GEOPHYSICAL RESEARCH LETTERS, VOL. 28, NO. 18, PAGES 3437-3440, SEPTEMBER 15, 2001

Constraints on deep water age and particle flux in the
Equatorial and South Atlantic Ocean based on seawater

B1pa and *°Th data

S. B. Moran', C.-C. Shen?, S. E. Weinstein', L. H. Hettinger’, J. H. Hoff’,

H. N. Edmonds* and R. L. Edwards®

Abstract. High-precision measurements of *'Pa and *°Th in
filtered seawater and suspended particulate matter samples are
reported for the Equatorial and South Atlantic. Distributions
of 2'Pa and *°Th clearly indicate the influence of advection,
as evidenced by departures from scavenging models that
predict a linear increase with depth for these tracers.
Application of a scavenging-mixing model implies a deep
water transit time of ~60-100 years from the northern source
water regions. The average particulate 'Pa/>°Th activity
ratio is 0.0498 = 0.0160, a factor of ~2 lower than the
B1pa/»OTh production ratio of 0.093 and in agreement with
reported excess *'Pa/>*"Th ratios of 0.06 + 0.004 in Holocene
sediments north of 50°S in the Atlantic. These water column
data further suggest that lateral eddy diffusive transport
combined with enhanced scavenging in high-particle flux
marginal regions (boundary scavenging) is weakly expressed
in the Atlantic. Particle fractionation of these tracers is also
indicated by the elevated fractionation factors of Frup, = 4.32-
24.04 (ave. = 9.97 = 4.98) compared to values of ~1-4 in the
Southern Ocean.

Introduction

Sediment studies of the particle-reactive radionuclides
B1pa (half-life 32 kyr) and 2°Th (half-life 75 kyr), produced
by decay of 5y and 'y, respectively, have provided new
insights into the mode of deep water circulation in the
modern and last-glacial Atlantic [Yu et al.,, 1996]. In contrast
to the Pacific [Nozaki and Nakanishi, 1985; Yang et al., 1986],
the importance of horizontal advection in redistributing these
long-lived tracers in the Atlantic is indicated by low excess
sediment 'Pa/*°Th ratios in both the interior basins and
oceans margins north of 50°S [Yu et al,, 1996]. The apparent
suppression of boundary scavenging in the Atlantic borne
out by the sediment *'Pa/>*°Th ratios has been interpreted as
reflecting a similar rate of North Atlantic Deep Water
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production during the last glacial period.

An important gap in our understanding of excess sediment
B1pa/BOTh as a tracer of the large-scale deep water circulation
in the modern and last-glacial Atlantic is the paucity of
seawater 2°Th and *'Pa data [Cochran et al., 1987; Rutgers
van der Loeff and Berger, 1993; Moran et al,, 1995, 1997;
Vogler et al., 1998; Walter et al., 1997]. Water column
distributions of dissolved and particulate *'Pa and *°Th and
particulate 2*'Pa/>*°Th ratios in the contemporary Atlantic are
required to constrain the importance of advection and particle

fractionation [Walter et al., 1997] for these tracers and hence
their use as a proxy for present and past changes in deep water
age. In this study, measurements of *'Pa and *°Th in filtered
water and suspended particulate matter from the Equatorial
and South Atlantic are used to constrain the role of advection
and scavenging in controlling the distribution of these
tracers as they evolve in recently formed, southward flowing,
deep waters.

Methods

Filtered seawater and suspended particulate matter samples
were collected in the Equatorial (St. 6; 8°N, 45°W) and South
Atlantic (St. 10; 33°S, 40°W) during May-June, 1996.
Seawater was collected using Go-Flo bottles modified for
trace metal sampling and deployed on a Kevlar hydrowire.
Seawater was filtered directly from the Go-flo bottles using
N2 over-pressure through acid-cleaned 0.4-pm, 90-mm
diameter, Teflon filters held in teflon filter holders. Filtered
seawater samples (1-2 liters) were stored acidified. Filters
containing particulate matter were rinsed with Milli-Q water
and stored frozen.

Chemical purification of Pa and Th was conducted using
previously described clean techniques [Chen et al., 1986;
Edwards et al., 1987, 1997; Moran et al., 1995, 1997; Shen et
al., 2000, 2001]. *'Pa and *°Th abundances were quantified
using a Finnigan MAT 262 RPQ thermal ionization mass
spectrometer in pulse counting mode. Th was also
quantified for particulate samples using a Finnigan MAT
ELEMENT sector-inductively plasma mass spectrometer and a
CETAC MCN-6000 desolvation nebulizer. Chemical blanks
were 0.47 + 0.1 fg for 2°Th (2-20% of sample) and 0.016 +
0.016 fg for »'Pa (1-20% of sample) [Shen et al., 2000].
Uncertainties in the *'Pa and **°Th data were calculated at the
20 level and include corrections for blanks, multiplier dark
noise, abundance sensitivity, and Blpg and ®°Th in the
respective 2*Pa and **Th spikes.
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Fig. 1  Depth profiles of salinity, dissolved silicate, and dissolved and particulate *'Pa and *‘Th
concentration in the Equatorial Atlantic (e, St. 6) and South Atlantic (O, St. 10).
Results Sea [Moran et al., 1997], western North Atlantic [Cochran et

Hydrographic characteristics of St. 6 and St. 10 are
illustrated in depth profiles of salinity and dissolved silicate
(Fig. 1). As discussed by Cutter and Measures [1999], high-
silicate, low-salinity Antarctic Bottom Water (AABW) is
evident in the depth range 3950-4460 m at St. 10 and within
the bottom 100 m at St. 6. Silicate concentrations are lower
above these depths, due to the presence of North Atlantic
Deep Water (NADW) between 2200-3200 m at St. 10 and
1600-4200 m at St. 6. Circumpolar Deep Water (CPDW) lies
above these depths, as indicated by the elevated silicate
concentrations at 1500 m at St. 10 and 1000 m at St. 6.
Salinity decreases above this depth into the core of the
Antarctic Intermediate Water (AAIW) between ~750-900 m.
The uppers waters (<500 m) at St. 6 and St. 10 are
characterized by a salinity maximum and silicate minimum.

Dissolved *'Pa and **°Th concentrations (Table 1) range
from 0.33-3.61 fg/kg and 2.32-23.88 fg/kg, respectively, and
particulate *'Pa and °Th represent approximately 1-2% and
6-20% of the dissolved concentration. The one exception is
the sample from the bottom waters at St. 10 (4350 m), where
particulate *'Pa and *°Th represent, respectively, 9% and 40%
of the dissolved fraction, presumably reflecting the
importance of resuspended sediment.

Vertical profiles of dissolved °Th concentration are
characterized by minimum values in the surface waters and a
progressive increase with depth to levels of ~15 fg/kg at 2550
m (St. 6) and ~20 fg/kg at 3330 m (St. 10). Below these
depths, 2°Th concentrations are increasingly invariant. This
is most evident at St. 6, and indeed dissolved **°Th exhibits a
concave distribution within the bottom 1500 m. Dissolved
Blpa profiles exhibit increasing concentrations from the
surface waters down to ~1000-1500 m. Below this depth,
dissolved *'Pa levels are nearly constant and then decrease
slightly toward the ocean bottom. As with the-distribution of
dissolved #°Th, dissolved 2'Pa concentrations are lower
within the bottom ~1500 m at St. 6 compared to values
downstream at St. 10. Distributions of particulate >°Th and
Blpa concentration closely follow the distribution of the
respective dissolved fractions.

20Th concentrations are within the range of measurements
reported for the Norwegian Sea [Moran et al., 1995], Labrador

al., 1987], and the Southern Ocean [Rutgers van der Loeff and
Berger, 1993]. Concentrations of »*'Pa are slightly lower than,
or similar to, values reported for the Southern Ocean [Rutgers
van der Loeff and Berger, 1993]. There are no published
Atlantic »*'Pa data north of the stations occupied in this study
to compare with our results.

Discussion

The distributions of ®'Pa and *'Th clearly indicate
departures from scavenging models that predict a linear
increase with depth for these tracers. In the case of 2*Th, the
majority of oceanographic profiles show an increase with
depth throughout the water column, due to production from
24U and reversible exchange of “°Th between solution and
sinking particles [Bacon and Anderson, 1982; Nozaki et al., "
1987; Cochran et al., 1987; Rutgers van der Loeff and Berger,
1993].  These distributions can be explained using a
reversible exchange model of Th scavenging [Bacon and
Anderson, 1982; Nozaki et al., 1987]. Neglecting diffusive
and advective transport, the concentration of total 2Th is
given by C, = (PmwSKm)z, where C; is the total 2°Th
concentration, Pr is the *°Th production rate (Pm = 0.56
fg/kg/y = 2.8 x 107 dpm/kg/y), S is the particle settling rate
(m/y), Kry is the ratio of particulate to total concentration, and
z is water depth. This model has also been applied to *'Pa
[Nozaki and Nakanishi, 1985], however, distributions of Blpy
typically exhibit a greater degree of variability, ranging from
relatively constant values below 1500-2000 m in the Pacific
[Nozaki and Nakanishi, 1985] to profiles that increase
throughout the water column in the western Arctic [Edmonds
et al., 1998].

Several recent water column studies conducted in the North
Atlantic indicate the importance of horizontal advection in

controlling the distribution of °Th in recently formed deep
waters. Moran et al. [1997] applied a scavenging-mixing
model originally developed by Rutgers van der Loeff and
Berger [1993] to explain the low and invariant BoTH
concentrations in the Labrador Sea and Norwegian Sea [Moran
et al., 1995], and Vogler et al. [1998] extended this to include
results from the eastern North Atlantic. This model can be
used to describe the large-scale deep water distributions of



Table 1. Salinity, silicate, >*'Pa and *Th concentrations, and F p,z; factors in the Equatorial and South Atlantic.

Depth Salinity Silicate  Diss. *'Pa Part. *'Pa Diss. *°Th Part. ®°Th F rwea
(m) (psw) (M) (fg/keg) (fg/kg) (fo/kg) (fg/kg)

10C-6, 8°N, 45°W

40 36.046 1.20 0.64 + 0.04 0.0121 = 0.0014 365 £025 0323 £0.03 4.67 +0.56
500 34,701 20.11 1.64 + 0.09 0.0310 + 0.0024 5.74 +0.23 1.014 £ 0.03  9.39 = 0.60
700 34949 2577 194 +0.17 0.0338 + 0.0025 6.32 = 0.18 1.193 + 0.04 10.86 = 0.63
1200 34.876 2439 271 +0.27 0.0369 = 0.0033 1143 = 0.40 1449 £ 0.05 931 +£0.85
2550 34.612 2385 292 =0.11 0.0411 + 0.0038 14.87 =028 2.362 + 0.05 11.30 + 0.67
3000 34942 2897 3.21 +0.30 0.0519 +0.0038 16.18 + 040 2421 = 0.06 9.25 + 0.87
3400 34913 30.68 2.31 =0.10 0.0360 + 0.0029 1572 £+0.80 2.116 £ 0.05 8.64 + 0.98
3800 35.016 23.67 1.56 + 0.09 0.0154 + 0.0021 9.64 £0.18 0.595 +0.59 6.28 + 0.93
4150 34923 19.12 245 +0.13 0.0434 = 0.0031 10.51 +0.24 1.576 + 0.05 8.47 £ 0.65
4550 34.869 48.67 1.89 +0.10 0.0432 = 0.0035 1498 + 0.66 2.263 + 0.06 6.62 = 0.90
10C-10, 33°S, 40°W

60 35.907 1.33 0.33 £ 0.13 0.0059 = 0.0014 232 £ 041 0265 +£0.02 6.41 +0.75
270 35.530 2.56 2.63 +0.39

270 0.70 £ 0.25 3.13 £0.35

400 35200 3.74 0.56 = 0.13 0.0112 £ 0.0016 307 £057 0478 £0.02 7.82 +0.85
600 34285 1127 1.17 £0.16 5.63 £ 0.67

600 1.10 = 0.14 5.69 £ 041

1050 34288 3458 1.50 =0.16 0.0228 + 0.0025 7.13 £0.38 1.119 £ 0.03 10.28 = 0.76
1550 34596 58.71 3.21 +0.24 0.0292 + 0.0021 10.62 = 1.17 1.823 £ 0.04 18.87 = 1.20
1900 34780 50.23 335 +£0.22 0.0282 + 0.0033 1249 + 047 2523 +0.05 24.04 + 0.86
2500 34918 3320 3.09 +0.15 15.07 £ 0.44

2700 34916 3521 3.33 £0.20 0.0375 + 0.0021 1501 £045 2.198 + 0.04 12.98 + 0.83
3300 34.882 47.57 3.61 £0.23 20.77 0.98

3450 34.801 80.28 0.0282 = 0.0023 2.532 £ 0.05

3780 34.694 120.80 3.104 + 0.06

3950 3.01 +0.29 23.88 = 0.90

4350 34.673 128.09 2.76 = 0.30 0.2592 £ 0.0126 1898 +0.79 7.683 + 0.08 4.32 + 1.09
4350 3.33 £ 0.19 18.50 + 0.50

4500 34.697 0.3085 + 0.0572 9.591 + 0.18

20Th and *'Pa as they evolve in southward flowing, northern
source waters. The material balance for total 2°Th and #'Pa at
steady-state is [Rutgers van der Loeff and Berger, 1993;
Moran et al., 1997; Vogler et al., 1998],

C, =(Pt,, +C;)(1-e 2/ ™5K) (1)

where C; is the initial 2°Th or 'Pa concentration in northern
source waters, Tw is the water mass age, and the other variables
are as described above. For Pa, Pp, = 0.0217 fg/kgly (2.33 x
10" dpm/kg/y). The initial >°Th concentration was set to 4.5
fg/kg [Moran et al., 1997] and C/ set to 1 fg/kg (Moran et al.,
unpublished data). Profiles of total >'Pa and *Th were
calculated using the average measured values Kp, = 0.018 and
Km = 0.14. With an estimated particle settling rate of § = 500
m/y, which is within the range of reported values [Bacon and
Anderson, 1982; Nozaki and Nakanishi, 1985; Nozaki et al.,
1987; Moran et al., 1995, 1997], the calculated depth profiles
reproduce the observed linear increase in **'Pa and *°Th
concentration down to ~1500-2000 m (Fig. 2).

In the deeper waters, both tracers show reasonable
agreement with the calculated profiles and imply deep water

ages of ~60-100 years for this portion of the western Atlantic
(Fig. 2). Broecker et al. [1991] presented radiocarbon data
from 40°N to 30°S that demonstrated rapid ventilation of the
western Atlantic and comparatively slower penetration of the
tracer into the interior of the ocean. Their contoured
ventilation ages for locations corresponding to our stations 6
and 10 are between 80-160 years, in excellent agreement with
our results.

The agreement between the observations and the
scavenging-mixing model does not rule out the possible
removal of these tracers in the deep waters via boundary
scavenging; i.e., lateral eddy diffusive transport combined
with enhanced scavenging in high-particle flux marginal
regions. This would be expected to result in elevated excess
sediment *'Pa/?*°Th ratios along the boundaries, however this
is inconsistent with results reported by Yu et al. [1996]. In
fact, the average *'Pa/**Th activity ratio measured on all
particulate samples from St. 6 and 10 is 0.0498 + 0.0160
(Table 1), a factor of ~2 lower than the 2*'Pa/**°Th production
ratio of 0.093 and in excellent agreement with excess
B1pa/2OTh ratios of 0.06 + 0.004 in Holocene sediments from
the Atlantic north of 50°S [Yu et al., 1996]. Taken together,
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Fig.2  Depth profiles of total *'Pa and *°Th concentration

at St. 6 (e) and St. 10 (O) compared with the scavenging-
mixing model for Ty = 30, 60, and 100 years. Solid line is the
linear increase in concentration with depth calculated
assuming no advection.

these observations further indicate that boundary scavenging
is weakly expressed in the Atlantic as a whole.

Particle composition can also influence particulate
B1pa/20Th ratios in the water column and underlying
sediments and hence interpretations of boundary scavenging
[Anderson et al., 1983; Andersen et al., 1992; Rutgers van der

Loeff and Berger, 1993; Walter et al, 1997; Luo and Ku,
1999]. A key question is whether variations in excess
sediment 2'Pa/°Th ratios are caused by boundary
scavenging or by preferential removal of *'Pa or *°Th by
particles with differing particle composition. The degree to
which particle composition may affect the fractionation of
21pa and #*°Th can be quantified using the fractionation factor
Frwpa,

(230Th/231Pa)pm
Frypa = '(W (2)

diss

Fractionation factors range from 4.32-24.04 (average = 9.97 +
4.98) (Table 1), clearly indicating particle fractionation of
Blpa and *°Th throughout the water column. Also, the
measured mean Frwp, value is coincident with that recently
reported by Luo and Ku [1999] for non-biogenic particle
phases and greater than Fryp, ~1-4 south of the Antarctic
Polar Front [Walter et al., 1997]. The most likely explanation
is a greater proportion of silica (opal) in Southern Ocean
waters, for which Pa has a higher particle reactivity and hence
decreases the fractionation of these tracers [Andersen et al.,
1992, Walter et al., 1997].
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