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Abstract 

Measurements of dissolved and particulate 230Th anti “’ Th by thermal ionization mass spectrometry were made on 
samples collected from the Labrador Sea and the Denmark Strait and Iceland-Scotland overflow waters. The1 large-scale 
feature of low and invariant 230Th evident in deep waters of the Labrador Sea and previously observed in the ddep northern 
Atlantic can be reproduced using a reversible scavenging model that includes the effect of ventilation. Advectibe transport 
also must be important in the redistribution of 230Th in other regions of the Atlantic and for other long-lived traaers, such as 

231 Pa, 26Al and “Be. 0 1997 Elsevier Science B.V. 

Ke.vwords: Labrador Sea: thorium 

1. Introduction ratios in the interior basins and ocean madgins in the 

The production and southward transport of North 
Atlantic Deep Water (NADW) plays a key role in 

the oceanic heat budget, carbon and nutrient cycles, 
and global climate. New insights into the mode of 

deep water circulation in the Atlantic have been 
derived from sediment studies of the particle-reactive 
radionuclides ‘30Th (t,,? = 7.5 X lo4 yr) and ‘31Pa 

(t ,,? = 3.2 X IO4 yr) [I], produced in situ from dis- 
solved ‘38U and ‘35 U, respectively. In contrast to the 
Pacific [2-51, the importance of horizontal advection 
in redistributing these long-lived tracers is indicated 
by the relatively low excess sediment ‘3’Pa/ ‘30Th 
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Atlantic [ll. Yu et al. [1] estimated that ~ - 10% of 
the 230Th and N 45% of the 13’ Pa produced in the 
Atlantic is transported southwards by advection. 

Water column distributions of 23”Th and ‘3’ Pa in 
the contemporary Atlantic provide an important con- 

straint on the advective transport of these ‘tracers and 
hence their use as a proxy for past than 4 es in deep 
water circulation. There are, however, only a few 
published profiles of 230Th from the Atlantic, and 
fewer still for ‘3’Pa. In the eastern central Atlantic 
the 230Th profile is characterized by low ~values that 
increase with depth [6]. Cochran et al. 071 reported 
the only full depth profiles of 230Th in the western 
North Atlantic at the Nares and Hatte as 1 Abyssal 
Plains. A key feature of their profiles is the relatively 
low and invariant ‘30Th concentrations ln the deep 
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waters. They suggested that the low and nearly 
constant 230Th activities in the deep Northwest At- 

lantic were due to southward flowing NADW con- 

taining low 230Th. In fact, low 230Th has recently 

been reported in the deep Norwegian Sea and Den- 
mark Strait overflow waters [l I]. This is in contrast 

to profiles in the western North Pacific [S], which are 
characterized by an approximately linear increase 

with depth and N 2-fold higher ‘30Th concentra- 
tions. In the South Atlantic, 230Th exhibits a similar 

distribution, though with higher values in these older 

deep waters [91. For 23 ’ Pa, profiles from the North 

Atlantic [lo] and South Atlantic [9] are similar and 
indicate relatively constant values below N 1000 m. 

In this study, ‘30Th results from the Labrador Sea 

and NADW overflow waters are combined with a 

scavenging-mixing model [9] to quantify the large- 
scale effect of scavenging and water mass age on 
230Th distributions in the Atlantic. The implication is 

that advective transport is important in controlling 
230Th in the deep north Atlantic. Moreover, similar 

considerations must apply in other regions of the 

Atlantic and to other long-lived tracers, such as 
23’Pa, 26A1 and “Be. 

2. Methods 

2.1. Sampling and TIMS Th analysis 

Seawater samples were collected from the 

Labrador Sea (Stn. 2), Denmark Strait (Stn. 121, and 
the Faeroe Bank Channel (Stn. 14) during the IOC-93 

expedition in August, 1993 (Fig. 1). Also indicated 
in Fig. 1 are Stn. 13 and Stn. 7, for which 230Th and 

‘3’Th results were recently reported [l 11. Sampling 
was conducted using established clean techniques to 
minimize sources of contamination, which could re- 
sult in significant 230Th and 232Th blanks due to the 

small sample sizes used in the study. Samples were 
collected using 12 1 and 30 1 Go-F10 bottles modified 
for trace metal sampling and deployed on a Kevlar 
hydrowire. Seawater was filtered directly from the 
Go-F10 bottles using N, over-pressure through acid- 
cleaned, 0.4 km, 142 mm diameter, Nuclepore fil- 
ters held in teflon filter holders. Filtered and unfil- 
tered samples (l-2 1) were acidified to pH 2 using 
concentrated Seastar HCl and stored for later analy- 

40 30 

Fig. 1. Map showing the IOC-93 stations in the Labrador Sea (Stn. 

2). northern Denmark Strait @tn. 121, and the Faeroe Bank 

Channel (Sm. 14). ‘30Th and “‘Th results have been reported 

[ 1 I] for the southern Denmark Strait @tn. 7) and Norwegian Sea 

(Stn. 13). 

sis. Nuclepore filters containing suspended particu- 
late matter filtered from 14-22 1 were rinsed with 
Mini-Q water (pH 8) to remove salts, folded, and 

stored frozen in plastic bags until further processing 

in the shore-based laboratory. All sample manipula- 
tions at sea were conducted in a laminar-flow bench. 

Separation and purification of Th was performed 
in clean rooms at the Minnesota Isotope Lab (MIL) 

using ultrapure reagents [ 12,131. A method for deter- 
mination of ‘31 Pa in these samples using TIMS was 

not developed when these analyses were conducted, 
although this is now feasible [14]. Samples were 

weighed and spiked with N 50 pg of 2’9Th tracer 

and N 6 mg of Fe carrier. After allowing the spike 
to equilibrate with the sample for at least 5 days, Th 
was co-precipitated using FeOH, by addition of 

NH,OH (pH 8). The precipitate was collected by 
centrifugation and dissolved in 7 M HNO,. Th was 
purified by passing the solution through a teflon 
micro-column containing 0.6 ml of anion-exchange 
resin (BioRad AG l-X8, 100-200 mesh) that was 

conditioned using several column volumes (CV) of 
7 M HNO,. Samples were added to the column in 
0.6 ml (1 CV> of 7 M HNO,, washed with - 1 ml 
(1.5 CV) of 7 M HNO,, and Th eluted using 1.8 ml 
(3 CV) of 6 M HCl. Th was further purified in a 
similar manner using a second column containing 
0. I5 ml of AG l-X8 resin. The final Th eluant was 
evaporated to dryness and converted to nitrate form 
for loading in the mass spectrometer. For the particu- 
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late samples, the Nuclepore filters, ‘29Th tracer, and 

20 ml of concentrated HCI-HNO,-HF were added 
to teflon bombs and digested in a microwave oven 
for 12 h [ 151. Th was purified in the resulting 

solution using the procedures described above. 
Analyses were performed at MIL using a Finni- 

gan MAT 262 RPQ mass spectrometer operating in 

pulse counting mode. Samples were loaded in dilute 
HNO, and dried on zone-refined Re filaments that 
had been previously checked for contamination in 

the Th mass range. The samples were then covered 
with colloidal graphite and further evaporated to 

dryness. Data were collected at temperatures be- 
tween 1750°C and 1950°C by magnet controlled 
peak switching between 2’9Th, 230Th, and 232Th. 
Beam intensities on “’ Th were typically l-3 counts 
per second. Corrections for blanks, dark noise, and 
abundance sensitivity were made off-line. The blank 

contribution from Fe co-precipitation and anion-ex- 
change separation was determined from 4 blank runs 

to be 0.1 +O.l fg for ‘30Th (1.7 + 1.8% of ‘jOTh 
analyzed) and 3.3 + 1.5 pg for 232Th (5.6 f 5.5% of 
‘32Th analyzed). Blanks for the filter digestion pro- 

cedures and anion-exchange purification were deter- 

mined from 2 blank runs to be 0.3 f 0.1 fg for ‘30Th 
(5.3 i 4.3% of Z30 Th analyzed) and 25 + 10 pg for 
“‘Th (12.5 + 6.8% of ‘3’Th analyzed). 

2.2. Ancillary analyses 

Salinity and temperature data were obtained using 
a calibrated CTD. Salinities were also hetermined 

using a Guildline Autosal salinometer on ach Go-flo 

bottle from which Th samples were d awn. 

” 

Dis- 

solved Si was determined using standard colorimet- 

ric procedures and dissolved oxygen wa- analyzed 

by Winkler titration. Carbon tetrachloride P 

d 

was deter- 

mined at sea using electron capture de e&on-gas 

chromatography. 

3. Results 

3. I. Hydrography 

Hydrographic characteristics of the Ls/brador Sea 
at Stn. 2 are illustrated in depth profiles C/f dissolved 

oxygen, potential temperature, salinity, sjilicate. and 
carbon tetrachloride (Fig. 2a,b). The su$ace mixed 

layer is characterized by warm, low salinity, nutrient 

depleted water that shows no indication bf the cold, 
low salinity water associated with the Labrador Cur- 

rent. Below the surface mixed layer, al subsurface 
minimum in dissolved oxygen is evident at 250 m. 

coincident with elevated Si concentrati$ns. The al- 
most uniform 0-S layer between 400 &d 1900 m 

shows characteristics of Labrador Sea Wbter (LSW), 

Pot. Temp. 
0 4 6 12 16 Si WV 

Salinity ’ (334 (PM) 2=Th (WQ) 23qh (pq/kg) 23@l-h/2qh (x 1 b-6) 

0 

270 280 290 200 
Diss. 0, (@l) 

Fig. 2. Vertical profiles of dissolved oxygen, potential temperature, salinity, carbon tetrachloride, silicate. and dissolved1 and suspended 

particulate “‘Th, ‘3’Th and ‘30Th/ ““Th in the Labrador Sea. 
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which can be separated into upper ( - 400-950 m) 

and lower (- 950-1900 m) LSW; upper LSW has 
lower oxygen and carbon tetrachloride concentra- 

tions compared to lower LSW. Below the LSW is 

the warmer and saltier Northeast Atlantic Deep Wa- 
ter (NEADW). This water mass extends from 2200 
to 3300 m and shows a slight temperature maximum 

at - 2400 m and salinity maximum at - 3000 m. 
NEADW is older than the overlying LSW, as indi- 

cated by its lower carbon tetrachloride and dissolved 
oxygen concentrations and elevated Si values. The 

cold, low salinity Denmark Strait ovefflow water 
(DSOW) is evident as a deep boundary current within 

the bottom 100 m. The elevated carbon tetrachloride 

and dissolved oxygen concentrations and low Si 
values in this boundary flow indicate its more recent 

contact with the surface, and hence younger age, 

than the overlying NEADW. 

3.2. 230Th and 232 Th concentrations 

230Th and 232Th results from the Labrador Sea, 

Denmark Strait, and Faeroe Bank Channel are listed 
in Table 1. Uncertainties in these results were calcu- 
lated at the 2a level and represent the maximum of 
run statistics (2~ mean) or counting statistics (2~) 

fully propagated through corrections for blanks, mul- 
tiplier dark noise, abundance sensitivity, and 230Th 

in the *19 Th tracer. 

Dissolved 230Th and ‘32 Th concentrations range 
from 2.03 to 11.83 fg/kg (0.0929-0.541 dpm/lOOO 

kg) and 14.75-78.97 pg/kg (0.00360-0.0193 
dpm/ 1000 kg), respectively (Table 1). Particulate 
‘30Th and 232Th concentrations in the Labrador Sea 
range from 0.13 to 4.54 fg/kg (0.00595-0.208 

dpm/lOOO kg) and 6.43-208.5 pg/kg (0.00157- 
0,0509 dpm/lOOO kg). Particulate 230Th represents 
3-12% of the total throughout most of the water 
column and increases to 52% in the bottom waters. 
For ‘32 Th, the particulate fraction represents a greater 
fraction of the total, ranging from 3 I % at the surface 
(15 m> to 8-48% in the deep waters. 

Particulate 232Th and, to a lesser extent, 230Th 
show a marked increase in the bottom 120 m. The 
likely explanation for the increase in particulate 232Th 
and in the bottom waters is the presence of a neph- 
eloid layer of resuspended sediments that character- 
ize this boundary current. Elevated total dissolvable 

Fe concentrations in the bottom waters have been 
found at this location [16,17]. Note that only an 
unfiltered water sample was available at this depth. 
Dissolved 230Th was determined by the difference 
between the unfiltered and particulate samples. For 
‘32Th, the concentration in the unfiltered sample 

from the bottom waters is less than the measured 
particulate 23’Th (Table 1). Considering that particu- 
late 232Th probably accounts for most of the total 

232Th in this boundary current, the anomalously low 

total 232Th may be an artifact of comparing a rela- 

tively large, integrated, particulate sample (- 18 1 
filtered) with a small unfiltered sample (2 1). 

Dissolved ‘30Th concentrations in the Labrador 

deep waters are only slightly higher than in the 
Norwegian Sea [ 1 I] and deep eastern North Atlantic 

[6], whereas results from the western North Atlantic 
[7,12,17] are a factor of - 2 higher. 

3.3. 2-‘OTh and 232 Th distributions in the Labrador 
Sea 

Within the upper 200 m of the Labrador Sea, 

vertical profiles of dissolved 230Th and 232Th are 
characterized by surface water minima (2.03 fg/kg, 

15.1 pg/kg) and a sharp increase down to - 200 m 

(6.19 fg/kg and 78.9 pg/kg), respectively (Fig. 
2c,d). As observed in the Norwegian Sea [l 11, dis- 

solved ‘37Th does not show a surface maximum due 

to external input (atmospheric or rivetine), which is 
characteristic of other ocean regions [7,17,18]. Be- 

low N 200 m, the dissolved 230Th profile is essen- 
tially invariant down to 3155 m, whereas dissolved 

232 Th concentrations show a progressive decrease 
with depth. Particulate 230Th and 232Th concentra- 
tions are low in the surface waters and increase with 

depth and with proximity to the bottom. The bound- 
ary current in the bottom 120 m is characterized by 
low dissolved 230Th (4.26 fg/kg) and elevated par- 
ticulate 230Th (4.54 fg/kg) and particulate 13’Th 
(208.5 pg/kg). The dissolved ‘30Th/ Z3’Th ratio 
shows a surface maximum (135 X lo-” ), a subsur- 
face minimum (63.1 X 10-6) and then increases with 
depth, whereas the particulate ‘30Th/ ‘32Th profile 
is essentially invariant throughout the water column 
(Fig. 2e). 
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3.4. 230Th and ‘jzTh in the oveflow waters 

The sample from 298 m in the northern Denmark 
Strait (Stn. 12) represents the end-member of the 

DSOW before it has descended into the near-bottom 

waters in the southern Denmark Strait at Stn. 7. This 

water mass has similar characteristics (salinity, fre- 
ons, oxygen, and nutrients) to that observed within 
the bottom 125 m of the southern Denmark Strait at 

Stn. 7 [19]. The dissolved 230Th concentration of 
5.64 fg/kg at Stn. 12 (Table 1) is remarkably similar 

to values of 4.30-4.61 fg/kg in the core of recently 

formed DSOW at Stn. 7 [ 111. For dissolved 232Th, 
the concentration of 58.3 pg/kg at Stn. 12 is within 

the range of values of 24.4-142.5 pg/kg in the 

bottom N 100 m at Stn. 7 [l 11. The low dissolved 

230Th signature of the DSOW at Stn. 12 and 7 is also 

evident in this dense water mass within the bottom 

N 100 m of the Labrador Sea (Table 1, Fig. 2c-e). 
Samples collected at Stn. 14 are from the core of 

the Iceland-Scotland Sea overflow water (ISOW), 
which is derived from the Norwegian Sea at interme- 
diate depths (N 1000 m) and flows through the 

Faeroe Bank Channel into the Northeast Atlantic, 
forming a major part of the NEADW. Moran et al. 

[l l] reported dissolved 230Th and 232Th concentra- 
tions of 5.81 fg/kg and 32.6 pg/kg, respectively, 

and a 230Th/232Th ratio of 180 X 10m6 at 872 m in 

the Norwegian Sea. These data are consistent with 

results for the ISOW of 2.75- 11.83 fg/kg for 230Th, 

14.7-64.9 pg/kg for ‘32Th, and 184-188 X lop6 

for 230Th/ 232Th (Table I). 
An important result regarding the overflow waters 

is the remarkably constant 230Th concentration in the 
Denmark Strait and Faeroe Bank Channel. With the 

exception of the bottom sample in the Faeroe Bank 

Channel, ‘30Th values range from - 3-5 fg/kg 
(Table 1) [ 111. Furthermore, 230Th concentrations in 

the overflow waters increase by a factor of N 2 
downstream in the deep Labrador Sea (excluding the 
bottom waters) and by a factor of - 4 in the deep 
waters off Cape Hatteras [7]. 

4. Discussion 

4. I. Distribution of 230Th in the deep waters 

A key feature of the dissolved 230Th distribution 
in the Labrador Sea is the relatively low and invari- 

ant concentrations below N 500 m. It is clearly not 
possible to reproduce the 230Th profile in the deep 
waters using a reversible scavenging model and a 

constant particle settling rate [8,20-221. This lack of 
a constant increase in ‘30Th with depth is also evi- 

dent in the Norwegian Sea [I 11 and, to a lesser 
extent, in the Northwest Atlantic [7,17]. As discussed 

below, ‘30Th distributions in these ocean basins are 

controlled by a combination of reversible scavenging 
and water mass ventilation. 

4.2. A 230Th scavenging-mixing model 

According to the reversible thorium scavenging 

model [20], ignoring advection and diffusion, the 

concentration of dissolved 230Th (C,“> at depth ’ z in 

the water column is given by: 

CTh = z (1) 

where P,, is the 230Th production rate (0.56 

fg/kg/yr; = 2.6 X lo-5 dpm/kg/yr); Kd” is the 
distribution coefficient for 230Th; SPM is the sus- 

pended particle concentration; and S is the particle 

settling speed, which represents the net effect of 
particle sinking, disaggregation and aggregation. This 
model predicts a linear increase in dissolved 230Th 

with depth, such as observed in the western North 

Pacific [8]. 
In the case where the water mass residence time is 

similar to or less than the scavenging residence time 

of 230Th in the deep ocean (N lo-40 yr; cf. 12211, 
the rate of ventilation becomes an important factor 

controlling 230Th distributions. This is the case for 

the Labrador Sea, where the central gyre has a water 

mass age of approximately 8- 10 yr (Rob Pickart, 
pers. commun.). Rutgers van der Loeff and Berger 

[9] developed a simple scavenging-mixing model 
that can be used to examine the role of ventilation on 
distributions of total 230Th. 

The model developed in this paper describes the 

evolution through time of a one-dimensional system, 
an ocean water column. The model considers re- 
versible thorium scavenging [20] and water mass 
mixing, in a manner similar to mixing box models 
used to derive shelf-basin exchange times in the 
Arctic Ocean from chlorofluorocarbon [24] and ‘37Cs 
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distributions [25]. An assumption made in applying 
the model to the Atlantic Ocean is that the system 
starts at time t = 0 in the far North Atlantic and 

moves southward with time. Essentially, one can 
consider the model to represent the evolution through 
time of water in a pipe-flow reactor, where transport 

of material normal to the flow is permitted. to repre- 
sent the effect of scavenging of radionuclides by 
sinking particles. The temporal evolution of vertical 
profiles of . 230Th reflects the net imbalance between 

production by U decay and removal by scavenging. 
Lateral exchange with water outside of the I-D 
system is not permitted. The material balance for 
dissolved 230Th at steady-state is: 

de,’ 
- = 0 = P,, - hCp + R - SK,ThSPM 

dt 

(2) 

where: 

R= C;Th-Cp(KpSPM+l) 

TW 
(3) 

and C, rh is the initial concentration of total 230Th in 

recently ventilated waters; that is, in newly formed 
NADW flowing over the sills in the Denmark Strait 

and Faeroe Bank Channel. The term T,., represents a 
water renewal time, or ventilation rate; for simplic- 

ity. TV is defined as the time required to renew the 

‘=lh (fglkg) 

entire water column. Since CT = 0 at ,: = 0 and 
neglecting 230Th decay we have: 

z( KThSPM + I) 

SKJh T, SPM !I (4) 
Eq. (4) is used to evaluate the large-shale effects 

of reversible scavenging and mixing on ideep water 
distributions of dissolved ‘“‘Th. Clearly. lthis simple 

1-D model with lateral flushing of deep water from a 
northern source would not reproduce, for example, 

fine-scale features above the main t ermocline. 
However, the primary purpose of using $ t ,is model is 

to illustrate the effect of particle scavenging and 

water mass age on 230Th in the deep Atlantic. 
We first illustrate the effect of ‘extreme’ cases of 

scavenging and ventilation on deep water ‘?‘Th dis- 
tributions; in essence, a sensitivity anal&is to illus- 

trate the effect of scavenging and water mass age on 
‘jOTh depth profiles. The model is evaluated for 

‘slow’ and ‘fast’ particle removal of 13”$ by setting 
S = 500 m/yr and 1000 m/yr, respectibely. These 
values span the range of the majority; of particle 
settling speeds determined from oceanio 230Th pro- 

files [8.9,20-231. In all cases. we use KF = I X lo7 

ml/g and SPM = 10 kg/l, based on the average 
“‘Th C,/C, = 0.1 below 950 m (Table iI), which is 
similar to previous KJh values [7,20,223. The ““Th 

23?h (fg/kg) 

=8y 

= 30 y 

= 1ooy 

Fig. 3. Vertical profiles of dissolved “‘Th calculated using the scavenging-mixing model. 
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concentration in the over-flow waters indicates CiTh 
= 4.5 fg/kg (Table 1; [l 11). Thus, the main ad- 

justable parameter is T,, which allows for direct 
examination of the effect of water mass age on deep 

water 230Th distributions. 
Profiles of 230 Th calculated using S = 500 m/yr 

and 1000 m/yr for various values of water mass age 
are presented in Fig. 3. The lower value of T, was 

chosen to approximate the age of the Labrador Sea 
(N 8- 10 yr; Rob Pickart, pers. commun.). When 

T, = 100 yr, the 230Th profile approaches an upper 

limit, which is the characteristic linear increase in 

230Th with depth according to Eq. (1). Clearly, for 

low values of S, the effect of ventilation rate on deep 

water 230Th is substantial (Fig. 3a). For relatively 

young deep waters, 230Th concentrations are low and 
invariant in the deep waters; when the ventilation 

rate is increased to 100 yr, 230Th increases by up to 

N 4-fold in the deep waters. Thus, for the case of 
slow particle removal, deep water ‘30Th inventories 
are quite sensitive to changes in water mass age in 

the range N lo-100 yr. 

For the case of fast particle removal (S = 1000 

m/yr), 230Th concentrations are considerably less 

sensitive to similar changes in water mass age (Fig. 

3b). This is because 230Th is more rapidly removed 

Norwegian Sea Labrador Sea 

230Th (fg/kg) 23?h (fg/kg) 
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I . I 
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via particle scavenging to the sediments. Even with a 
water mass age of N 100 yr, deep water 230Th 

concentrations do not increase to values presented 

for the case of slow particle removal (Fig. 3a). The 
net result is that deep water 230Th concentrations 
remain relatively low for fast particle removal and 

are less sensitive to changes in ventilation rate. 

4.3. Comparison of model results with ‘30Th distri- 
butions in the Norwegian Sea and Atlantic 

Fig. 4 presents a comparison between the model 

results and 230Th profiles from: (1) the Norwegian 

Sea [ll]; (2) Labrador Sea; (3) the North West 

Atlantic at the Bermuda Atlantic Time-series Station 
(BATS, [ 171) and the Nares and Hatteras Abyssal 

Plains [7]; (4) the South Atlantic, north of the Polar 
Front [9]. Note that for the Norwegian Sea profile we 
set C” = 0 because this basin is likely ventilated 
with &t-face waters containing very low ‘30Th [I Il. 

The model results reproduce the large-scale fea- 

ture of relatively low and constant 230Th concentra- 
tions in northern Atlantic deep waters (Fig. 4). Using 

S = 500 m/yr and 1000 m/yr results in curves that 
generally bracket these data for short T, values. 

This is because the major change in deep water 

NW Atlantic 

230Th (fs/kg) 

South At/antic 

=-fh (fg/kg) 

\ 
-31 

Tw= 30 y I 
I 

\ 

.‘\ 
:, 

I 

;=lOOy t \r 

a) b) c) 4 
6000 I ’ ’ . ’ . ’ ’ ’ ’ . ’ I 1 

- s=5oomJy ---- S=lOOOmty 

Fig. 4. Vertical profiles of dissolved “‘Th in the (a) Norwegian Sea (64.80”N. 6.2O”W) [ 1 I]; (b) Labrador Sea (Sm. 2); (cl BATS (31”50’N, 

64”lO’ W) [ 171, Hatteras Abyssal Plain (32”46, 70”47’W), and Nares Abyssal Plain (23”ll’ N, 63”58’W) 171; Cd) South Atlantic, north of the 

Antarctic Polar Front (Stn. 5 1, 55, 59, and 77) [9] (note change in concentration scale). Open symbols for BATS samples represent filtered 

(< 0.2 pm) 230Th and closed symbols represent unfiltered samples. The scavenging-mixing model reproduces the major feature of 

relatively low and constant ‘a”Th evident in northern Atlantic deep waters. 
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Z3DTh occurs when T, is increased and S is low 

(Fig. 3a). The ventilation age of 15 yr used to fit the 
Norwegian Sea profile is only slightly below the 
20-30 yr range reported by Smethie et al. [26]. The 
Labrador Sea profile also is in good agreement with 
the model using T, = 8 yr. The agreement between 
the model and ‘sOTh profiles from the Northwest 

Atlantic implies a deep water age of N 30 yr. By 
comparison, the average age of the entire deep west- 

em Atlantic is N 100 yr [27]. As a first approxima- 
tion, it would seem reasonable to assume an age for 

the deep North Atlantic of N 50 yr, which is close to 
our deep water age at BATS. Finally, ‘30Th results 
from the South Atlantic are in reasonable agreement 

with the model for S = 1000 m/yr, while the lower 
particle flux overestimates the ‘3”Th profile. Overall, 

the scavenging-mixing model reproduces the 230Th 

profiles using reasonable deep water ages. 
It is interesting to note the relatively low ‘30Th 

concentration in the bottom waters of the Labrador 
Sea compared to the model profile (Fig. 4b). This 
bottom water 230Th sample is from the core of the 
DSOW and is similar to the mean value of N 4.5 

fg/kg measured in the ovefflow waters (Table 1; 
[l 11). It is therefore expected that the 230Th content 

of the Labrador Sea bottom waters would be lower, 
due to their more recent contact with the DSOW and 

hence younger age, than the deep/intermediate wa- 
ters. 

The implication of these results is that the deep 
water inventory of ‘30Th in the North Atlantic is 
sensitive to changes in ventilation rate on a time-scale 
of - IO- 100 yr. If NADW production decreased in 
the past, for example during the Younger Dryas or 
Heinrich events. and particle flux remained relatively 

constant (or decreased), then deep water ‘30Th in the 
North Atlantic would be expected to increase sub- 

stantially over a period of only _ 100 yr (Fig. 3a1. 
This effect should be pronounced in the Labrador 

Sea, where deep water 230Th concentrations are a 
factor of - 2 lower than near Bermuda. Altema- 
tively, if the particle flux in this region was higher 

during glacial times. deep water ‘30Th would not 
change markedly in response to a decrease in NADW 
production (Fig. 3b). Excess sedimentary 13’Th and 

“’ Pa/ ‘30 Th ratios [ll in cores from the Labrador 
Sea may provide information on the timing of abrupt 
changes in NADW production in the past. 

5. Conclusions 

Advection is important in controlling the distribu- 

tion of the particle-reactive tracer ‘30Th in the deep 
ocean. This is particularly evident in ocean basins 

with short deep water residence times ( No < 100 yr), 
such as the north Atlantic and possibly ithe Arctic. 

Conversely, advective transport is expecte& to be less 

important for ‘jOTh in older deep waters] such as in 

the north Pacific. Thus, the large-scalei feature of 
relatively low and invariant “‘Th in the1 deep north 

Atlantic can be explained using a reversi d le scaveng- 
ing model that includes the effect of ~ventilation. 

Advective transport must also be impo ant in the 

redistribution of other long-lived 1 radionu lides, such 
as ‘“‘Pa, IhAl and “Be in the deep Atlantic. 
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