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Abstract

Measurements of *>'Pa, **°Th and ***Th concentrations have been made on five water-column profiles along the western
margin of the Madagascar and Mascarene Basins in the southern Indian Ocean. These measurements help to fill a significant gap in
the global coverage of water-column 2**Th, 2*°Th and **'Pa data. **Th concentrations vary, but generally increase with depth,
suggesting higher particle loading in deeper waters, and the presence of a significant dissolved fraction of ***Th. *°Th
concentrations increase with depth, and profiles are similar to the average of existing data from other regions. >*'Pa concentrations,
on the other hand, show significant depth structure, apparently reflecting the various water masses sampled at this location. The
modified remnants of North Atlantic Deep Water are found at a depth of =~ 2000 m and exhibit elevated **'Pa concentrations
exported from the South Atlantic. Antarctic Intermediate and Bottom Waters have lower 2*'Pa, probably due to scavenging onto
opal particles during transit from the Southern Ocean. The differences between water masses raises a question: which water mass is
important in controlling the ?*'Pa/***Th ratio in underlying sediments? A simple one-dimensional model is used to demonstrate
that the >**Th and **'Pa exported to sea-floor sediments last equilibrates with waters close to the seafloor (within = 1000 m),
rather than averaging the whole water column. These findings suggest that 2*'Pa,y/**Th,, in sediments provides information
primarily about deep-water masses. In this region, sedimentary records will therefore provide information about the past flow of
Antarctic Bottom Water into the Indian Ocean. Interpretation of data from other regions, such as the North Atlantic where this
proxy has most successfully been applied, requires careful consideration of regional oceanography and knowledge of the
composition of the water masses being investigated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The global thermohaline circulation plays a crucial
role in the climate system through its transport of heat
and carbon [1]. Tracers used to investigate the past
behaviour of the thermohaline circulation have often
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been those that label a particular water mass, such as
8'°C [2], Cd/Ca [3], or Nd isotopes [4]. Tracers that
provide information about the rate of flow of these
water masses have also been applied, including '*C
[5,6], sortable silt [7,8] and **'Pa/**°Th [9-13]. The
use of *'Pa/***Th for this purpose has only previously
been assessed in the Atlantic basin. Here, we investi-
gate the controls on **'Pa/***Th recorded in deep-sea
sediments in a region of more complex oceanography
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and assess the feasibility of using **'Pa/**°Th to learn
about past deep-water inflow to the Indian Ocean.

The **'Pa/**°Th proxy relies on decay of uranium
dissolved in the oceans. The high solubility of uranyl
carbonate makes U a conservative element with a res-
idence time of = 400 ka. The concentration and isotope
composition of U in the oceans is therefore constant,
both spatially [14,15] and temporally [16]. The produc-
tion of **°Th and **'Pa, from decay of 2340 and 27U,
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respectively, is thus constant at every point in the
oceans (at 2.62+0.05x 1072 and 2.45+0.05x 10>
dpm m~* a !, respectively). The production activity
ratio of 2>'Pa/**°Th is also constant at a value of 0.093.
Once produced, both Th and Pa are scavenged to the
seafloor through sorption onto particles which subse-
quently settle. This scavenging of Th and Pa is thought
to be reversible [17], which explains the increase of
concentration typically seen with water depth for both
nuclides. *°Th and **'Pa are removed from the upper
water column, and a portion released by reversible
exchange at greater depth. A newly ventilated water
mass therefore typically has low concentrations of both
nuclides, similar to surface waters, and the concentra-
tions increase with time spent at depth in the oceans.
Eventually, deep waters reach equilibrium, with the rate
of addition of Th or Pa from above balanced by the
removal to the seafloor.

239Th is removed more rapidly than **'Pa and thus
has a shorter oceanic residence time of about 20 yr,
compared to 130 yr for *'Pa [18]. As a deep-water
mass ages, the concentration of >**Th rapidly reaches a
steady-state value while 2*'Pa takes longer and is there-
fore expected to be at low concentration for greater
distances as deep waters move away from their site of
formation. In these areas, the **'Pa/**°Th of particles
settling to the sediment is expected to be below the
production ratio of 0.093, while in regions far from the
water source, the 2*>'Pa will have increased to steady
state and the **'Pa/*°Th exported to the sediment is
0.093. The effective “age” of the water since ventilation
is therefore reflected by the **'Pa/**°Th removed to
sediment, providing a tool to assess the rate of flow
of waters in past times. Maps of sediment **'Pa/>°Th
have been used in this way to indicate little change in
overall meridional overturning in the Atlantic between
the Last Glacial Maximum and the Holocene [9,13].

Fig. 1. Location map. A map showing the localities of the water-
column profiles measured in this study (white circles). The yellow
circle indicates the position of an existing sediment analysis [45].
Also shown schematically are the principal water masses of the region
and their flow through the Madagascar and Mascarene Basins. The
position of the opal belt, illustrated by the weight percent opal in
sediments, taken from a Si cycle model [46], is also shown. Note that
the transit of AABW (dark blue) and AAIW (light blue) from the
Southern Ocean takes it through the opal belt, while water sources
from the Atlantic (referred to here as “NADW,” although its salinity is
somewhat modified from true NADW values) are confined as a
boundary current and avoid high opal productivity on its way to the
Madagascar Basin. North Indian Deep water, NIDW, is also shown
(light green) and impacts the most northerly of the studied sites. Inset
locating the study area shows, as a star, the position of the closest
existing water column profile [24] used for comparison in the text.
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More recently, time series studies by McManus et al.
[10,11] have been used to investigate changes in over-
turning circulation rate in the North Atlantic accompa-
nying millennial climate changes.

The **'Pa/**°Th preserved in sediments is also af-
fected by other factors. The degree to which Pa and Th
are fractionated onto particles has been shown to vary
for different particle types [19-22]. Although contro-
versy still remains about this particle type dependence
[23], it is clear that changes in the particle type do have
a role in controlling sedimentary 21pa/*39Th. Scaveng-
ing intensity is also a factor controlling the **'Pa/**°Th
preserved, because in regions of high particle flux,
231pa will be more efficiently scavenged, hence increas-
ing sedimentary **'Pa/***Th. Boundary scavenging—the
process of diffusion of nuclides to ocean margins to be
preferentially scavenged there—can also play a role in
setting sedimentary 2*'Pa/**°Th.

These other controls on **'Pa/**°Th mean that,
where deep waters were not recently at the surface,
the influence of ocean circulation on sedimentary
21pa/2°Th may be less clear. The effects of complex
hydrography and variable water-mass history may also
lead to more complex behaviour of **'Pa and **°Th in
the water column, even in regions where circulation is
fast so that advection of the nuclides dominates over
diffusion. The use of >*'Pa/**°Th to assess rates of past
ocean circulation in regions outside the Atlantic there-
fore requires study of the controls on 2*'Pa and **°Th in
waters and sediments of such these regions. Here we
perform such a study in the southwestern Indian Ocean.
This region features several water masses, including
those originating in the Southern Ocean where **°Th
and *'Pa concentrations are typically high [24]. In
addition to assessing the controls on these nuclides,
this study also provides the first water-column measure-
ments for the southern Indian Ocean and therefore helps
to fill a large gap in the growing global coverage of
water column **'Pa and *°Th measurements.

2. Regional setting and samples

The movement of deep and bottom water in the SW
Indian Ocean features three main water masses moving
broadly northward: Antarctic Bottom Water (AABW); a
water mass derived from North Atlantic Deep Water,
referred to herein as “NADW;” and Antarctic interme-
diate water (AAIW) (Fig. 1).

AABW enters from the southeast through fracture
zones in the Southwest Indian Ridge [25], flowing
through the Madagascar and Mascarene Basins and
exiting northward through the Amirante Passage.

Above this, water derived from NADW flows around
the continental margin of southern Africa with charac-
teristics close to that of NADW (salinity 34.80 and
potential temperature 2.0-2.5 °C). This “NADW” con-
tinues around the Madagascar ridge and then north-
wards as a geostophically constrained boundary
current [26] (Fig. 1), the salinity decreasing through
mixing to 34.78 by the time it has reached 25 °S. The
flow of NADW and AAIW, however, is impeded by
southward movement [27] of two other water masses,
North Indian Deep Water and, to a lesser extent, Red
Sea Water [28]. The influence of both AAIW and
NADW therefore decreases northward, as shown in
the temperature and salinity profiles measured for this
study (Fig. 2). Overlying these deeper water masses is
Indian Central Water (ICW) formed in the subtropical
gyres of the Indian Ocean. An overview of the basins’
oceanography can be found in McCave et al. [29].

To investigate the behaviour of *'Pa and *°Th in
this region of complex oceanography, five water-col-
umn profiles (Fig. 1) were sampled along the western
margins of the Mascarene and Madagascar Basins dur-
ing Charles Darwin Cruise 129 (McCave 2002, unpub-
lished cruise report). Five to seven 10 1 unfiltered water
samples were collected per profile making a total of 31
samples. Samples were collected with a rosette of
twelve 10 1 Niskins fired on the up-cast and stored in
acid-rinsed cubitainers. In addition, two samples from
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Fig. 2. Hydrography. A plot of potential temperature (°C) against
salinity (%o) for CTD casts at stations shown in Fig. 1 (listed in the
key from south to north). The approximate position of water masses
are shown: ICW, Indian Central Water; AAIW, Antarctic Intermediate
Water; “NADW,” modified North Atlantic Deep Water; and AABW,
Antarctic Bottom Water. Depths corresponding to these water masses
are also indicated on Fig. 4. The inset shows an expansion of the
lower section of the profiles. Symbols show positions of samples
analysed in this study.
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one profile were filtered using a 2 um inline filter.
Filtration was performed in the “wet-lab,” aboard the
Charles Darwin into a glass bottle, before being trans-
ferred to the cubitainer. Most of these profiles are
sampling northward-flowing water masses from the
seafloor to depths of about 1000 m, whereas the most
northerly profile (WIND 28) samples a mixture of
northward-flowing bottom water and southward-flow-
ing intermediate water.

3. Analytical techniques

Ten litre water samples were weighed and acidified
to pH 1 with 7.5N HNOj3. They were then spiked with a
mixed ***Th (~500 fg) and **°U (~60 ng) spike (Ox-
ford Water Spike [30]) and a ***Pa spike (~70 fg,
26.975 days [31]), milked from **’Np by Marcel Rege-
lous at Bristol [32]. Calibration of the **Pa spike was
performed at Oxford by the addition of **°U spike and
measurement of **°U/?°U after all the **°Pa had
decayed to **°U. The precision achieved was 1.2%
based on two aliquots, and the resulting concentration
is consistent with a calibration of the same spike against
a secular equilibrium standard performed at Bristol
[32]. 10 mg of Fe (previously cleaned by solvent
extraction with isopropyl ether) was also added to
each water sample before shaking overnight. NH,
was then added until the pH rose to ~8 to co-precipitate
the actinides with insoluble Fe-oxyhydroxides. The
neutralised sample was allowed to stand for up to
2 days to allow this Fe precipitate to settle. The major-
ity of the water was siphoned off and the precipitate
centrifuged and washed with water. The precipitate was
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then dissolved in 7.5N HNOj, dried down and redis-
solved in 0.5 ml of 7.5N HNOj; ready for anion ex-
change chromatography.

Th, Pa and U are separated using Dowex Bio-Rad
AG1-X8 100-200 mesh anion exchange resin, held in a
0.5-ml Teflon™ column, following a procedure adapted
from Robinson et al. [30]. All acids were quartz dis-
tilled, with the exception of HF which was distilled in a
Teflon™ still. Water was 18.2 MQ Milli-Q, and NH, is
isothermally distilled in a Teflon™ beaker. Columns
were washed with 2 ml 7.5N HNOs3, 2 ml IN HNOs, 2 ml
6N HCI, 4 ml IN HNO; and preconditioned with 2 ml
7.5N HNO;. Each sample, dissolved in 0.5 ml 7.5N
HNO;, was loaded and washed in to the column with
a further 1.5 ml of 7.5N HNOj;. This washes off Fe and
some U. The column was then converted to C1~ with
drops of 6N HCI to 300 pl. Pa and Th were eluted with
2 ml 6N HCI+0.05N HF. The remaining U is eluted
with 2 ml of H,O. The Pa—Th split was dried, redis-
solved in 0.5 ml 7.5N HNOj; and the column repeated
to further remove U and to separate Th from Pa by
elution with 6N HCI (Th) followed by 6N HC1+0.05N
HF (Pa). Th and Pa splits were dried and dissolved in
10 pl of 7.5N HNOs, and then diluted to 2% HNO;3
immediately prior to analysis. Care was taken while
drying each sample to not fully desiccate the sample
which could lead to the formation of insoluble Th and
Pa fluorides. Total yields, assessed by the comparative
voltage of the spike isotopes against a standard of
known concentration, were poor at only ~20% (Pa)
and ~40% (Th). Loss is thought to occur during co-
precipitation rather than anion exchange, as yields for
blanks, which were precipitated from a smaller volume
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Fig. 3. Schematic showing all collectors of the Nu instruments MC-ICP-MS with the most significant isotopes collected during measurement of Pa
and Th. Ton counter gain and mass discrimination are assessed before each sample by measurement of the CRM-145 U standard using Steps 1-3.
Steps 1 and 2 assess the gain of the two ion counters to be used, and Step 3 the mass discrimination. These standard measurements were followed by
measurement of either Th (Steps 4 and 5) or Pa (Step 6). Th was analysed using a two-step procedure with *2*Th and ***Th measured sequentially in
an ion counter equipped with an energy filter to improve abundance sensitivity (IC-5) while beam instability was corrected by measurement of >>3U
in Faraday collectors during both steps. Pa was measured statically with 2**Pa and 2*'Pa in two ion counters. >*®U was also monitored to check for
clean separation of U during chemistry, and ***Th to assess the importance of ***ThH+ and peak tails on adjacent masses. The contributions to
masses 233 and 231 from any 2**ThH or peak tails from ***Th are assessed by bracketing Pa measurements with a measurement of a >>Th standard.
Separation of Pa from Th reduced the magnitude of the correction for interferences from ***ThH and abundance sensitivity to within the uncertainty

of the uncorrected measurement.



Table 1
21pa and *°Th concentrations and isotope ratios

Sample Latitude Longitude Water depth Depth  >*°Th 2SE.  *'Pa 2SE. *’Th 2 SE. (*3'Pa/°Th) 2 SE.  (P°Th/*>Th) 2 S.E.
°S) (°E) (m) (m)  (dpm /1000 1) (dpm /1000 1) (dpm /1000 1)
WIND 3—11+12  32.39.05 48.28.16 3728 150 0.04 0.15  0.040 0.006  0.006096 0.000003 1 4 6 24
WIND 3—10 450  —0.59° —0.40 0.039 0.005  0.007003 0.000005 —0.07° —0.04  —86° —57
WIND 3-9 1200 8.7 1.9  0.10 0.01  0.00084 0.00001 0.01* 0.003  10000* 2500
WIND 3—8 1780  0.43 0.10 024 0.03  0.008533 0.000005  0.56 0.15 50 12
WIND 3—7 2750 0.71 0.10 032 0.04  0.009591 0.000005  0.45 0.08 74 10
WIND 3—5f 3250 1.13 0.19 026 0.03  0.06673 0.00004 0.23 0.05 17 3
WIND 3—4 3753 1.13 0.12 0.01991 0.00001 57 6
WIND 3—2f 3753 1.03 0.11 0.07988 0.00005 13 1
WIND 9—10 202427 472225 3334 75 0.136 0.004 0.08 0.01  0.00417 0.0006 0.62 0.11 33 5
WIND 9—8 250 0.156 0.009 0.06 0.01  0.00471 0.0008 0.38 0.11 33 8
WIND 9—7 500 0.249 0.006 0.07 0.01  0.00760 0.0009 0.29 0.06 33 6
WIND 9—6 750 0.349 0.006 0.11 0.02  0.012 0.002 0.32 0.07 29 6
WIND 9—4 2000 0.460 0.005 0.32 0.04  0.009 0.001 0.70 0.08 52 7
WIND 12—11+12  25.50.53 47.55.17 4186 38 0.120 0.005 0.03 0.02  0.008 0.002 0.26 0.15 14 4
WIND 12—9 170 0.108 0.003  0.04 0.01  0.00319 0.0007 0.38 0.11 34 8
WIND 127 650  0.264 0.006 0.10 0.02  0.008 0.001 0.38 0.08 35 6
WIND 12—6 1100 0.57 0.02 0.17 0.06  0.017 0.005 0.31 0.12 33 12
WIND 12—5 2700  0.79 0.02 034 0.09 0.016 0.004 0.43 0.14 50 16
WIND 15—12 20.00.01 50.19.93 4629 170 0.07 0.03  0.038 0.005  0.003665 0.000002  0.54 0.22 19 7
WIND 15—11 500  0.16 0.05  0.03 0.01  0.007585 0.000004  0.21 0.09 21 7
WIND 15—10 900 031 0.04 0.12 0.01  0.005072 0.000003  0.38 0.06 62 7
WIND 15—9 1250 035 0.05 0.19 0.02  0.010093 0.000005  0.54 0.10 35 5
WIND 15—8 1750 0.7 0.11 029 0.03  0.011439 0.000006  0.37 0.07 68 10
WIND 15-7 2500  0.76 0.09 026 0.03  0.012211 0.000007  0.34 0.06 62 8
WIND 15—4 4400 093 0.10  0.19 0.02  0.014323 0.000007  0.20 0.03 65 7
WIND 28—-9 10.09.85 51.45.74 4137 100 0.167 0.009 0.07 0.009  0.007713 0.000004  0.40 0.06 22 1
WIND 28—8 300 0.32 0.02  0.09 0.01  0.013193 0.000007  0.28 0.04 24 1
WIND 28—7 900  0.44 0.02 0.14 0.02  0.01817 0.00001 0.32 0.04 24 1
WIND 28—6 1400  0.66 0.04 0.19 0.02  0.014902 0.000009  0.28 0.04 45 3
WIND 285 2000  0.65 0.06 029 0.03  0.04646 0.00002 0.44 0.07 14 1
WIND 28—2 4000  0.82 021 030 0.03  0.03449 0.00002 0.37 0.11 24 6

Concentrations have been converted to dpm/1000 1 assuming 1 fg/kg ***Th=0.0456 dpm/1000 1 and 1 fg/kg **'Pa=0.105 dpm/1000 1. **'Pa/***Th and **°Th/**?Th are expressed as activity

ratios. Half-lives used throughout this study are 32.76 ka, 75.690 ka for 2*'Pa and ***Th, respectively [42,43] and 14.0100 Ga for >**Th [44]. All errors are 2 standard errors and incorporate

uncertainty due to raw ratios measured; ion-counter gain; mass discrimination; peak tailing and molecular interference; machine memory; and procedural blank. f denotes a filtered water sample.
* These measurements are discounted, as they fall outside the range of sensible values for natural samples.
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of liquid, were significantly higher. The yield could be
improved in the future by increasing the amount of Fe
added to aid co-precipitation. The separation of U from
Pa is good with only 0.01% of the initial U in the final
Pa fraction (assessed from **°U measurements in the Pa
fraction). This is important because a portion of the
233pa will have decayed to ***U since milking of the
spike and this ***U must be quantitatively removed.

Pa and Th were measured on a Nu Instruments MC-
ICP-MS using multiple ion counting channels. Mass
discrimination and ion-counter gain were measured by
preceding each sample analysis with measurement of
the CRM-145 U standard (Fig. 3). The use of a U
standard for this purpose allows measurement of ma-
chine performance directly before Th and Pa analysis
without fear of memory effects.

Although the ionisation efficiency of U and Pa are
thought to be similar [33], there may be some differ-
ence as their first ionisation enthalpies are 5% different
(597.6 and 568 kJ mol™'). Pa measurements were
therefore always made within a few days of separation
to minimise decay of ***Pa to ***U in the Pa cut.

The total uncertainty associated with measurements
of 2'Pa and **°Th is typically 8-10%. The bulk of this
uncertainty (50-75% of the total uncertainty) arises
from the raw ratio of 2317/233" or 2307/229" measured
on the mass spectrometer and is comparable to counting
statistics for the total number of ions collected. Some-
what larger uncertainty in this study compared to other
measurements of >*'Pa and **°Th by ICP-MS [33] is
principally due to the poor yield. Corrections for abun-
dance sensitivity, molecular interferences, and mass
discrimination are all small and add typically only
<0.1% to the total uncertainty. Uncertainty in the ion
counter gain can add 0.2%. Machine memory can add
1% if the previous solution is not completely washed

out. The calibration of the spike, particularly for ***Pa,
is a major contributor to the final uncertainty and along
with weighing errors for the sample and spike can add
3% to the final uncertainty. The contribution to uncer-
tainty from the blank is dependent on the total amount
of 'Pa or #*°Th in the sample, such that for deep
samples with high 2*'Pa and *°Th concentrations, the
extra uncertainty due to the blank correction is <0.1%.
For surface water samples where *>'Pa and **°Th are
lower, the blank can add 0.5% of uncertainty to **'Pa
and 0.1% to the *°Th measurements. Blanks were
determined by performing a complete chemical proce-
dure on ~100 ml of Milli-Q water. A blank was run
with each batch of samples, and the mean value taken
as the blank for all samples. Although this will include
any Th and Pa in the Milli-Q water, it probably repre-
sents a slight underestimate of the blank as it discounts
any contamination from shipboard processing.

4. Results

All five *°Th profiles show a broadly linear increase
in concentration with depth, from = 0.04 dpm/1000 1 in
surface waters to = 1 dpm/1000 1 at 4000 m (Table 1,
Fig. 4). Note that, although nuclides were measured as
fg/kg, they are converted, for the purposes of discus-
sion, to dpm/1000 1 to aid comparison with literature
data. These >*°Th profiles are similar to the average
global profile [18] and to that observed in the Southern
Ocean at 44°28.7°S between 10°27.3'E [24] (Fig. 4).

#31pa profiles show an increase of concentration in the
upper half of the water column, from 0.03 dpm/1000 1 at
the surface to = 0.3 dpm/1000 1 at 2500 m, followed by a
constant or slightly decreasing concentration in deeper
water (Fig. 4). The maximum **'Pa concentration coin-
cides with the presence of NADW, as recognized from

1(e)
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Fig. 4. Water-column results. Concentration profiles through the water column for (a) ***Th; (b) *'Pa; and (c) ***Th. Grey-filled circles with dashed
lines are a profile from station 1751 in [24]; the thick grey line is globally averaged data from [18]. Approximate depths of water masses are shown

according to T-S data (Fig. 2). All errors are 2 standard errors.
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Fig. 5. (a, b) Average salinity and phosphate sections for the western Indian Ocean (i.e., along the red line in panel f), data is taken from the World
Ocean Atlas [47,48]. The figure in (c) is a schematic representation of water masses and their movement. Note the movement of low phosphate,
“NADW,” through the South West Indian Ridge at 45 °S and then back west out of the section following the Madagascar Ridge. (d, e) Sections
through the Southern and Indian Oceans showing the concentrations of 2*°Th and **'Pa. Note that the data in the Southern Ocean [24] is not at the
same longitude as that in the Indian Ocean, but that comparison are valid due to similar conditions seen at any latitude in the Southern Ocean. **°Th
in the Indian Ocean shows a monotonous increase of concentration with depth. The ?*'Pa profiles show more structure. Data from the Southern
Ocean show no coherent variation, which may reflect larger measurement uncertainty. >*'Pa concentrations in the Indian Ocean, however, show

elevated values at depths corresponding to NADW.

shipboard T—S data (Fig. 2) and a phosphate minimum in
literature data from this area (Fig. 5). Above and below
this 2*'Pa maximum, values are somewhat lower than
those in the Southern Ocean, although these waters have
recently flowed from this region.

232Th concentrations are typically = 0.01 dpm/1000 1
but show significant variation. In particular, three of the
deeper samples show much higher concentrations, up to
0.06 dpm/1000 I and, even excepting these samples,
there is a slight tendency towards higher concentration
at depth.

5. Discussion

5.1. Controls on radionuclide concentrations in Indian
Ocean waters

5.1.1. Behaviour of **'Pa and *°Th
Structure observed in the **'Pa profiles measured in
this study appears to be controlled by the source and

history of the various water masses sampled. Corre-
spondence between high **'Pa and the high-salinity
waters of “NADW?” indicate that the high **'Pa is a
distinct feature of “NADW?” in this region. This is seen
in Fig. 5, in which new data from this study are
compared with data for the Atlantic sector of the South-
ern Ocean [24]. Although data from the two studies are
separated by = 40° of longitude, the zonal similarity of
conditions in the Southern Ocean [34], due to strong
west—east flow, make such comparison valid. Reason-
ably continuous values of **'Pa are observed moving
from the Southern Ocean northwards. But high **'Pa
concentrations are found in the section at = 2500 m
water depth and 40 °S (Fig. 5). This is the region where
“NADW?” is overflowing the southwest Indian Ridge to
enter the Madagascar Basin [26]. These high **'Pa
values persist northwards, demonstrating that mixing
and particle settling do not obscure the differences
between water masses on the timescale of transit
through the Madagascar Basin.
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231pa concentration in the various water masses mea-
sured in this study are likely to be controlled by their
source and by scavenging in the Southern Ocean opal
belt. “NADW?” enters the Madagascar and Mascarene
Basins as a geostrophically constrained boundary current
around the Southern African Margin and does not enter
the Southern Ocean. High ?*'Pa in these “NADW?” sam-
ples must, therefore, be attributed to high 21py water
from the South Atlantic, rather than from the Antarctic
Circumpolar Current (ACC). The concentrations of
231pa in the rest of the water column are lower, and
lower than seen in the Southern Ocean from where
they are sourced. This is likely to be due to strong
removal of Pa from the water column as the water leaves
the ACC by scavenging on opal particles which has been
shown to strongly favour scavenging of Pa [19,35,36].

The recognition that water masses can have distinct
Z1pa concentrations relative to waters above and
below, reflecting the differing histories of the water
masses, will make interpretation of sedimentary
21pa/ Th ratios more complex. In contrast to 2*°Th,
which rapidly achieves an equilibrium profile, the
greater solubility of >*'Pa allows water masses to retain
a characteristic **'Pa concentration for considerable
distances. It is therefore to be expected that water
masses with distinct **'Pa concentrations will be
found overlying one another in many areas of the
world ocean, just as observed in this area of the south-
ern Indian Ocean. Before sedimentary Pa/Th ratios can
be interpreted in such areas, we must understand how
each water mass impacts the Pa/Th value recorded in
the sediment. This issue is returned to in Section 5.2.

5.1.2. Behaviour of **°Th

Individual profiles typically show a slight increase in
232Th concentration with depth (e.g., WIND 15; Fig. 4)
but with a large degree of scatter, especially at depths
corresponding to AABW. Unlike **°Th and **'Pa,
which are almost entirely derived from decay of U in
the water column, 2**Th is derived from detrital mate-
rial derived from aerosols or from the continental mar-
gins. The scatter in the *?Th data observed here can be
attributed to changing content of such detrital material,
because samples in this study were not filtered. The
high values and large variability of AABW ***Th are
likely to be caused by a dilute expanded nephaloid
layer, perhaps influenced by sediment transport from
the continental slope of Madagascar. Even excluding
the unusually high **Th values seen in some of these
AABW samples, however, a slight increase in concen-
tration with depth persists. If insoluble ***Th-bearing
particles settle at a uniform speed throughout the water

column, such an increase is not expected. The increase
can be explained, however, if some portion of the 232Th
is dissolving in seawater and is reversibly scavenged
onto sinking particles in a similar manner to **°Th.

5.2. Implications for the use of Pa/Th to reconstruct
past ocean circulation in the Indian Ocean

Unlike the modern-day North Atlantic, the water
column in the Western Indian Ocean is not dominated
by recently ventilated water, but consists of several water
masses with different histories and flow rates. To use
sedimentary 2*'Pa/>**Th to learn about past water flow in
such regions requires an assessment of the depth from
which Pa and Th last equilibrate in the water column
before reaching the sediment. In other words, we must
determine the depth at which the ratio on sedimenting
particles is acquired. A common assumption in interpre-
tation of sediment **'Pa/>**Th ratios has been that they
represent average flow conditions through the entire
water column. If this is true, then interpretation of sed-
iment Pa/Th in regions of complex oceanography will
always be an ambiguous process. With more than one
water mass overlying the sediment core, changes in Pa/
Th might represent changes in the flow rate and history
of one of these waters, or more than one of them. In this
section, we use a simple model to test this assumption
and to assess the depth at which particle Pa and Th last
exchange with seawater before reaching the sediment.

The majority of »°Th and **'Pa in any water mass is
in the dissolved portion (typically = 90%) [18]. During
equilibration between recently settled particles and a
water mass, therefore, it is the dissolved 2*°Th and
21pa which sets the 2>'Pa/**°Th on the particles before
they settle further. With sufficient time, the cumulative
flux of particles falling through the water mass can
change its Pa and Th composition by this equilibration
process, but this does not alter the fact that it is the
water composition at any particular time and place that
sets the composition of downward settling particles. Put
another way, the average particle typically settles
through the entire water column in about 3 yr which
is a short time compared to the deep-water residence
times of Th and, particularly, Pa.

To investigate the depth at which Th and Pa are last
equilibrated we use a 1D particle scavenging box model
which comprises two particle classes: fine particles
which do not settle and are effective scavengers because
of'their high surface area; and coarse particles, formed by
the aggregation of the smaller particles, which are re-
sponsible for all the downward removal of *°Th and
231pa from each box (Fig. 6). No scavenging onto these
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Fig. 6. A schematic representation of the model used to assess the
depth from which *°Th and **'Pa are scavenged to the seafloor
following [40,49,50]. Dissolved isotopes are scavenged to fine parti-
cles, making up the majority of the particle mass, assuming an
equilibrium Kd. These fine particles can aggregate (rate=r, yr )
into coarse particles which settle (rate=S, m day ') while also
disaggregating (+_, yr~ ') and dissolving (y, yr_'). P, and Py are
the concentration of large and small particles (g m >).

coarse particles is allowed because of their low surface
area-to-mass ratio and because they settle too quickly to
allow equilibration as they fall. The effect of eddy dif-
fusion on redistribution of the small particle class is
thought to be small [37] and is ignored. The distribution
of particles between fine and coarse in the model is
governed by aggregation (7, yr ') and disaggregation
(r_1, yr ) constants. The distribution of the nuclides
between dissolved and fine particles is calculated from a
prescribed distribution coefficient (Kd) and particle con-
centration. All variables in the model are listed in Table
2, together with values used in the control run. The value
of Kd determines the distribution of nuclide between the
dissolved phase and the particulate phase, so will affect
the rate of removal of both nuclides to the sea floor. Kd
does not, however, have any direct bearing on the depth
of last equilibration which is controlled by particle cy-
cling and settling rates. The average depth of scavenging
in the model is therefore general to all nuclides under-
going reversible scavenging, regardless of their Kd.

The model input is a 5500 m water-column profile
of a nuclide concentration which would be expected
from a 1D reversible scavenging model [38] at equilib-
rium. For Th, this would equate to a linear increase in

39T} concentration with depth from zero at the surface
to 2 dpm/1000 1 at 5500 m. Large particles settle
through the model water column (at rate, S, in m/day).
As they fall, a fraction dissolves in each box, returning
nuclides to the dissolved phase, and the remainder is
allowed to disaggregate at the prescribed rate (»_ ). For
particles settling from one box, therefore, some disag-
gregate in the box immediately below, while others fall
further into deeper boxes or to the sediment before
disaggregating.

The median depth of last scavenging was found to be
insensitive to the particle concentration, to the distribu-
tion coefficient, and to the aggregation rate. Only pro-
cesses that directly control the transport of large particles
to the seafloor affect the depth of last scavenging. The
affect of varying the settling rate, S, which drives trans-
port to the seafloor, and disaggregation rate, »_ ;, which
inhibits transport to the seafloor, are shown in Fig. 7.
Varying dissolution, y, will have a similar effect to that of
disaggregation because it prevents scavenged nuclides
from sinking by returning them to the dissolved phase. A
typical profile of the cumulative proportion of nuclide
last scavenged at depth z is shown in Fig. 8. Varying S
and »_ | within reasonable limits (S is typically = 100 m
day™' [39] and r_, varies from 150-750 yr~' [40])
indicates that the median depth of final scavenging is
unlikely to be more than 700 m from the seabed.
Shallow median final scavenging can only be achieved
in the model if disaggregation is unrealistically slow
(<50 yr~ ') or the settling rate of large particles unreal-
istically fast (>600 m day ™ '). Of course, if large parti-
cles effectively disaggregate on the seafloor and are able
to exchange with seawater there, then the depth of
median final scavenging is even deeper. The model
therefore represents a maximum distance from the sea-
bed from which dissolved Th and Pa are scavenged.
Sedimentary Pa/Th ratios are therefore reflective of
conditions in the bottom-most waters.

Because it is the processes of particle settling and
disaggregation that control the depth of final scaveng-

Table 2

Abbreviations, units and values used in the 1D model

Variable Abbreviation Units Values used Reference
Nuclide concentration N dpm/1000 1! Linear increase from 0 at surface to 2.01 at 5500 m [51]
Particle concentration PP gm Particle model giving 0.015 to 0.011 below 1500 m [37]
Partition coefficient Kd 10°

Aggregation ry yr! 4 [37]
Disaggregation o yr! 150 [37,40]
Dissolution y yr ! 0.025-50 [37]
Settling rate S m day ™! 150-600 [39]

References provide the source of these values.
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Fig. 7. Model sensitivity tests varying the settling rate, S, and the
disaggregation rate, »_ . The dashed lines indicate a sensible range
for »_, in deep waters as determined by Nozaki et al. [40]. The
shaded areas indicate the inter-quartile range for the depth of scav-
enging. Note that, for all reasonable values of S and »_;, most of
nuclide, N, is scavenged within 700 m of the seafloor.

ing of nuclides, the results hold for both **°Th and
Z1pa. Although large particles will have a relatively
lower concentration of **'Pa than **°Th, leading to
slower removal of **'Pa, the depth in the water column
from which it is last scavenged will be the same as for
239Th. Thus, the 2*'Pa/ *°Th records in sediment cores
can be used to investigate changes in the past chemistry
and flow rate of near-bottom water masses. The chem-
istry of these water masses may, in turn, be influenced
by water masses which overlie them, but this influence
may take long enough to exert itself that waters will
have travelled a significant distance. At sites where
water masses have distinct *'Pa concentrations, due
to differing scavenging and advection histories, it is the
lowermost water mass that will dominate the
B1pa/3OTh signal recorded in the sediment. In the
Indian Ocean, and in particular the Madagascar and
Mascarene Basins, sedimentary **'Pa/***Th will there-
fore reflect the advection and scavenging history of
Antarctic Bottom Water filling the basins.

5.3. Implications for interpretation of sedimentary
231 pa/*"Th records in other regions

The realisation that sedimentary Pa/Th values reflect
only the deepest water mass has implications for pre-
vious studies of sedimentary **'Pa/**°Th in the North
Atlantic [10,13]. In the modern ocean, NADW repre-
sents the deepest water mass in the North Atlantic so
that core-top sedimentary **'Pa/**°Th is likely to reflect

the ventilation and productivity of this water mass. This
situation was not necessarily always the case, however.
If NADW were to shoal so that the deepest water mass
was from a Southern-Ocean source, this Southern-
Ocean source would control sedimentary **'Pa/**°Th.
Due to the long transport distance, and hence, long time
during which to reach equilibrium, such Southern
Ocean water masses would have high **'Pa/?°Th,
leading to values exported to the underlying sediment
close to the production ratio. Such production ratio
values have, for Heinrich 1 (H1) and the Younger
Dryas, been proposed to represent periods of MOC
shutdown or partial shut down [10]. This proposal is
based on the assumption that sedimentary **'Pa/**°Th
is controlled by the whole water column. The modelling
presented here, however, suggests that the MOC may
have persisted during these intervals, but at a shallow
depth. It should be stressed that this results does not
preclude complete cessation of MOC at H1 as previ-
ously suggested. It just indicates that the **'Pa/*°Th
data may have another explanation.

The fact that sedimentary Pa/Th reflects only the
deepest water mass may make it more difficult to
provide an unambiguous interpretation of a single sed-
imentary record of Pa/Th. Such records might be inter-
preted, however, by the additional use of other proxies,
particularly by the information provided by a water-
mass tracer such as Cd/Ca or Nd isotopes. On the other
hand, the fact that sedimentary Pa/Th allows recon-

Total Particle concentration P, + P, gm™
(dashed).
0 0.05 0.1 0.15
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seabed sacenged at depth z (solid).

Fig. 8. Model results for the most realistic case, where settling rate,
§=150 m day ' and disaggregation rate, »_ ;=150 yr_'. Solid line
shows the cumulative fraction of total nuclide, N, reaching the
seafloor scavenged above a particular depth. The dashed line indicates
the particle concentration profile used for this model (after [37]). The
star is the median depth of scavenging (200 m above the seafloor).
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struction of a particular water mass is good news for its
application to multiple cores. A set of Pa/Th records
from varying water masses should allow the history of
flow rate to be reconstructed for all water masses at that
location, rather than averaging flow over the whole
water column.

The findings of this study also have implications for
the use of sedimentary **'Pa/**°Th as tools to investi-
gate particle flux [41] and particle type [19]. Because
the >'Pa/**°Th exported to the sediments is most rep-
resentative of the bottommost water mass, it is the
particle flux and type at this depth, rather than at the
surface, that will be reflected in the sedimentary
21pa/3OTh ratio.

6. Conclusions

The first 2°Th and **'Pa water column profiles have
been presented for the south western Indian Ocean. The
239Th profile is similar to the average of previous
measurements around the world’s oceans. The **'Pa
profiles indicate that waters flowing from the Southern
Ocean (AAIW, AABW) have experienced **'Pa loss,
probably due to removal by scavenging during transit
through the opal belt. The high **'Pa of NADW is
preserved as a water mass tracer into the Indian
Ocean, probably because this water mass does not
enter the opal belt. The observation of water masses
with distinct **'Pa values in a single water column
raises the question of which water mass controls the
sedimentary Pa/Th values. A simple 1D model demon-
strates that this sedimentary **'Pa/*°Th signal is de-
rived from the bottom ~1000 m of the water column,
rather than averaging the whole water column. In the
region of the Indian Ocean investigated here, this indi-
cates that sedimentary records can be used to recon-
struct the past flow rate of AABW into the Indian
Ocean. The importance of bottom water for sedimenta-
ry Pa/Th records should also be considered when inter-
preting sedimentary **'Pa/**°Th ratios from other
regions.
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