in particle composition and
three overturning cells at the depth where the lowest sedimen{racuqnat'on factors prod.uce dramatic but localized changes
231pa230Th is found (red symbols represent the lowest depth of IN sediment31Pa?3°Th (Fig. 13). Such changes can be taken
maximum lateral velocity or the base of the shallow overturning iNto account by analyzing the opal content of the sediment
cell (a), minimun?31Pa?30Th (i.e. the depth for the latitudinal pro-  from which the?3Pa#3Th record is obtained (Gherardi et
files) (b) and latitude of minima#31Paf3CTh (i.e. the latitudes for  al., 2009) with, however, one important caveat. Opal is un-
the vertical profiles) (c)). dersaturated throughout the ocean and much of it dissolves
before burial. Below a certain threshold in opal flux and
rsediment mass accumulation rates, opal is not preserved in

these simple systematic trends can be reproduced in mo
be > P €31Paf3°Th generated by the presence of

complex circulation models, however, still needs to be veri-S€diments but th

fied. opal in sinking particles could persist. We could further ad-
dress this question by using a diagenetic model (e.g. Khalil et
7.2 The effect of AABW on sediment3Pa”3%Th al., 2007) to estimate the opal concentration in sinking parti-

cles reaching the seafloor from sediment mass accumulation
Figure 9i clearly indicates that the overturning cell initiated rates and use this information to estimate the range of pos-
in the Southern Ocean by the formation of AABW signif- sible fractionation factors to be applied at this site using the
icantly contributes to lowering sedimeft!Pa?3%Th in the  sediment trap data compilation of Chase et al. (2003). How-
South Atlantic. If we eliminate the formation of AABW, ever, distinguishing between the importance of changes in
sediment31Pa?3%Th in the South Atlantic significantly in-  circulation and opal flux will eventually be best addressed by
creases (Fig. 16). The process whereby AABW is produc-generating a database large enough to obtain a near-synoptic
ing these low sedimer®Paf30Th is the same as for the view of the spatial distribution of sedimefit'Pa?3°Th for
northern overturning cell but the effect is found at greatereach time slice of interest, since the distribution generated
depth and is less pronounced because of the smaller flowy the overturning circulation is clearly distinct from the dis-
of water involved and the higher initial dissolvé#Th and  tribution generated by the distribution of opal productivity in
231pa in the water that generates AABW. The low sedimentthe ocean.
231paP30Th (<0.05) in the deep Southeast Atlantic (Scholten  While Fig. 13 clearly demonstrates the potential impact
et al., 2008) are consistent with the importance of AABW in of localized variations in fractionation factors, it also shows,
generating 1ow?31Paf3%Th in the South Atlantic and sug- and maybe more importantly, that such changes in the North
gest that sedimentary records in this region, if unaffected byAtlantic have little impact on thé3Paf3Th deposited
changes in opal flux, could generate important constraintslownstream 423'Pa?3°Th<0.002; Fig. 13b). This is how-
on variations in the rate of formation of this important water ever not the case when we change the fractionation factor
mass. in the Southern Ocean (Fig. 17). Doubling the equilibrium

WWW.ocean-sci.net/6/381/2010/ Ocean Sci., 6, 2380D-2010



398 Y. Luo et al.23¥Paf30Th in a 2-D model

Lot veocty (10" my) b 607 a2 P——— The circulation scheme imposed in our model broadly
25 15 05 05 15 25 002 008 01 0M 018 022 reflects the flow of the main deep Atlantic water masses
// /) ‘\- (NADW, AABW). The detailed geometry of the two over-
100 Pa 1000 s turning cells and the parameters of the imbedded scavenging
[ = 2000 y ¢ model have been tuned to reproduce the broad features of

c £ f’ e the distribution of dissolved®Th and231Pa and fractiona-
8 3000 ( — bFF tion factors measured in the water column to date. The model

—==—0.5xFF

—o0m2 produces a general decrease in dissolved, particulate and sed-
‘ iment231Paf30Th with depth, which is consistent with field
observations (Fig. 12; Scholten et al., 2008; Gherardi et al.,

—r

045 01

L 2009). It also produces patterns in the distribution of sedi-
0.40 0.09 2FF 231 3 . .. . .
o] || oo —re ment?1Pa#3°Th which could be used to distinguish the cir-
Lo 7 {0071 —oom /_ culation signal from the effect of particle scavenging. The
£ 025 & 825 e~ e ] model output also suggests sampling strategies to optimize
0.20 fopme="] 004 \\\1‘::,// the information in past circulation that could be derived from
o S SV — sediment?3'Paf3%Th. The most robust circulation signals
Latitude Latiude generated by the model are the vertical and horizontal sed-

iment 231Pa3%Th gradients, which changes systematically
Fig. 17. The influence of Southern Ocean fractionation factor with the rate and geometry of the AMOC (Figs. 14, 15).
on the sedimenf3Paf30Th in Atlantic sediments. (a) Lat-  However, we still need to establish whether these diagnostic
eral velocity field used to conduct the experimentfh) Verti- trends can also be produced with more complex 3-D circula-
cal sediment31Pa?30Th gradient generated by the control run tion models.
(1- F F) and when the Southern ocean equilibrium fractionation fac-  \nie have used our 2-D model to test the extent to which
tor (fzggfﬁ-%%; dougled éZ.F ch) % hi'}"zg (0?' FE g'téc) sse(ilr; changes in fractionation factor can obliterate the patterns of
men produced in the Worth Aflantic and the SoUtNeM e dimen31Paf30Th generated by the overturning circula-
Ocean under these three scenarios. . o . . e

tion. While it is clear that changes in particle composition in

the North Atlantic can change sediméitPa?3°Th locally,

fractionation factor in the Southern ocean from 0.9 to 1.8 notour model indicates that ttfé*Pa?*°Th pattern generated by
only decreases sedimet#Pa?3°Th in the Southern Ocean circulation further downstream is not significantly affected.
from ~0.3 to ~0.2 but also uniformly increases sediment This may be different for the Southern Ocean, which is the
231paP30Th along the latitudinal transect of the Atlantic by main sink for?31Pa in our model. Changing the fractionation
nearly ~0.01. Reducing the fractionation factor increasesfactor in the Southern Ocean offsét8Pa#*°Th but has little
the Southern Oce&$iPa sink and decreas&dPa?3°Th in impact on the gradients below 1500 m, and the information
the Atlantic. However, the slope of the latitudinal gradient on the rate and geometry of the overturning circulation is still
of sediment?®1Paf3CTh in the Atlantic is not significantly ~ preserved.

affected and could still be used to constrain the rate of the Our 2-D model largely corroborates the results from the
overturning. Nonetheless, accurately assessing the extent D model of Thomas et al. (2006) and indicates that the

the southern ocea#?Pa sink will be important to evaluate Sediment®'Pa?3°Th signal is rapidly attenuated in sediment

the rate of AMOC. deposited below the base of the overturning cell. Finally, low
sediment31Pa3°Th in the South Atlantic (Scholten et al.,
2008) appears to be due to the formation of AABW, which

8 Conclusions suggest that thé3Pa?3%Th sedimentary record in this re-

i ) gion, just north of the zone influenced by biogenic silica,

We have developed a simple 2-D scavenging model o adg, 14 he used to constrain past changes in the rate of for-

dress some of .the guestions that have bee_n rausgd concerningliion of this water mass.

the use of sedimerf®Pa?3°Th as a paleocirculation tracer

(Keigwin and Boyle, 2008; Scholten et al., 2008; Lippold Acknowledgementsie thank Alan Fleer (WHOI), Susan Brown-
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circulation and particle scavenging in controlling the distri- Editéd by: W. Jenkins

bution pattern of sedimeRe*Pa?3Th in the Atlantic.

Ocean Sci., 6, 381400, 2010 www.ocean-sci.net/6/381/2010/



Y. Luo et al.:231Pa#3%Th in a 2-D model 399

References Gherardi, J.-M., Labeyrie, L., Francois, R., McManus, J. F., Skin-

ner, L. C., and Cortijo, E.: Evidence from the Northeastern At-
Anderson, R. F,, Bacon, M. P,, and Brewer, P. G.: Removal of Th-  lantic basin for variability in the rate of the meridional overturn-

230 and Pa-231 from the Open Ocean, Earth Planet. Sci. Lett., ing circulation through the last deglaciation, Earth Planet. Sci.
62, 7-23, 1983. Lett., 240, 710-723, 2005.

Bacon M. P.: Tracers of chemical scavenging in the ocean —boundGherardi, J.-M., Labeyrie, L., Nave, S., Francois, R., Mc-
ary effects and large-scale chemical fractionation, Philos. T. Roy. Manus, J. F., and Cortijo, E.: Glacial-interglacial circula-
Soc. London Ser. A, 325, 147-160, 1988. tion changes inferred from 231Pa/230Th sedimentary record

Bacon M. P. and Anderson R. F.: Distribution of thorium isotopes  in the North Atlantic region, Paleoceanography, 24, PA2204,
between dissolved and particulate forms in the deep sea, J. Geo- doi:10.1029/2008PA001696, 2009.
phys. Res., 87, 2045-2056, 1982. Guo, L. D., Chen, M., and Gueguen, C.: Control of Pa/Th ratio

Bacon M. P., Huh C. A., Fleer A. P., and Deuser W. G.: Seasonality by particulate chemical composition in the ocean, Geophys. Res.
in the flux of natural radionuclides and plutonium in the deep Lett., 29, 1961, doi:10.1029/2002GL015666, 2002.

Sargasso Sea, Deep-Sea Research Pt., 32, 273286, 1985. Hall, I. R., Moran, S. B., Zahn, R., Knutz, P. C., Shen, C.-C.,

Boyle E. A. and Keigwin L.: North-Atlantic thermohaline circula- and Edwards, R. L.: Accelerated drawdown of meridional over-
tion during the past 20000 years linked to high-latitude surface- turning in the late-glacial Atlantic triggered by transient pre-H
temperature, Nature, 330, 35-40, 1987. event freshwater perturbation, Geophys. Res. Lett., 33, L16616,

Chase Z., Anderson R. F., Fleisher M. Q., and Kubik P. W.: The doi:10.1029/2006GL026239, 2006.
influence of particle composition and particle flux on scavenging Henderson, G. M., Heinze, C., Anderson, R. F., and Winguth, A.
of Th, Pa and Be in the ocean, Earth Planet. Sci. Lett., 204, 215— M. E.: Global distribution of thé3%Th flux to ocean sediments
219, 2002. constrained by GCM modeling, Deep Sea Res., 46, 1861-1893,

Chase, Z., Anderson R. F., Fleisher M. Q., and Kubik P. W.: Scav- 1999.
enging of 230Th, 231Pa and 10Be in the Southern Ocean (SWKeigwin, L. D. and Boyle, E. A.: Did North Atlantic overturn-
Pacific sector): the importance of particle flux, particle composi- ing halt 17000 years ago?, Paleoceanography, 23, PA1101,
tion and advection, Deep-Sea Res. I, 50, 739-768, 2003. doi:10.1029/2007PA001500, 2008.

Clark P. U., Pisias N. G., Stocker T. F., and Weaver A. J.: The roleKhalil K., Rabouille C., Gallinari M., Soetaert K., DeMaster D. J.,
of the thermohaline circulation in abrupt climate change, Nature, Ragueneau O.: Constraining biogenic silica dissolution in ma-
415, 863-869, 2002. rine sediments: A comparison between diagenetic models and

Clegg S. L. and Whitfield M.. A generalized model for scavenging  experimental dissolution rates, Mar. Chem., 106, 223-238, 2007.
of trace metals in the open ocean — II. Thorium scavenging, DeefKrishnaswami, S., Sarin, M. M., Somayajulu, B. L. K.: Chemical
Sea Research Pt., 38, 91-120, 1991. and radiochemical investigation of surface and deep particles of

Clegg, S. L., Bacon, M. P., and Whitfield, M.: Application ofagen-  the Indian Ocean, Earth Planet. Sci. Lett., 54, 81-96, 1981.
eralized scavenging model to thorium isotope and particle data_egrand, P. and Wunsch, C.: Constraints from paleotracer data on
at equatorial and high-latitude sites in the Pacific-Ocean, J. Geo- the North-Atlantic circulation during the Last Glacial Maximum,
phys. Res.-Oceans, 96, 20655-20670, 1991. Paleoceanography, 10, 1011-1045, 1995.

Delanghe, D., Bard, E., and Hamelin, B.. New TIMS constraints Leinen, M., Cwienk, D., Heath, G. R., Biscaye, P. E., Kolla, V.,
on the uranium-238 and uranium-234 in seawaters from the main Thiede, J., and Dauphin, J. P.: Distribution of biogenic silica
ocean basins and the Mediterranean Sea, Mar. Chem., 80, 79-93, and quartz in recent deep-sea sediments, Geology, 14, 199-203,

2002. 1986.
Dutay, J.-C., Lacan, F., Roy-Barman, M., and Bopp, L.: Influ- Lippold, J., Gruetzner, J., Winter, D., Lahaye, Y., Mangini, A., and
ence of particle size and type éiPa and?3°Th simulation Christl, M.: Does sedimentary Pa-231/Th-230 from the Bermuda

with a global coupled biogeochemical-ocean general circulation  Rise monitor past Atlantic Meridional Overturning Circulation?,

model: Afirstapproach, Geochem. Geophy. Geosy., 10, Q01011, Geophys. Res. Lett., 36, L12601, doi:10.1029/2009GL038068,
doi:10.1029/2008GC002291, 2009 20009.

Francois, R.: Paleoflux and paleocirculation from sediment 230ThLynch-Stieglitz, J., Adkins, J. F., Curry, W. B., Dokken, T., Hall,
and 231Pa/230Th, in: Proxies in Late Cenozoic Paleoceanogra- |. R., Herguera, J. C., Hirschi, J. J.-M., lvanova, E. V., Kissel,
phy, edited by: Hillaire-Marcel, C. and de Vernal, A., Elsevier, C., Marchal, O., Marchitto, T. M., McCave, I. N., McManus, J.
681-716, 2007. F., Mulitza, S., Ninnemann, U., Peeters, F., Yu, E.-F., and Zahn,

Francois, R., Frank, M., van der Loeff, M. M. R., and Bacon, M. R.: Atlantic meridional overturning circulation during the Last
P.: Th-230 normalization: An essential tool for interpreting sed-  Glacial Maximum, Science, 316, 66—69, 2007.
imentary fluxes during the late Quaternary, PaleoceanographyMacdonald, A. M.: The global ocean circulation: a hydrographic

19, PA1018, doi:10.1029/2003PA000939, 2004. estimate and regional analysis, Prog. Oceanogr., 41, 281-382,
Friedrichs, M. A. and Hall, M. M.: Deep circulation in the tropical 1998.
North Atlantic, J. Mar. Res., 51, 697-736, 1993. Marchal, O., Francois, R., Stocker, T. F., and Joos, F.: Ocean ther-

Ganachaud, A. and Wunsch C.: Improved estimates of global ocean mohaline circulation and sedimentary Pa-231/Th-230 ratio, Pa-
circulation, heat transport and mixing from hydrographic data, leoceanography, 15, 625-641, 2000.
Nature, 408, 453—-457, 2000. McManus, J. F., Francois, R., Gherardi, J.-M., Keigwin, L., and
Geibert, W. and Usbeck, R.: Adsorption of thorium and pro- Brown-Leger, S.: Collapse and rapid resumption of Atlantic

tactinium onto different particle types: Experimental findings.  Meridional Circulation linked to deglacial climate changes, Na-
Geochim. Cosmochim. Acta, 68, 1489-1501, 2004.

WWW.ocean-sci.net/6/381/2010/ Ocean Sci., 6, 2380D-2010



400 Y. Luo et al.23¥Paf30Th in a 2-D model

ture, 428, 834-837, 2004. Sherrell, R. M. and Boyle, E. A.: The trace-metal composition of
Moran, S. B., Charette, M. A. Hoff, J. A., Edwards, R. L., and  suspended particles in the oceanic water column near bermuda,
Landing, W. M.: Distribution of 230Th in the Labrador Sea and Earth Planet. Sci. Lett., 111, 155-174, 1992.
its relation to ventilation, Earth Planet. Sci. Lett. 150, 151-160, Sherrell, R. M., Field, M. P., and Gao Y.: Temporal variability of
1997. suspended mass and composition in the Northeast Pacific wa-
Moran, S. B., Hoff, J. A., Buesseler, K. O., and Edwards, R. L.:  ter column: relationships to sinking flux and lateral advection,
High-Precision Th-230 and Th-232 In The Norwegian Sea and Deep-Sea Res. Il, 45, 733761, 1998.
Denmark by Thermal lonization Mass-Spectrometry, Geophys.Siddall, M., Stocker, T., Henderson, L., Edwards, N. R., Muller, S.
Res. Lett., 22, 2589-2592, 1995, A., Joos, F., and Frank, M231pa?30Th fractionation by ocean
Moran, S. B., Shen, C. C., Edmonds, H. N., Weinstein, S. E., Smith, transport, biogenic particle flux and particle type, Earth Planet.
J. N., and Edwards, R. L.: Dissolved and particulate Pa-231 and Sci. Lett., 237, 135-155, 2005.
Th-230 in the Atlantic Ocean: constraints on intermediate/deepSiddall, M., Stocker, T. F., Henderson, G. M., Joos, F., Frank, M.,
water age, boundary scavenging, and Pa-231/Th-230 fractiona- Edwards, N. R., Ritz, S. F., and Muller, S. A.: Modeling the
tion, Earth Planet. Sci. Lett., 203, 999—-1014, 2002. relationship betweef31Pa?30Th distribution in North Atlantic
Moran, S. B., Shen, C.-C., Weinstein, S. E., Hettinger, L. H., Hoff, = sediment and Atlantic merdional overturning circulation, Paleo-
J. H., Edmonds, H. N., and Edwards, R. L.: Constraints on the ceanography, 22, PA2214, doi:10.1029/2006PA001358, 2007.
deep water age and particle flux in the Equatorial and South At-Sloyan, B. M. and Rintoul, S. R.: The Southern Ocean Limb of
lantic Ocean based on seawater 231Pa and 230Th data, Geophys.the Global Deep Overturning Circulation, J. Phys. Oceanogr., 31,

Res. Lett., 28, 2440-3437, 2001. 143-173, 2001.
Nozaki Y., Yang H.-S., and Yamada M.: Scavenging of thorium in Talley, L. D., Reid, J. L., and Robbins, P. E.: Data-based meridional
the ocean, J. Geophys. Res., 92, 772-778, 1987. overturning streamfunctions for the global ocean, J. Climate, 16,

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. 3213-3226, 2003.
P.: Numerical Recipies in C: the art of scientific computing, 2nd Thomas, A. L., Henderson, G. M., and Robinson, L. F.: Interpre-

Edition, Cambridge University Press, 1992. tation of the 231Pa/230Th paleocirculation proxy: New water-
Robinson, L. F., Henderson, G. M., Hall, L., and Matthews, I.: Cli-  column measurements from the southwest Indian Ocean, Earth

matic control of riverine and Seawater uranium-isotope ratios, Planet. Sci. Lett., 241, 493-504, 2006.

Science, 305, 851-854, 2004. Walter, H. J., Geibert, W., Rutgers van der Loeff, M. M., Fischer, G.,

Rutgers Van Der Loeff, M. M. and Berger, G. W.: Scavenging of and Bathmann, U.: Shallow vs. deep-water scavenging of 231Pa
thorium-230 and protactinium-231 near the Antarctic polar front and 230Th in radionuclide enriched waters of the Atlantic sector
in the South Atlantic, Deep-Sea Res. 1, 40, 339-357, 1993. of the Southern Ocean, Deep-Sea Res. |, 48, 471-493, 2001.
Schmittner A., Yoshimori M., and Weaver A. J.: Instability of Walter, H.-J., Van der Loeff, M. M. R., and Hoeltzen, H.: Enhanced
glacial climatea model of the ocean-atmosphere-cryosphere sys- scavenging of 231Pa relative to 230Th in the South Atlantic south
tem, Science, 295, 1489-1493, 2002. of the Polar Front. Implications for the use of the 231Pa/230Th
Scholten, J. C., Fietzke, J., Mangini, A., Garbe-Schbnberg, C.- ratio as a paleoproductivity proxy, Earth Planet. Sci. Lett., 149,
D., Eisenhauer, A., Schneider, R., and Stoffers P.. Advection 85-100, 1997.
and scavenging: Effects on Th-230 and Pa-231 distribution offYu, E. F., Francois, R., and Bacon, M. P.: Similar rates of mod-
Southwest Africa, Earth Planet. Sci. Lett., 271, 159-169, 2008.  ern and last-glacial ocean thermohaline circulation inferred from
Scholten, J. C., VanderLoeff, M. M. R., and Michel, A.: Distri- radiochemical data, Nature, 379, 689-694, 1996.
bution of Th-230 and Pa-231 in the water column in relation to Zika, J. D., Sloyan, B. M., and McDougall, T. J.: Diagnosing
the ventilation of the deep Arctic basins, Deep-Sea Res. Il, 42, the Southern Ocean Overturning from Tracer Fields, J. Phys.
1519-1531, 1995. Oceanogr., 39, 2926-2940, 2009.

Ocean Sci., 6, 381400, 2010 Www.ocean-sci.net/6/381/2010/



