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Abstract

231Pa and 230Th concentrations were determined in filtered seawater and suspended particulate matter collected
from the Labrador Sea and the Equatorial and South Atlantic to constrain their application as tracers of
intermediate/deep water age and Atlantic thermohaline circulation. Distributions of total 231Pa and 230Th indicate the
influence of recently formed North Atlantic Deep Water, as evidenced by nearly invariant concentrations below
V1000 m in the Labrador Sea and increasing 231Pa and 230Th concentrations as deep waters progress southward from
northern source regions. Application of a scavenging^mixing model to both tracer distributions indicates an
intermediate/deep water age of 12 yr in the Labrador Sea and a V30^140 yr transit time to the low-latitude stations.
We attribute a striking increase in total 230Th in the Labrador Sea from 1993 to 1999 to aging of intermediate waters
as a consequence of the cessation of deep convection in the Labrador Sea since 1993. The temporal change in the
230Th age of these waters is consistent with the 6 yr time interval between the observations. The average particulate
231Pa/230Th activity ratio in the Labrador Sea and low-latitude deep waters is 0.0579 0.003, significantly below the
231Pa/230Th production ratio (0.093) and in agreement with excess 231Pa/230Th ratios in Holocene sediments
(0.0609 0.004) and sediment trap material (0.0349 0.012) from the Atlantic and model simulations. This observation
is consistent with the southward transport of deep water strongly attenuating boundary scavenging in the Atlantic. A
latitudinal dependence in particle fractionation of these tracers is also evident, with elevated fractionation factors
(FTh=Pa) observed near the Equator and South Atlantic gyre (V11) compared to low values in the Labrador Sea (V3)
and Southern Ocean (V2). There also exists a depth dependence in FTh=Pa, characterized by low values in surface
waters, a broad mid-depth maximum, and decreasing values towards the sea-floor. The latitudinal and depth
variations in FTh=Pa are suggested to reflect differences in the chemical composition of marine particles.
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1. Introduction

An understanding of the intermediate/deep
water age and circulation of the Atlantic is central
to constraining models of the strength of the glob-
al thermohaline circulation and climate change.
Several recent investigations have reported that
the particle-reactive radionuclides 231Pa (half-life
32.8 kyr) and 230Th (half-life 75.5 kyr), produced
uniformly by alpha decay of 235U and 234U, re-
spectively, may be used as tracers of intermediate/
deep water age [1^7] and the intensity of Atlantic
thermohaline circulation through the last glacial
termination [8,9]. In ocean basins such as the
northern Atlantic, where water mass residence
times are similar to the scavenging residence times
of 230Th (V20^40 yr) and 231Pa (V50^200 yr)
[10^13], the distributions of these tracers are par-
ticularly sensitive to deep water age [1,4,5^7].

The in£uence of newly formed North Atlantic
Deep Water (NADW) on the lateral redistribu-
tion of these tracers in the Atlantic has been sug-
gested based on low excess sediment 231Pa/230Th
ratios observed in both the interior basins and
oceans margins north of 50‡S [8,14]. Moreover,
low excess 231Pa/230Th ratios in Atlantic sediments
from the Holocene and the Last Glacial Maxi-
mum (LGM) have been interpreted as implying
a similar rate of NADW production during the
LGM [8]. This conclusion is in con£ict with
benthic N

13C and Cd/Ca data that point to a re-
duced production of NADW during the LGM
[15,16], though a recent analysis suggests that un-
certainties in sedimentary 231Pa/230Th ratios are
too large to rule out a 50% decrease in the
strength of the Atlantic thermohaline circulation
during the LGM [9].

In addition to their potential as tracers of water
mass age in the modern and last glacial Atlantic,
high-resolution down-core measurements of ex-
cess sediment 231Pa/230Th ratios may be able to
resolve abrupt changes (V500^1000 yr) in the
strength of NADW production, such as associ-
ated with the Younger Dryas and Heinrich events,

over the past V150 kyr [6,8,9]. A critical assump-
tion in the application of excess sediment 231Pa/
230Th as a tracer of past changes in Atlantic ther-
mohaline circulation is the existence of a constant
chemical fractionation of these tracers between
seawater and the solid phases that control their
scavenging removal. Evidence from laboratory ex-
periments [17] and ¢eld observations [14,18,19],
however, indicates that the chemical composition
of particles may signi¢cantly in£uence the solid-
solution partitioning of these tracers. A key ques-
tion is the extent to which geographical variations
in the chemical composition of particles may af-
fect 231Pa/230Th fractionation and hence their use
as a proxy of thermohaline circulation in the
modern and past Atlantic.

The application of 231Pa and 230Th as tracers of
the intensity of past changes in Atlantic inter-
mediate/deep water formation and circulation re-
quires a detailed understanding of their water col-
umn distributions and the processes controlling
them. In this work, we compare measurements
of dissolved and particulate 231Pa and 230Th
undertaken in 1999 in the Labrador Sea with re-
sults from proximal locations in this basin under-
taken in 1993 [6] and contrast them with measure-
ments in 1996 from the Equatorial and South
Atlantic. The water column 231Pa and 230Th
data provide a con¢rmation of sedimentary
231Pa/230Th ratios in the Atlantic [8], an improved
estimate of the export of 231Pa and 230Th from the
North Atlantic to the Southern Ocean, and fur-
ther support for their use as tracers of Atlantic
thermohaline circulation.

2. Methods

Seawater samples were collected at six stations
(IOC-6, 8, 10, RFZ, Amazon 1, 2) in the Equa-
torial and South Atlantic during May^June 1996,
as part of the 1996 Intergovernmental Oceano-
graphic Commission (IOC) Baseline Contami-
nants program. Samples were also collected
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from the central Labrador Sea (St. 93) in June^
July 1999, along the WOCE AR07W transect.
This station is located approximately 4‡ north of
St. 2 occupied in 1993 (Fig. 1), where high preci-
sion dissolved and particulate 230Th and 232Th
data have been reported [6].

Sampling was conducted using clean techniques
to minimize sources of contamination. Sample
manipulations at sea were conducted in a lami-
nar-£ow bench. In the Equatorial and South At-
lantic, seawater was collected using Go-Flo bot-
tles modi¢ed for trace metal sampling and
deployed on a Kevlar hydrowire, whereas a stain-
less steel hydrowire was used in the Labrador Sea.
Seawater was ¢ltered from the Go-Flo bottles us-
ing N2 over-pressure through either acid-cleaned
0.4-Wm, 90-mm diameter Te£on ¢lters (Equatorial
and South Atlantic), or acid-cleaned 0.4-Wm, 47-
mm and 142-mm diameter Nuclepore ¢lters (Lab-

rador Sea). Filters were held in te£on ¢lter hold-
ers. Filtered seawater samples (1^2 l) were stored
acidi¢ed. Filters containing particulate matter ¢l-
tered from 10^20 l of seawater were rinsed with
pH 8 Milli-Q water to remove salts and stored
frozen in plastic bags until further processing in
the shore-based laboratory.

The techniques used for chemical puri¢cation
of Pa and Th in ¢ltered seawater and particulate
samples have been previously described [5^7,20^
24]. 231Pa and 230Th abundances were quanti¢ed
using a Finnigan MAT 262 RPQ thermal ioniza-
tion mass spectrometer in pulse counting mode.
230Th and 232Th in particulate samples were also
measured using a Finnigan MAT ELEMENT sec-
tor-inductively plasma mass spectrometer with a
CETAC MCN-6000 desolvation nebulizer [23].
Chemical blanks for the dissolved fraction were
0.479 0.10 fg 230Th (2^20% of sample),
0.0169 0.016 fg 231Pa (1^20% of sample), and
2.409 0.50 pg 232Th (2^19%) [23,24]. For the par-
ticulate fraction, procedural blanks were:
0.459 0.09 fg 230Th, 0.0169 0.015 fg 231Pa, and
2.49 0.5 pg 232Th using Te£on ¢lters; 3.0 9 0.2
fg 230Th, 0.090 9 0.020 fg 231Pa, and 14.7 9 0.4
pg 232Th using 47-mm Nuclepore ¢lters, and;
3.09 0.2 fg 230Th, 0.150 9 0.020 fg 231Pa, and
539 3 pg 232Th using 142-mm Nuclepore ¢lters.
Uncertainties in the 231Pa, 230Th and 232Th data
were calculated at the 2c level and include correc-
tions for blanks, multiplier dark noise, abundance
sensitivity, and 231Pa, 230Th and 232Th in the re-
spective 233Pa and 229Th spikes.

3. Results

3.1. Labrador Sea

Hydrographic characteristics of the Labrador
Sea at St. 93 are illustrated in depth pro¢les of
salinity and dissolved silicate (Fig. 2). The surface
layer is characterized by minimum values in salin-
ity and silicate, which increase sharply with depth
to form subsurface maxima at V250 m. The in-
crease in salinity and silicate between V500^1900
m represents Labrador Sea Water (LSW). Below
the LSW is the more saline, nutrient rich, North-

Fig. 1. Map showing sampling stations occupied in the Lab-
rador Sea and Equatorial and South Atlantic. Samples were
collected in the Labrador Sea at St. 93 in 1999, and at St. 2
and St. 19 in 1993. Samples were collected from the Equato-
rial and South Atlantic in 1996.
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east Atlantic Deep Water (NEADW), which ex-
tends from V2200^3300 m and shows a slight
salinity and silicate maximum between V2900^
3100 m. The nutrient-depleted, low-salinity Den-
mark Strait Over£ow Water (DSOW) is evident
within the bottom V100 m.

Dissolved 231Pa and 230Th concentrations in the
Labrador Sea range from 0.66^1.28 fg/kg and
5.48^10.85 fg/kg, respectively (data may be ob-
tained from the Background Data Set1). Particu-
late 231Pa and 230Th represent 1^5% and 3^12% of
the respective dissolved concentrations, with the
exception of the bottom water sample where par-
ticulate 231Pa and 230Th increases to 16% and
21%, respectively, of the dissolved fraction. Verti-
cal pro¢les of dissolved 231Pa and 230Th concen-
tration are characterized by low values in the sur-
face waters and a progressive increase with depth
down to V1000 m (Fig. 2). Below this depth,
dissolved 231Pa and 230Th concentrations are es-
sentially invariant, except in the DSOW, which
has lower dissolved values. Particulate 230Th and
231Pa concentrations exhibit a slight increase with
depth throughout the water column.

3.2. Equatorial and South Atlantic

Salinity and dissolved silicate pro¢les for the

IOC-96 stations are plotted in Fig. 3. Stations
IOC-8 and IOC-RFZ (IOC station located at
the Romanche Fracture Zone) have salinity and
silicate distributions that essentially lie within
those described for IOC-6 and IOC-10 [25]. The
upper waters (6 500 m) are characterized by sa-
linity maxima and silicate minima. Salinity de-
creases and silicate increases below this depth
into the core of the Antarctic intermediate water
between V750^900 m. Circumpolar Deep Water
(CPDW) lies below these depths, as indicated by
the elevated silicate concentrations at 1500 m at
IOC-10 and V1000 m at IOC-6, 8 and RFZ.
Silicate concentrations are lower below CPDW,
due to the presence of NADW between 2200^
3200 m at IOC-10, 1600^4200 m at IOC-6,
1600^3500 m at IOC-8, and 1600^4000 m at
IOC-RFZ. In the deeper waters, high-silicate,
low-salinity Antarctic bottom water is clearly evi-
dent.
Dissolved 231Pa and 230Th concentrations

range from 0.33^3.95 fg/kg and 2.32^29.45 fg/
kg, respectively. Particulate 231Pa and 230Th rep-
resent V1^3% and V6^24% of the dissolved
concentration, except in the bottom waters at
IOC-10 (4350 m and 4500 m) where particulate
231Pa and 230Th increase to 9% and 40%, respec-
tively, of the dissolved fraction, possibly due to
sediment resuspension. Vertical pro¢les of dis-
solved 231Pa exhibit increasing concentrations
from the surface waters down to V1000^2000

Fig. 2. Depth pro¢les of salinity, dissolved silicate, and dissolved and particulate 231Pa and 230Th concentration in the Labrador
Sea.

1 http://www.elsevier.com/locate/epsl
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m (Fig. 3). Below this depth, dissolved 231Pa is
nearly constant down to V3000 m and then de-
creases toward the ocean bottom. Dissolved
230Th pro¢les are characterized by minimum val-
ues in the surface waters and a progressive in-
crease with depth to V2000 m. Below these
depths, dissolved 230Th concentrations exhibit
more variability between stations. Dissolved
230Th concentrations are invariant down to
4500 m at IOC-RFZ, whereas values tend to in-
crease down to 4000 m at IOC-10. At IOC-6,
dissolved 230Th exhibits a concave distribution
within the bottom 1500 m, whereas the reverse
is observed at IOC-8. Distributions of particulate
231Pa and 230Th essentially follow the distribution
of the respective dissolved fractions, though a
broad minimum is observed between V3500^
4500 m. Note that the high particulate 231Pa
and 230Th concentrations at 4350 m and 4500
m at IOC-10 are o¡-scale and not plotted in
Fig. 3.
Concentrations of 230Th are within the range

of measurements reported for the Norwegian Sea
[5], Labrador Sea [6], western North Atlantic
[26], and Southern Ocean [1], and with results
from GCM modeling of 230Th distributions in
the Holocene Atlantic [27]. Concentrations of
231Pa are slightly lower than or similar to values
reported for the Southern Ocean [1] and consis-
tent with recent results from the central Atlantic
[28].

3.3. Amazon plume particulate 231Pa and 230Th

Particulate 231Pa and 230Th concentrations de-
termined in the upper few hundred meters at sta-
tion Amazon-1 and 2 are similar to those deter-
mined at similar depths at stations further
o¡shore. No ¢ltered seawater samples were col-
lected at these stations. The upper waters at these
stations were reported to have characteristics (low
salinity, elevated silicate) indicative of a plume
originating from the Amazon River [25].

3.4. Dissolved and particulate 232Th

Dissolved and particulate 232Th concentrations
in the Labrador Sea and Equatorial and South
Atlantic range from 12.89^132.56 pg/kg and
5.30^148.6 pg/kg, respectively. Vertical pro¢les
of dissolved 232Th are similar at all stations occu-
pied, characterized by variable concentrations in
the surface waters, a slight mid-depth minimum,
and increasing values toward the ocean bottom
(Fig. 4). Depth pro¢les of particulate 232Th are
also similar for all stations occupied, though
they reveal less vertical structure. Particulate
232Th concentrations are generally higher at the
Amazon stations compared to similar depths fur-
ther o¡shore. The close range in concentration
and vertical structure observed for all 232Th pro-
¢les suggest that external contamination was in-
signi¢cant. This is important as 232Th is consider-

Fig. 3. Depth pro¢les of salinity, dissolved silicate, and dissolved and particulate 231Pa and 230Th concentration in the Equatorial
and South Atlantic.
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ably more di⁄cult to control for contamination
than 231Pa and 230Th, due to its external source
and higher crustal abundance. This also suggests
that contamination during sampling and ship-
board processing was not signi¢cant for 231Pa
and 230Th for the Labrador Sea and IOC-96 ex-
peditions, and that these data are directly compa-
rable from the standpoint of contamination.

4. Discussion

4.1. In£uence of intermediate/deep water age on
water column 231Pa and 230Th distributions

The factors a¡ecting the oceanographic distri-
butions of 231Pa and 230Th are in situ production,
scavenging removal by sinking particles, particle
composition, advection, di¡usion and water mass
age. Scavenging residence times of 230Th and
231Pa in deep waters are V20^40 yr and V50^
200 yr, respectively, which re£ects the lower par-
ticle reactivity of Pa (KdV105) compared to Th

(KdV106^107) [10^13]. The di¡erential scaveng-
ing residence times of these tracers give rise to
marked variations in their water column distribu-
tions and accumulation in the sediments, which
can vary signi¢cantly as a function of particle
£ux, particle composition and water mass age.

Thus, in ocean basins where intermediate and
deep water ages are in excess of several hundred
years, such as the Paci¢c, pro¢les of 230Th in-
crease with depth throughout the water column,
due to production from 234U and reversible ex-
change of 230Th between solution and sinking par-
ticles [10,29]. The concentration of total 230Th can
be modeled according to [10] :

Ct ¼
P
SK

z ð1Þ

where Ct is the total 230Th concentration, P is the
230Th production rate (PTh = 0.56 fg/kg/
yr = 2.8U1035 dpm/kg/yr), S is the particle-set-
tling rate (m/yr), K is the ratio of particulate to
total concentration, and z is the water depth

Fig. 4. Depth pro¢les of dissolved and particulate 232Th concentration in the Labrador Sea and Equatorial and South Atlantic.
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[10,29]. Lateral transport of 230Th via advection
and di¡usion is assumed to be negligible in this
case, and the £ux of 230Th to the sediments is
equal to its production rate in the overlying water
column [30]. This assumption has been made
when estimating the collection e⁄ciency of deep
ocean sediment traps [30^32].

Unlike 230Th, distributions of 231Pa exhibit a
greater degree of variability in older intermedi-
ate/deep waters and marked di¡erences from the
reversible-exchange scavenging model [13]. In the
Paci¢c, 231Pa concentrations increase down to
V1500^2000 m and are invariant below this
depth [13], whereas concentrations increase
throughout the water column in the Arctic Ocean
[2,3]. Departures from linearity re£ect the longer
scavenging residence time for 231Pa compared to
230Th, allowing lateral transport from oligotro-
phic central gyres to higher productivity regions
(upwelling areas, ocean margins) where 231Pa is
more e¡ectively scavenged from the water col-
umn.

In ocean basins where the water mass residence
time is similar to the scavenging residence times of
231Pa and 230Th, their distributions re£ect depar-
tures from scavenging models that predict a linear
increase with depth. In particular, the in£uence of
low water mass ages on the water column distri-
butions of 231Pa and 230Th in intermediate and
deep waters has been observed in Atlantic, Arctic
and Antarctic ocean basins [1^7,26,33]. In the
present study, a scavenging^mixing model can
be used to calculate water mass ages of recently
formed Labrador Sea intermediate/deep waters
and their transit time to the Equatorial and South
Atlantic regions [6,7]. The material balance for
total 230Th or 231Pa (Ct) at steady-state is [1,6,7],

Ct ¼ ðPdw þ CiÞð13e3z=dwSKÞ ð2Þ

where Ci is the initial 230Th or 231Pa concentration
in northern source waters, dw is the water mass
age, PPa = 0.0217 fg/kg/yr (2.33 U1036 dpm/kg/
yr), and the other variables are as described
above. The initial 230Th concentration was set at
4.5 fg/kg, based on previous measurements from
the Denmark Strait over£ow waters [5]. Direct
measurements of 231Pa have not been reported

for the Denmark Strait and Iceland^Scotland
over£ow waters, and CPa

i was set at 1 fg/kg, based
on the concentration in the Labrador Sea (Fig. 2)
at depths similar to the over£ow sill depth of 500
m. The 231Pa concentration in newly formed over-
£ow waters is likely to be a reasonable estimate,
though this remains to be con¢rmed. Model pro-
¢les of total 231Pa and 230Th were calculated for
each station using the average measured KPa and
KTh values and an estimated particle settling rate
of S=500 m/yr, which is within the range of re-
ported values [1,4,6,10,13,29].

This simple model (Eq. 2) describes a one-di-
mensional system, an ocean water column, and
considers reversible scavenging of 231Pa and
230Th and water mass age. In applying the model
to the Atlantic, the assumption is that the system
starts at time t=0 in the northern source waters
and moves southward with time. Note that the
term ‘mixing’ in the scavenging^mixing model is
intended to represent the net e¡ect of the aging of
the water mass, which occurs via advection and
di¡usion during southward transit. The model de-
scribes the steady-state situation at a point along
a pipe-£ow reactor, where transport of material
normal to the £ow is permitted and represents
the e¡ect of scavenging removal of 231Pa and
230Th by sinking particles. The vertical pro¢les
of 231Pa and 230Th along the £ow path re£ect
the net imbalance between production by U decay
and removal by scavenging in the presence of a
steady unidirectional transport. Lateral exchange
with water outside of the one-dimensional system
is not permitted. Eq. 2 is intended to be used to
evaluate the large-scale e¡ects of reversible scav-
enging and water mass age on intermediate/deep
water distributions of total 231Pa and 230Th. This
model, with lateral £ushing of Atlantic deep water
from a northern source, would not reproduce ¢ne-
scale features above the main thermocline [6].
Rather, the primary purpose of this model is to
illustrate the e¡ect of particle scavenging and
water mass age on 231Pa and 230Th distributions
in the intermediate/deep Atlantic.

In the Atlantic, water mass ages calculated us-
ing 231Pa and 230Th distributions provide a mea-
sure of the average transit time of 231Pa and
230Th-depleted surface waters injected from the
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over£ow regions into the deep waters. In this case,
the 231Pa^230Th water mass age can approximate
a ventilation age as determined using tracers such
as CFC’s and He/3H ratios, which are established
solely by the time elapsed since contact with the
atmosphere. Furthermore, while tracer ages deter-
mined using CFC’s, He/3H ratios and 231Pa/230Th
are intended to provide a measure of the timescale
of water mass movement, all are complicated by
mixing. Finally, it is important to recognize that,
because 231Pa and 230Th are particle-reactive and
hence non-conservative in the oceans, these water
mass tracer ages may deviate from air^sea inter-
action tracers of ventilation as a result of any
large-scale scavenging removal that may occur
(e.g., near upwelling areas and ocean boundaries)
during southward transport.

4.2. Constraints on water mass age in the Atlantic

Before comparing the model results with the
230Th observations in the Labrador Sea, it is im-
portant to consider the hydrographic properties at
the station locations occupied in 1993 and 1999
(Fig. 5). In 1993, 230Th samples were collected at
St. 2 [6], which is approximately 4‡ south of St. 93
in 1999. Pro¢les of salinity and silicate at St. 2
and St. 93 as well as St. 19 in 1993, the same

location as St. 93, are virtually identical ; the
only slight di¡erence is silicate in NEADW.
Thus, the water masses sampled in 1993 and
1999 are regarded as the same with respect to
their hydrographic properties.

This is not the case for CFC-11 concentrations,
which are low (and similar) at St. 2 and St. 19 in
1993 compared to higher values in both LSW and
NEADW at St. 93 in 1999 (Fig. 5). The atmo-
spheric input function for CFC-11 increased al-
most linearly with time between 1970 and 1990
and has remained relatively constant since the
early 1990’s. Active convection in the Labrador
Sea in 1993^94 resulted in ventilation of the water
column to a depth of 2200 m. This eliminated the
vertically decreasing CFC-11 concentration gra-
dient that had been previously established in the
upper 2000 m during previous years of reduced
convection. Between 1993^94 and 1999, convec-
tion was limited to the upper 1500 m (referred
to as ‘new’ LSW) and CFC-11 levels in this water
mass gradually increased as they equilibrated with
atmospheric levels [34]. CFC-11 levels in ‘old’
LSW (1500^2300 m) remained relatively constant
at levels consistent with the 1993^94 period of
intense convection. Azetsu-Scott et al. [34] have
estimated ventilation ages, based on CFC-12 dis-
tributions (80% saturation) for ‘new’ and ‘old’

Fig. 5. Depth pro¢les collected in 1993 and 1999 in the Labrador Sea of salinity, silicate, CFC-11 and total 230Th concentration
compared with the scavenging^mixing model (Eq. 2).
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LSW, to be 2 yr and 8 yr, respectively. Azetsu-
Scott et al. [34] have also estimated mean CFC-12
ventilation ages (80% saturation) of 21 yr and 15
yr for NEADW and DSOW, respectively, in the
Labrador Sea. The 1993^99 increase in the CFC-
11 concentrations in both water masses can be
attributed to the increase in the CFC-11 atmo-
spheric input function during the 1970’s [35].

Thus, the CFC data are interpreted as indicating
that deep water in 1999 was six years older than
in 1993, implying a full stop of deep convection in
1993.
Distributions of 230Th also exhibit a striking

increase throughout the water column between
1993 and 1999 (Fig. 5). 230Th distributions for
1993 and 1999 have been simulated using the
average measured values KTh = 0.067 [5] and
KTh = 0.055 and deep water ages of dw = 6 years
and dw = 12 yr, respectively. The good agreement
between the model and experimental results sug-
gests that the absence of deep convection in LSW
between 1993 and 1999 is equivalent from a mod-
eling perspective to an increase in the water mass
age from 6 yr to 12 yr. There is no evidence
indicating that ventilation ages in NEADW
changed signi¢cantly between 1993 and 1999,
yet the 230Th concentration between 2400 m
and 3000 m increased markedly during this peri-
od. Despite having a relatively old ventilation
age, however, NEADW has probably been in
recent contact with slope sediment regimes dur-
ing its transport through the Irminger Sea.
Therefore, the 230Th concentration of NEADW
is constrained both by recent boundary scaveng-
ing and equilibration with particles settling from
the overlying LSW. 230Th concentrations in
DSOW also re£ect a balance between recent con-

Fig. 6. Depth pro¢le of total 231Pa collected in 1999 in the
Labrador Sea compared with the scavenging^mixing model
(Eq. 2).

Fig. 7. Depth pro¢les of total 231Pa and 230Th concentration in the Equatorial and South Atlantic compared with the scaveng-
ing^mixing model (Eq. 2) for dw = 30, 60, 100 and 140 years. Solid bold line is the linear increase in concentration with depth cal-
culated assuming no advection.
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tact with continental margin sediments and ex-
change with settling particles.

The vertical distribution of total 231Pa in the
Labrador Sea is also consistent with the calcu-
lated pro¢le using the model parameters noted
above, an average measured KPa = 0.025, and a
water mass age of 12 yr (Fig. 6). The agreement
between the water mass ages calculated using
231Pa and 230Th is encouraging, considering the
di¡erent particle reactivity of these tracers. As
noted above, these ages are consistent with
CFC-12 ventilation ages for ‘new’ and ‘old’
LSW estimated by Azetsu-Scott et al. [34]. In ad-
dition, and unlike 230Th, the low total 231Pa con-
centration in the bottom water is consistent with
the presence of younger Denmark Strait over£ow
water [34].

In the Equatorial and South Atlantic, calcu-
lated pro¢les using the scavenging model alone
reproduce the observed increase in 231Pa and
230Th concentration down to V1500^2000 m us-
ing the average measured KPa and KTh values of
0.018 and 0.14, respectively (Fig. 7). Also, the
agreement between the observations and model
calculations in this depth range supports our use
of S=500 m/yr. Below these depths, the distribu-
tions of 231Pa and 230Th depart from the scaveng-
ing model prediction of a linear increase with
depth. Application of the scavenging^mixing
model (Eq. 2) is consistent with the majority of
the 231Pa and 230Th data. The low 230Th values at
IOC-6 and IOC-8 between V3500^4500 m most
likely re£ect the presence of multiple water masses
that cannot be modeled as coming from a single
source. Smethie et al. [36] have reported elevated
CFC-11 concentrations between 3500 m and 4500
m on a section (J) close to IOC-6 associated with
the presence of a mixture of NEADW and DSOW
having a ventilation age of the order of 30^40 yr,
values signi¢cantly lower compared to those of
overlying waters.

The model results indicate a V30^140 yr tran-
sit time from the northern source waters to this
region of the western Atlantic (Fig. 7). Broecker
et al. [37] reported radiocarbon measurements
from V40‡N to 30‡S that indicate rapid ventila-
tion of the western Atlantic and comparatively
slower penetration of 14C into the interior of the

basin. Their contoured ventilation ages for loca-
tions corresponding to our stations are between
80^160 yr, in good agreement with our results.

4.3. Meridional transport of 231Pa and 230Th in the
Atlantic

Yu et al. [8] estimated that 51% of the 231Pa
and 11% of the 230Th produced in the water col-
umn north of 25‡N in the Atlantic was trans-
ported southwards by advection. This calculation
was based on unpublished water column 231Pa
data and two low-resolution 230Th pro¢les near
the Nares and Hatteras Abyssal Plains [26]. A
revised estimate of this transport can be made
using our measured dissolved 231Pa and 230Th
concentrations and the volume transports of
19.26 Sv northward above 1050 m and 19.17 Sv
southward below 1050 m [8]. This calculation as-
sumes no signi¢cant horizontal gradient in dis-
solved 231Pa and 230Th concentration between
25‡N and the Equatorial and South Atlantic sta-
tions, which is reasonable considering the lack of
any substantial horizontal gradients in the dis-
solved tracer pro¢les for the IOC-96 stations.
This would further imply little change in water
mass age within the latitudinal gradient from
25‡N to 33‡S.
Using our average measured dissolved 230Th

concentration of 6.5 fg/kg above 1050 m and
13.5 fg/kg below 1050 m, results in a transport
of 1.33U1011 fg/s. This compares with a produc-
tion rate of 1.37U1012 fg/s for the volume of
seawater north of 25‡N (7.7U1016 m3), implying
a net southward transport of 10% of the 230Th
produced and the remaining 90% removed by
scavenging to the underlying sediments. For
231Pa, using our average measured dissolved
231Pa concentration of 1.1 fg/kg above 1050 m
and 3.0 fg/kg below 1050 m results in a transport
of 3.6U1010 fg/s, which corresponds to 68% of
the 231Pa produced north of 25‡N (5.3U1010

dpm/s). Our results, based on direct measurement
of these tracers in the water column, are consis-
tent with Yu et al. [8] with respect to 230Th, and
suggest a V17% upwards revision for the net
southward meridional transport of 231Pa in the
Atlantic.
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4.4. Implications for boundary scavenging in the
Atlantic

The mass £ux of particles and di¡erential resi-
dence times of 231Pa and 230Th strongly in£uence
the 231Pa/230Th deposition ratio in underlying
sediments on a basin-wide scale. The extent of
preferential lateral transport of less particle-reac-
tive 231Pa from low particle £ux central gyres and
eventual deposition in high particle £ux areas
(e.g., ocean margins and upwelling areas), referred
to as boundary-scavenging [38,39], will also be a
function of the age of intermediate/deep waters.
In the relatively old deep waters of the Paci¢c,
enhanced lateral transport of 231Pa over 230Th
combined with scavenging removal from high par-
ticle £ux regions results in excess sediment 231Pa/
230Th ratios that may exceed the production ratio
(0.093) [13,40]. This observation has led to the
application of excess sediment 231Pa/230Th as a
paleoproductivity index [41^46]. In the Atlantic,
the residence time of intermediate/deep waters is
similar to 231Pa, and the net southward transport
of this tracer has been suggested [7,8] to limit the
preferential accumulation of 231Pa in high particle
£ux regions and hence the magnitude of excess
sediment 231Pa/230Th ratios in this basin.

The distributions of dissolved and particulate
231Pa and 230Th provide constraints on the extent
of boundary scavenging in the Atlantic, which has
implications for the use of excess sediment 231Pa/
230Th as a tracer of past changes in the strength of
Atlantic thermohaline circulation. Dissolved
231Pa/230Th ratios show no clear trend with lati-
tude (Fig. 8a), with low and nearly uniform values
evident in the Labrador Sea (V0.25), more scat-
tered values in the Equatorial and South Atlantic
(0.2^0.65), and decreasing values across the Ant-
arctic Polar Front into the Southern Ocean
(V0.3). These results indicate that dissolved
231Pa/230Th ratios are elevated prior to southward
transport to the Southern Ocean [14,18,31,32].

In contrast to the dissolved data, particulate
231Pa/230Th ratios exhibit a strong latitudinal gra-
dient (Fig. 8b), and more tightly constrained val-
ues within a station. Low particulate 231Pa/230Th
ratios are observed in the Labrador Sea and the
Equatorial and South Atlantic gyre extending

down to 50‡S, where they increase sharply across
the Antarctic Polar Front (Fig. 8b). The average
231Pa/230Th activity ratio measured on all partic-
ulate samples from the Labrador Sea and IOC
stations is 0.0579 0.003, well below the 231Pa/
230Th production ratio (0.093) and in excellent
agreement with low excess 231Pa/230Th ratios in
Holocene sediments (0.0609 0.004) [8] and sedi-
ment trap material (0.0349 0.012) [31] from the
Atlantic. The latitudinal variation in particulate
231Pa/230Th ratios is also consistent with ocean
circulation-biogeochemistry model simulations of
sedimentary 231Pa/230Th ratios [9], though our

Fig. 8. Latitudinal dependence of (a) dissolved and (b) par-
ticulate 231Pa/230Th ratios in Atlantic intermediate and deep
waters (1500 below surface, 500 m above ocean bottom). Tri-
angles from Walter et al. [14].
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water column data are insu⁄cient to resolve the
elevated sediment 231Pa/230Th ratios (V0.1) pre-
dicted for the Equatorial region (10‡S^10‡N).

Although no sediment 231Pa/230Th ratios have
been reported for the Labrador Sea, our water
column particulate data con¢rm that the low sedi-
mentary 231Pa/230Th ratios observed between
V50‡S^45‡N [8,14] also hold for the Labrador
Sea. It is important to obtain sedimentary 231Pa/
230Th ratios where such data coverage is presently
lacking; speci¢cally, along the £ow path of newly
formed NADW, extending from the northern
over£ow waters, through the Labrador Sea and
down to V40‡N. This northern North Atlantic
regime, rather than the entire Atlantic basin [8],
is where excess sediment 231Pa/230Th ratios are
expected to be most responsive to changes in
NADW production [7,9] and potentially resolve
variations in the strength of NADW production
through the last glacial termination.

An implication of the low water column partic-
ulate 231Pa/230Th ratios, which are well below the
production ratio, is that boundary scavenging is
indeed weakly expressed in the Atlantic [8,14,31].
Although it is possible that excess sediment 231Pa/
230Th ratios may be similar to, or exceed, the pro-
duction ratio in certain locations where boundary
scavenging may be enhanced, such as the high
productivity upwelling area o¡ northern West
Africa [8,9], these areas are very small and pres-
ently there is little evidence to suggest that this is
the case. Also, our water column data are from
regions more centrally located in the Atlantic, not
from boundary areas. It is important to collect
dissolved and particulate 231Pa and 230Th data
from ocean margin regions to con¢rm that
boundary scavenging is in fact suppressed
throughout the entire Atlantic, as there may be
undiscovered areas where there is a sink for
231Pa other than the Southern Ocean. On a ba-
sin-wide scale, however, our water column data
are consistent with the conclusion that the south-
ward transport of newly formed NADW evidently
limits the extent to which 231Pa and 230Th can be
transported laterally by eddy di¡usion from the
low productivity central gyres to high particle
£ux marginal and upwelling regions.

In essence, the steady southward £ow of

NADW means that the Southern Ocean e¡ec-
tively becomes the ‘boundary’ at which Atlantic
230Th and 231Pa are removed. A key factor is that
the residence time of Atlantic intermediate/deep
waters (V100 yr [34]) and the timescale for lateral
basin-wide mixing via eddy di¡usion (V100 yr
[8,47]) are similar to the scavenging residence
time of 231Pa (V50^200 yr). Based on our water
column data, whereas only V10% of the more
particle-reactive 230Th produced in the Atlantic
is exported in southward £owing deep water [8],
well over half (68%) of 231Pa produced in situ is
transported to the Southern Ocean. The south-
ward transport of NADW is evidently of greater
importance than scavenging in removing 231Pa
from the Atlantic water column down to
V50‡S. There is therefore insu⁄cient time for
boundary scavenging to be fully expressed in the
Atlantic, which is in marked contrast to the Pa-
ci¢c [40].

4.5. E¡ect of particle composition on 231Pa/230Th
ratios

Particle composition can strongly in£uence par-
ticulate 231Pa/230Th ratios in the water column
and underlying sediments and, hence, interpreta-
tions of boundary scavenging and past changes in
deep water age [1,11,12,14,17^19]. An important
question is the extent to which variations in par-
ticulate and excess sedimentary 231Pa/230Th ratios
may re£ect the di¡erential adsorption of Pa and
Th on particles of di¡erent geochemical composi-
tion as opposed to simply the total mass £ux of
particles. The extent to which particle composi-
tion may play a role in fractionating 231Pa and
230Th can be quanti¢ed using the fractionation
factor FTh=Pa :

FTh=Pa ¼
ð230Th=231PaÞpart
ð230Th=231PaÞdiss

ð3Þ

Thus, our direct measurements of dissolved and
particulate 231Pa and 230Th concentration can be
used to gain further insight regarding the impor-
tance of particle geochemistry in controlling the
latitudinal variation in 231Pa/230Th ratios in the
water column as well as recorded in Atlantic sedi-

EPSL 6409 21-10-02

S.B. Moran et al. / Earth and Planetary Science Letters 203 (2002) 999^10141010



ments [8,14]. As observed for particulate 231Pa/
230Th ratios, there is a marked latitudinal depen-
dence in particle fractionation of these tracers
(Fig. 9). Elevated fractionation factors (FTh=Pa)
are observed near the Equator and South Atlantic
gyre (V12), whereas much lower values are evi-
dent in the Labrador Sea (V3) and Southern
Ocean (V2).

The latitudinal variations in FTh=Pa clearly indi-
cate variable particle fractionation of 231Pa and
230Th, with more pronounced fractionation in
the low-latitude regions (Fig. 9). These results
can only be attributed to changes in the geochem-
ical composition of the particulate matter control-
ling the removal of these tracers. Fractionation
factors from laboratory experiments designed to
investigate the adsorption of Th and Pa on di¡er-
ent particle types in seawater indicate FTh=PaV1^2
for Fe2O3, silica and MnO2, and V9^12 for
Al2O3 and natural lithogenic sediments [17]. By
comparison, the observed particle fractionation
of 231Pa and 230Th in the Equatorial and South
Atlantic (FTh=PaV12) is consistent with the pre-
dominantly lithogenic £uxes that characterize the
majority of the Atlantic. The lack of fractionation
between the particulate and dissolved phases
south of the Antarctic Polar Front (FTh=PaV2)
has been suggested to be due to a greater propor-

tion of silica (opal) in the Southern Ocean [14].
The Labrador Sea is also characterized by re-
duced fractionation (FTh=PaV3), which indicates
a change in particle geochemistry in this region,
as opposed to a mass £ux, since only the former
can a¡ect the fractionation factor. This striking
observation may be a result of a higher propor-
tion of diatoms, which generally increase with in-
creasing primary productivity [48], and primary
productivity was elevated in the upper 50 m dur-
ing sampling in 1999 (V1^2.5 mmol C m33

day31 ; G. Harrison, personal communication).
Although we lack information on the silica con-
tent of these particles, inspection of the ¢lters
from the surface waters indicated the presence
of diatom chains, suggesting that our sample col-
lection coincided with a diatom bloom.

There also exists a marked depth dependence in
FTh=Pa, characterized by low values in the surface
waters, a broad mid-depth maximum, and de-
creasing values towards the sea £oor (Fig. 10).
These results may re£ect changes in the chemical
composition of the particles which scavenge 231Pa
and 230Th as they settle though the water column.
This may be related to changes in particle geo-
chemistry, or possible depth variations in particle
remineralization. This suggestion is valid provided

Fig. 9. Latitudinal dependence of 231Pa/230Th fractionation
factor (FTh=Pa) in Atlantic intermediate (1500 below surface)
and deep waters (500 m above ocean bottom). Open triangles
from Walter et al. [14].

Fig. 10. Depth dependence of 231Pa/230Th fractionation factor
(FTh=Pa) in the Labrador Sea and Equatorial and South At-
lantic.
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that there exists an equilibrium exchange between
dissolved and particulate forms with depth, as ki-
netic factors could decouple FTh=Pa from its local
equilibrium value. Additional elemental analyses
(e.g., Fe, Al, Mn, Si, Ca) should provide further
insights regarding the relationship between par-
ticle geochemistry (lithogenic vs. biogenic) and
variations in the FTh=Pa ratio of settling particles.

5. Conclusions

High precision water column measurements of
dissolved and particulate 231Pa and 230Th in the
Atlantic clearly indicate the importance of ther-
mohaline circulation in controlling these tracers
as they evolve in newly formed, southward £ow-
ing, intermediate/deep waters. Comparison of
231Pa and 230Th observations from 1993 and
1999 in the Labrador Sea con¢rms the changes
in ventilation in this basin documented using
CFC-11. The increase in total 230Th in the Lab-
rador Sea from 1993 to 1999 is consistent with
aging of intermediate waters as a consequence of
the cessation of deep convection in the Labrador
Sea since 1993. Both 231Pa and 230Th tracer dis-
tributions indicate an intermediate/deep water age
of 12 yr in the Labrador Sea and a 30^140 yr
transit-time to low-latitude regions, consistent
with CFC and bomb 14C tracer distributions.
The corresponding 231Pa^230Th water mass age
estimates provide strong support for the use of
these radionuclides as tracers of past changes in
Atlantic thermohaline circulation.

The water column 231Pa and 230Th data provide
a con¢rmation of the excess sediment 231Pa/230Th
data in the Atlantic [8] and an improved estimate
of the export of 231Pa and 230Th from the North
Atlantic to the Southern Ocean. Average water
column particulate 231Pa/230Th ratios are signi¢-
cantly below 231Pa/230Th production ratio and in
excellent agreement with excess 231Pa/230Th ratios
in Holocene (and LGM) sediments [8,14] and
sediment trap material [31] in the Atlantic and
model simulations [9]. On a basin-wide scale,
water column particulate and sedimentary 231Pa/
230Th ratios are consistent with the conclusion
that the southward transport of newly formed

NADW evidently limits the extent to which
231Pa and 230Th distributions are a¡ected by lat-
eral di¡usion to the ocean margins. An implica-
tion is that the southward transport of deep water
strongly attenuates boundary scavenging in the
Atlantic and that 231Pa/230Th responds to changes
in thermohaline circulation in this basin. In this
regard, additional sedimentary 231Pa/230Th data
should be obtained along the £ow path of newly
formed NADW, extending from the northern
over£ow waters through the Labrador Sea and
down to V40‡N. This northern Atlantic regime,
rather than the entire Atlantic basin [8], is where
excess sediment 231Pa/230Th ratios are expected to
be most responsive to changes in NADW produc-
tion [7,9] and potentially resolve variations in the
strength of NADW production through the last
glacial termination [8,9,15,16].

Particle fractionation of 231Pa and 230Th is
clearly evident in the Atlantic and exhibits
marked latitudinal and depth variations. The
water column data from the Labrador Sea indi-
cate that fractionation factors (FTh=Pa) in this
northern latitude basin can reach values as low
as observed in the Southern Ocean, providing a
new view of the extent of inter-basin variations in
231Pa/230Th fractionation. These results can only
be attributed to changes in the geochemical com-
position of the particulate matter controlling the
removal of these tracers. Down-core variations in
231Pa/230Th fractionation can potentially compli-
cate the application of sedimentary 231Pa/230Th as
a tracer of past changes in Atlantic thermohaline
circulation. Further studies are required to better
constrain the relationship between particle geo-
chemistry (lithogenic vs. biogenic) and variations
in the FTh=Pa ratio of settling particles.
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