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Abstract

Difficulties in determining the 230Th and 231Pa concentration of seawater have hindered rapid progress in the application
of these unique natural tracers of particle scavenging and ocean circulation. In response, we have developed an ICPrMS
analytical procedure combining a degree of sensitivity, precision and sample throughput that can facilitate the systematic
measurement of basin-scale changes in 230Th and 231Pa seawater concentration, and provide important constraints on
circulation and mixing rates in the deep ocean.

Seawater samples are spiked with 229Th and 233Pa and equilibrated before pre-concentration using conventional methods
of Fe oxyhydroxide co-precipitation and anion exchange. Isotopic ratios are measured using a Finnigan MAT Element

Ž .magnetic sector Inductively Coupled Plasma mass spectrometer ICPrMS equipped with a desolvating micronebulizer.
Measurements are done on 10–20 l seawater samples with an internal precision of ;2% and a reproducibility of ;5%
Ž Ž .. 232 232 195% confidence intervals CI in deep water. After correction for procedural blank, Th tailing, and Th H
interference, the detection limits are ;3 fg for 230Th and ;0.4 fg for 231Pa. Applied to 20 l volumes, these detection limits
correspond to concentrations of 0.15 fgrkg for 230Th and 0.02 fgrkg for 231Pa, which are 5–15 times lower than typical
concentrations in surface water. The capability of this method is illustrated by two seawater profiles from the Equatorial
Atlantic region that show systematic variations in 230Th and 231Pa concentration consistent with patterns of deep water
circulation. q 2001 Elsevier Science B.V. All rights reserved.

Keywords: 230 Th; 231Pa; Seawater; ICPrMS

) Corresponding author. Tel.: q1-508-289-2637; fax: q1-508-
457-2193.

Ž .E-mail address: rfrancois@whoi.edu R. Francois .

1. Introduction

230 Ž . 231 ŽTh t s75,690 years and Pa t s1r2 1r2
.32,760 years are produced uniformly in seawater

from radioactive decay of 238U and 235U. Both are
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rapidly adsorbed on settling particles and removed
into the sediment, but differ slightly in their affinity
for particles, with 230 Th being more rapidly removed

Žfrom seawater. These characteristics well-con-
strained source, high but slightly different particle

.reactivity have led to a wide range of applications
Žas tracers of particle scavenging Nozaki et al., 1981;

Bacon and Anderson, 1982; Bacon, 1988; Cochran,
.1992; Luo et al., 1995; Edmonds et al., 1998 ,

Ž .particle rain rate Bacon, 1984; Francois et al., 1990 ,
Žsediment focusing and winnowing Suman and Ba-

.con, 1989; Francois et al., 1993; Frank et al., 1999 ,
Žpaleo-productivity Lao et al., 1992; Kumar et al.,

.1993; Francois et al., 1997; Walter et al., 1999 and
Ždeep water circulation in the modern ocean Rutgers

van der Loeff and Berger, 1993; Scholten et al.,
1995; Moran et al., 1997; Vogler et al., 1998; Fran-

. Žcois et al., 2000 and ancient oceans Yu et al., 1996;
.Marchal et al., 2000 .

In order to fully realize the potential of these
approaches, however, an extensive and precise
database on the distribution of the two radionuclides

Žin seawater is required Henderson et al., 1999;
.Marchal et al., 2000 . Because of the very low

230 231 Žconcentration of Th and Pa in seawater typi-
3 .cally 0.05–1 dpmrm or 0.5–30 fgrkg , developing

such a database has proven difficult. Earlier mea-
surements were made by a-spectrometry, which re-
quired processing very large volumes of seawater
Ž 3. Žm and elaborate wet chemistry Anderson and
Fleer, 1982; Nozaki and Nakanishi, 1985; Nozaki et
al., 1987; Fleer and Bacon, 1991; Buesseler et al.,
1992; Rutgers van der Loeff and Berger, 1993;

.Scholten et al., 1995 . This method resulted in rela-
Ž .tively low precision typically 5–10% and sample

coverage. Precise 231Pa measurements were particu-
larly difficult because the yield monitor, 233Pa, is a
b-emitter, thus preventing the direct counting of
231Par233Pa ratios and requiring the accurate evalua-
tion of the efficiency of the a and b counters. More

230 Žrecently, several Th Moran et al., 1995, 1997;
. 231 Ž .Vogler et al., 1998 and Pa Edmonds et al., 1998

seawater profiles have been measured by isotope
dilution using Thermal Ionization Mass Spectrome-

Ž .try TIMS . This method is much more sensitive,
allowing the measurement of the two radionuclides
on a few liters of seawater with good precision
Ž .2–3% . However, the need for rigorous matrix sepa-

ration, highly specialized analytical equipment, and
difficult sample loading severely limit sample
throughput. An additional complication for 231Pa is
that the only isotope available for addition to the

233 Ž .samples is the short-lived Pa t s26.967 days ,1r2

which requires immediate measurement after prepa-
Žration of the sample Pickett et al., 1994; Edmonds et

.al., 1998; Bourdon et al., 1999 .
Here, we report an Inductively Coupled Plasma

Ž .mass spectrometry ICPrMS method that combines
high sample throughput with sensitivity and preci-
sion approaching those attainable by TIMS. Induc-
tively Coupled Plasma mass spectrometers are versa-
tile instruments that have rapidly become the tool of
choice for many ultra-trace analyses. They require
only a few minutes for data acquisition, and their
continuously improving sensitivity is now reaching
;5=109 cpsrppm in the transuranic atomic mass
range when samples are introduced into the plasma

Žwith a desolvating micronebulizer sample aspiration
.rate ;100 mlrmin . In addition to high sensitivity,

sector-type ICPrMS’s also have negligible back-
ground counts, which contribute to lowering detec-

Žtion limits below the fgrg level Field and Sherrell,
. 230 2311998; Eroglu et al., 1998 . Seawater Th and Pa

can thus be rapidly analyzed on 10–20 l samples
with a precision of 1–5%. While these volumes are
somewhat larger than required by TIMS, adequate
samples can still be readily obtained by hydrocasts,
and the higher sample throughput and ubiquity of the
ICP mass spectrometers should enable the rapid ex-
pansion of the database and the detailed study of the
distribution and control of the concentration of 230 Th
and 231Pa in seawater on basin-wide scales.

2. Experimental

2.1. Sampling procedure

Ž .The seawater samples 15–20 l were immedi-
Ž .ately drained for total concentration or filtered
Ž .gravitationally for dissolved concentration from the

hydrocast bottles into 20 l polyethylene collapsible
cubitainers and weighed with a precision better than
1% on a computerized balance that averages out the
accelerations from the ship’s motion. The samples
were then acidified with 30 ml 6 N HCl and spiked
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229 233 Žwith Th, Pa, and 1 ml FeCl 50 mgrml;3
.cleaned by extraction in isopropyl ether . After a

period of at least 12 h for equilibration, the pH was
adjusted to ;8.5–9 by adding ;17 ml of NH OH4
Ž .conc. to precipitate Fe oxyhydroxides that adsorb
dissolved and entrain particulate Th and Pa. The
resulting precipitate was decanted slowly, first to the
bottom of the cubitainers, from which most of the
overlying water was removed. When the volume of
water was reduced to ;1 l, the suspension was
transferred to a 1-l plastic beaker to continue de-
cantation until the residual water was reduced to
;100–200 ml. Thereupon, the precipitate was cen-
trifuged in 50-ml polypropylene centrifuge tubes and
returned to the laboratory for analysis.

2.2. Sample preparation

Th, Pa and U were separated by anion exchange
Ž .on AG1-X8 resin 100–200 mesh by a procedure

that was modified after the method described by
Ž .Fleer and Bacon 1991 and optimized by tracer

experiments with 234 Th and 233Pa. The samples were
first redissolved in 9 N HCl by adding a volume
Ž . Ž .typically ;10–20 ml of concentrated HCl 12 N
equivalent to three times the volume of Fe oxyhy-
droxide recovered by decantation and centrifugation.
A ;4 ml column of AG1-X8 resin packed into a
0.6=20 cm polyethylene tube with a polyethylene

Ž .frit KONTESe was pre-conditioned with HCl 9 N.
The dissolved sample was passed through the col-
umn and rinsed with an additional 12 ml of 9 N HCl.
The Th fraction, which is not retained by the resin,
was collected in a Teflone beaker. The Pa fraction,
which is adsorbed on the chloride column with Fe
and U, was eluted into a separate Teflon beaker with
12 ml of 9 N HCl plus 0.14 N HF. The U and Fe that
remain on the column were discarded. The Th frac-
tion was then evaporated to a small volume and
taken up in 8 N HNO to be further purified by3

elution through a second anion-exchange column of
AG1-X8 pre-conditioned with 8 N HNO . The eluted3

236 Ž .Pa fraction was spiked with U ;70 pg , equili-
brated overnight and passed through another AG1-X8
column pre-conditioned with 9 N HCl. The column
was further eluted with 12 ml of 9 N HCl plus 0.14
N HF and the total eluate recovered in the Teflone
beaker. The purpose of adding 236 U prior to the last

column for Pa is to check for possible 233U Ableed-
ingB in the final Pa fraction. 233U is produced by
decay of 233Pa and the two isotopes cannot be distin-
guished by ICPrMS. Since 231Pa is quantified from
the 231Par233Pa ratio measured in the Pa eluate, any
U AbleedingB would add 233U to the solution and
interfere with the measurements. Adding 236 U prior
to the last Pa column provides a means of quantify-
ing possible U contribution to the 233 atomic mass
unit peak. If significant 236 U is found in the last Pa
eluate, U can in turn be eluted from the last column
with 1 N HCl and its 233Ur236 U measured to correct
for the presence of 233U in the Pa fraction. In our
experience, however, this is very rarely required as
the column separation of U and Pa is very efficient
Ž 236typically, -0.01% of the added U passes through

. 233the column and most of the U has already been
removed on the first chloride column. After elution,
the Th and Pa solutions were each reduced to a drop
in a small screw-cap Teflone vial. Just prior to
analysis, 0.3 ml of Milli-Q water was added to the
Th fraction. For the Pa fraction, 0.3 ml of 1 N HNO3

plus 0.14 N HF was added and the closed vial heated
to 60 8C in a drying oven overnight in order to
prevent the loss of hydrolyzed Pa complexes on the
walls of the vial. The resulting solutions were then

Žfiltered through acid-washed Acrodiske filters 0.2
.mm pore size to prevent clogging of the micronebu-

Žlizer. High purity acids HCl, HNO and HF;3
.Seastare were used throughout the procedure, and

all Teflonware and resins were thoroughly acid-
cleaned.

During the 234 Th and 233Pa tracer experiments,
Ž .column recoveries were 100% "10% , and cross-

contamination between Th and Pa -1%.
Overall recoveries were typically 50–70% for

both isotopes. Most of the loss occurs during the
decantation steps, and thus collection of precipitates
by large volume or continuous centrifugation could
improve recovery and further reduce the volume of
seawater needed.

2.3. Sample analysis

230 Th and 231Pa concentrations were calculated
230 229 231 233 Ž .from the Thr Th and Par Pa; U ratios

Žmeasured on a magnetic sector ICPrMS Finnigan
. ŽMAT Element in low-resolution mode mass resolv-
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.ing power DMrMs300 . Samples were introduced
into the plasma through a membrane desolvator
Ž .MCN-6000, Cetac Technologies equipped with a
PFA microconcentric nebulizer and a PFA spray

Ž .chamber Elemental Scientific . Passive aspiration
was used to improve the stability of the ion beam
and eliminate possible memory effects from the PVC
tubing of the peristaltic pump. Combining the MCN-
6000 and PFA microconcentric nebulizer signifi-

Žcantly reduces the sample uptake rate ;100
.mlrmin , improves sensitivity 10-fold over standard

Ž 9 .pneumatic nebulization ;3=10 cpsrppm Th
without increasing background counts, and result in

Žan overall efficiency ions detectedratoms intro-
. Ž .duced comparable to TIMS ;1‰ . Measurements

Žwere made in the electrostatic scanning mode i.e. by
.changing the acceleration voltage; Table 1 over a

Žrange of masses 229, 230, 230.5 and 231.5 for Th
analysis; 231, 231.5, 233 and 236 for Pa analysis;

.Fig. 1 . The width of each scanned peak was ad-
justed to clearly record the flat top area and maxi-
mize precision. Data acquisition time was ;2–3
min for each fraction. To minimize carry-over be-
tween samples, the system was cleaned using an
ultra-pure diluted nitric acid solution containing
traces of HF after each sample run. Prior to each
measurement, acid blanks were measured to quantify
and correct for carry-over between samples, which
was typically 1–3 cps.

2.4. Spikes and standards

229Th and 233Pa spikes were used for the quantifi-
cation of 230 Th and 231Pa, respectively. The 229Th
solution has been calibrated by ICPrMS and TIMS
against a gravimetric 232 Th standard. 233Pa was pro-
duced by neutron activation of 232 Th and purified by

Žanion-exchange on AG1-X8 resin Anderson and
. 233Fleer, 1982 . A Pa solution has been calibrated by

analyzing a dissolved sample of Table Mountain
Ž .Lattite TML , a widely used rock standard in which

235U and 231Pa are known to be in secular equilib-
rium. The 235U concentration in the rock solution
was measured by isotope dilution ICPrMS using a
236 U spike calibrated against a U gravimetric stan-
dard. The 231Pa concentration of the TML solution
was then calculated based on 235U–231Pa secular
equilibrium and used to calibrate our 233Pa spike.

We also used TML to check our 229Th and 236 U
spike calibrations as 238U and 230 Th are also in
radioactive equilibrium in TML. We measured the
230 Thr232 Th in a TML solution by secondary ioniza-

Ž .tion mass spectrometry Layne and Sims, 2000 and
its 232 Th and 238U concentrations by ICPrMS using
our 229Th and 236 U spikes. From these measure-
ments, we calculated the 230 Thr238U in the TML
solution. In all our measurements, the measured
activity ratio of 230 Thr238U equaled unity within the

Ž .uncertainty of our measurements "1% .

Table 1
Typical operating parameters of sector type ICPrMS

Instrument parameters Scanning parameters

Isotopes Scanned mass Sample Samples
Ž .range time ms per peak

229Power, W 1350 Th 228.92–229.15 2 100
230Gas, lrmin Cool 13.3 Th 229.80–230.26 2 100

Auxiliary 1.10 230.39–230.62 2 50
Sample 1.22 231.47–231.53 2 50

231MCN-6000 Pa 230.90–231.20 2 100
Sweep 3.26 231.47–231.53 2 50

233Ž .N , mlrmin 14 Pa,U 232.90–233.20 2 1002
236Lenses, V Extraction y2000 U 235.91–236.20 2 100

Focus y951
X-Deflectior 4.6
Shape 89.3
Y-Deflector y6.2
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Standard solutions of 230 Th and 231Pa were cali-
brated by ICPrMS against the 229Th and decay-cor-
rected 233Pa solutions. Isotope fractionation during
ICPrMS analysis was estimated at 0.5% per amu,
based on replicate measurements of the 235Ur238U

Ž .of a U standard NBS 960 .

2.5. Samples

Several approaches were used to evaluate the
performance of the method. First, thirteen samples of

Žcoastal water were filtered through 142 mm diame-
. Ž .ter membrane filters 0.45 mm into 20 l cubitainers.

They were subsequently spiked with precisely
weighed aliquots of 230 Th and 231Pa standard solu-
tions to reflect the range of concentration typically
found in the open ocean. These samples where then
treated as unknowns following the procedure de-
scribed above. To further evaluate the precision
of the method, sets of replicate seawater samples
were collected in the eastern tropical Atlantic. Ten
;20-l samples were collected at 14827.05XN and

X Ž .21854.20 W St. J , at 2000 m depth. The 10 samples
were filtered gravitationally into 10 cubitainers. Five
samples were immediately weighed, acidified and
spiked on board and processed as regular samples
following the procedure described above. The five
others were brought back to the laboratory, weighed,
spiked, acidified and processed after ;15 months
storage. Two additional sets of five unfiltered sam-

Ž . Žples were taken from surface 30 m and deep 1500
. X X Ž .m water at 18827.9 N and 21801.6 W St. M . These

samples were immediately acidified with 30 ml of 6
M HCl, but stored for about 15 months before

Ž .spiking and analysis. One deep 1500 m water
sample was also stored without acid.

3. Results and discussion

3.1. Spectra obtained by sector type ICPrMS

Fig. 1 shows the ICPrMS spectra for Th and Pa
obtained for one of the seawater samples collected
from 1500 m at station M. Peak intensity for both
230 Ž . 231 Ž .Th ;2000 cps and Pa ;800 cps is well

Žabove background typically 1–3 cps, mainly due to
carry-over between samples and some contribution

.from dark noise , suggesting that sample size could
be further reduced, at least below 1000 m depth,
where the concentrations of the two nuclides are
highest. Magnetic sector type ICPrMS produces
peaks with flatter tops than quadrupole ICPrMS,
which improves the precision of the measurements.

3.2. Corrections for 232Th interference due to peak
tailing and hydride formation

Counts obtained on masses 230, 231 and 233
have to be corrected for tailing from 232 Th. 230 Th
has been measured in soil and deep sea sediment
samples with quadrupole or sector type ICPrMS
ŽShaw and Francois, 1991; Hinrichs and Schnetger,

.1999 . For these measurements, abundance sensitiv-
ity is critical due to the predominance of 232 Th in the
samples. For seawater, Fig. 1 indicates that tailing
correction is less significant. The highest 232 Thr
230 Th atom ratios are found in surface waters, where
they can reach 105, but at depth 232 Thr230 Th ratios
are generally 104 or lower. Sector type ICPrMS
have abundance sensitivity of ;5 ppm for masses 1
amu apart and ;0.5 ppm for masses 2 amu apart.
Tailing corrections on the 230 Th peaks are thus usu-
ally -5% and often -1%. Although the 231Pa peak
is within 1 amu of 232 Th, tailing correction is mini-
mized by efficient column separation of the two
elements. With -1% of the Th fraction AbleedingB
into the Pa solution, tail corrections on 231Pa are also
typically -5%.

233Ž .For Pa;U , isobaric interference from hydride
232 1 ŽTh H must also be considered Crain and Al-

.varado, 1994 . The mode and rate of sample intro-
duction into the plasma are the most important

Žfactors affecting hydride generation Crain and Al-
varado, 1994; Minnich and Houk, 1998; Becker et

.al., 1999 . With standard pneumatic nebulizers,
232 Th1H can be as high as 0.01% of the 232 Th peak
Ž .Hallenbach et al., 1994 . Membrane desolvation and
the small sample uptake rates afforded by microcon-
centric nebulizers minimize the generation of
232 1 Ž .Th H. For instance, using a MCN-6000 Cetace ,

Ž .Kim et al. 2000 found that hydride formation dur-
Ž238 1 238ing U analysis was reduced 7-fold U Hr Us

y5 .1.4=10 .
In order to quantify 232 Th tailing and 232 Th1H

generation, serially diluted 232 Th standard solutions
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Ž . Ž . Ž .Fig. 1. Sector type ICPrMS spectra for Th a and Pa b obtained from seawater collected in the eastern Atlantic St. M at 1500 m.
Concentrations are calculated by selecting only the channels corresponding to the top of the peaks after exporting the raw data into an
Excele spreadsheet, and subtracting isobaric interferences from the 232 Th tail estimated from the counts measured at mass 231.5 and the
count ratios reported in Table 2.

Ž .SPEXe Certified Standard were run and measured
over the 230–233 mass range. Considering the con-

232 Žcentration range of Th in seawater 4–400 pgrkg;
.Cochran, 1992 and the pre-concentration factor of

our analytical procedure, the expected 232 Th concen-
tration in the final Th solution introduced into the
ICPrMS is about 0.2–20 ngrml. Since Pa is chro-
matographically separated from Th with an effi-
ciency typically )99%, 232 Th concentration in the

final Pa fraction should be -0.2 ngrml. However,
232 Th contamination, particularly from the resin, can
increase 232 Th concentration in the Pa fraction.

Table 2 shows the count rates obtained on the
230–233 mass range for 232 Th concentrations rang-
ing from 0.2 to 5 ngrml. The absence of discernable
peaks at mass 230 and 231 indicates that count rates
on these masses come from the tailing of 232 Th;
count rates at mass 233 combine the effect of tailing
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Table 2
Interference and peak tailing by 232 Th in both Th and Pa fraction
232 Th Mass number Ratios
Ž .ngrml 230 230.5 231 231.5 232 232.5 233 230r231.5 231r231.5 233r231.5

a 60.2 -1 2 5 16 0.85=10 62 8 – 0.32 0.50
60.5 -1 6 13 39 2.3=10 157 19 – 0.32 0.48
6 bŽ .1 2 11 25 83 4.4=10 276 43 0.024 0.31 0.52
6 bŽ .5 12 50 141 411 23=10 1478 221 0.029 0.34 0.54

a Ž .Count per second cps .
b Extrapolated from count rates for lower concentrations.

and ThH formation. The average 233r232 ratio is
0.95=10y5, which is comparable to 0.95=10y5

Ž . y5Eroglu et al., 1998 and 1.4=10 measured for
Ž . y5UH Kim et al., 2000 , and lower than 2.1=10

Ž . y5 ŽCrain and Alvarado, 1994 and 2.7=10 Min-
.nich and Houk, 1998 measured for ThH. Because

over-ranging occurs on the 232 peak when 232 Th
concentration exceeds 0.5 ngrml, tailing intensity
was also measured at 230.5, 231.5, and 232.5, and
count rates at 231.5 were used as reference to esti-
mate 232 Th interferences on the 230, 231 and 233
masses. The ratios 230r231.5, 231r231.5 and
233r231.5 are 0.03, 0.3 and 0.5, respectively. In the
example shown in Fig. 1, count rates at 231.5 was
400 cps in the Th fraction and 10 cps in the Pa
fraction. The resulting 232 Th interference corrections

Ž .were 12 cps on 230 0.6% of the 230 peak intensity ,
Ž .3 cps on 231 0.4% of the 231 peak intensity and 5

Ž .cps on 233 0.2% 233 peak intensity . Similar cor-
rections were applied to all the samples and blanks.
Corrections in surface waters can be ;10 times
higher due to their higher 232 Thr230 Th ratios. The

ŽPa spectrum also shows a peak at mass 236 ;100
236 .cps: ;6 fg U , which indicates negligible U

Ž .bleeding -0.01% in the Pa fraction.

3.3. Isotopic fractionation and stability of isotopic
ratios during analysis

Analytical errors may also arise as a result of
variable isotopic fractionation during ICPrMS mea-

Žsurements Heumann et al., 1998; Catterick et al.,
.1998 . Two monitor solutions produced by combin-

Ž 230ing calibrated Th 11.5 pgrg Th plus 8.6 pgrg
229 . Ž 231 233 .Th and Pa 0.2 pgrg Pa plus 1.2 pgrg Pa
standard solutions were analyzed repeatedly to check

the short-term and long-term variability of isotopic
Ž .ratio measurements Fig. 2 . Based on replicate mea-

surements of NBS 960 uranium standard, which has
238 235 Ž .a natural Ur U ratio 137.88 , a mass fractiona-

tion factor of 0.5%ramu was applied to the expected
Th and Pa isotopic ratios. The mass fractionation
correction based upon 235Ur238U of NBS 960 can

Žvary by ;0.1% within a day Sims et al., submitted
.for publication , which is much smaller than the

uncertainties in our measurements. The long-term
variability in the measured isotopic ratios was simi-
lar to the precision of measurement of individual

Ž . Žratios, ;1% 2 se for the Th monitor, and ;3% 2
.se for the Pa monitor. Isotopic fractionation and its

long-term variability are thus within the precision to
which typical seawater samples can be measured.

3.4. Decay of 233Pa to 233U and implications for
231Pa measurements

233 ŽShort-lived Pa decays to long-lived t s1r2
. 233159,200 years U. The Pa monitor was initially

prepared from a 233Pa solution that had just been
Ž .eluted from a HCl 9 N -conditioned AG1-X8 col-

233 231 233Ž .umn twice to remove U. Its Par PaqU
ratio was monitored over a period of 45 days, during
which its 233Ur233Pa rose from 0 to 2.2. Notwith-
standing this change in elemental composition, the
231 233Ž .Par PaqU ratio remained within the preci-

Ž .sion of the analysis Fig. 2 . This observation indi-
cates that ICPrMS’s do not differentiate between
233U and 233Pa. This is in contrast to thermal ioniza-
tion, during which U ionizes at lower temperature
than Pa. Quantifying 231Pa by ICPrMS thus requires

Ž .that the Pa fraction eluted from the last HCl 9 N -
conditioned column be free of 233U. This step is
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Fig. 2. Variability of isotope ratios measured on monitor solutions
Ž 230produced by combining calibrated Th 11.5 pgrg Th plus 8.6

229 . Ž 231 233 .pgrg Th and Pa 0.2 pgrg Pa plus 1.2 pgrg Pa
standard solutions. The gradual increase in 233Par233U resulting
from 233Pa decay is also shown. Error bars represent the 95%
confidence intervals.

more critical for ICPrMS measurement than for
TIMS, where 233U can be thermally removed from
the filament prior to Pa ionization. Column separa-
tion of U and Pa is very efficient, however, and can

236 Ž . 236be confirmed by monitoring U Fig. 1 . If U
count rates indicate significant 233U AbleedingB into
the Pa fraction, its contribution to the 233 peak can
be evaluated by eluting U from the last column and
measuring its 233Ur236 U ratio. Subsequent to chemi-

cal separation, the lack of differentiation between U
and Pa in the plasma becomes an advantage, as
samples can be then stored for at least 1 month and
probably longer prior to analysis. Quantification of
231Pa is based on the number of atoms at mass 233

Ž 233that are eluted from the last column initially Pa,
233 .but subsequently decaying to U . Measurements

could thus be performed after the level of radioactiv-
ity in the sample has been reduced to very low
levels, minimizing its impact on the detectors and
complications arising from handling radioactive ma-
terial.

233 ŽThe Pa spike is first eluted through an HCl 9
.N -conditioned column at a recorded time and subse-

quently calibrated against TML or a 231Pa standard
Ž 233 .solution taking into account Pa decay . The cali-

brated spike is then added to unknown samples and
the time of last elution is also recorded to calculate
233Pa decay between the last calibration column and
the last sample column. Because 233Pa may be lost
preferentially to 233U on the walls of the Teflon vials
where the samples are reduced to a drop for storage

Ž .before analysis, 0.3 ml of 1 N HNO q0.14 N HF3

is added to each sample and heated to 60 8C in a
closed Teflone vial placed in a drying oven overnight
before ICPrMS analysis to insure total solubilization
of the remaining Pa.

3.5. Blanks and detection limits

Cumulative values from reagents to procedural
blanks are reported in Table 3. All values were
corrected for 232 Th tailing and 232 Th1H interference.

230 Ž .Most of Th blank 3.8"0.9 fg comes from the

Table 3
Ž . 230 231Blank levels fg in the analysis of Th and Pa in seawater

230 231 aBlank type Th Pa N
bMean std Mean std

cŽ .Reagent fg 0.10 0.10 0.10 0.12 2
cŽ .Reagentqresin fg 1.11 0.34 0.19 0.08 14

cŽ .Feqreagentqresin fg 4.90 0.85 0.20 0.09 2
SpikeqFeqreagentq 5.79 1.08 0.63 0.13 6

dŽ .resin fg

a Number of measurements.
bStandard deviation.
cCalculated by external calibration.
dCalculated by isotope dilution.
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Fe carrier solution, and to a lesser extent from the
Ž . 229 Žresin ;1"0.4 fg and Th spike ;0.9"1.4

. 230fg . The Th procedural blank amounts to ;15%
of the 230 Th expected in ;20 l of surface seawater
Ž . 2312 fgrkg . For Pa, a large fraction of the contami-

Ž . 233nation ;0.43"0.16 fg comes from the Pa
spike. 231Pa is produced by neutron activation of
traces of 230 Th present in 232 Th target used for 233Pa

Ž .preparation Bourdon et al., 1999 . This source of
contamination increases with time, as the 231Par233Pa
ratio of the spike increases. However, it can be
precisely measured, and thus affects minimally the

Žprecision of the measurement Table 3 indicates that
the standard deviation on the blank does not increase

.with the spike . The Pa procedural blank amounts to
;8% of the 231Pa present in 20 l of surface seawater
Ž .0.4 fgrkg .

Based on the standard deviation of the procedural
blanks, detection limits of the method are estimated
at 3.2 fg for 230 Th and 0.4 fg for 231Pa, which are
5–15 times lower than the amounts found in 20 l of
surface seawater.

3.6. Dark noise

Although the dark noise on magnetic sector
Ž .ICPrMS is initially very low typically -0.3 cps ,

it could increase as a result of the gradual accumula-
tion of b-emitting 233Pa on the first dynode of the
ion-counting system. After one full year of service

231 Žand the analysis of nearly 300 Pa samples sedi-
.ment and seawater , the dark noise of our instrument,

however, remained below 2 cps. Measurement of the
instrument dark noise before and after the analysis of
13 Pa sediment samples, resulting in the introduction

233 Ž .of ;0.1 ng of Pa 2 mCi into the plasma, the
dark noise increased from 1.1"0.1 to 1.4"0.1
Ž .95% CI . In effect, this dark noise contributes to the
Aacid blanksB measured before each sample and is
therefore subtracted during data reduction.

3.7. Data processing

Data acquisition consisted of 30 consecutive runs
over the entire mass range, which averaged 30 passes
each. The time-resolved raw data recorded by the
ICPrMS software were exported into Excele
spreadsheets. Count rate averages and standard devi-
ations were calculated on the mass range correspond-
ing to the flat top of each peak only, while the lower
count rates measured on each side of the peaks were
discarded. Isotopic ratios were calculated for each of
the 30 consecutive runs and the reported internal
precision is twice the standard deviation on the ratio
divided by the square root of the number of runs.
After subtraction of the column blank, the 230 Th and
231Pa concentrations in the samples were calculated
using standard isotope dilution equations.

3.8. Precision, accuracy, and sample storage

3.8.1. Standard addition
Coastal seawater was filtered into 13 polyethylene

cubitainers and spiked with 230 Th and 231Pa to cover

230 Ž . 231 Ž .Fig. 3. Standard addition of Th a and Pa b to coastal waters and linear regression on the data.
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the range of concentration found in open ocean
Ž230 231 .waters Th: 1–26 fgrkg; Pa: 0.5–10 fgrkg .

Measured and added concentrations are shown in
ŽFig. 3. The internal precision was better than 2% 2

.se for samples with concentration )10 fgrkg and
Ž .varied from 3% to 10% 2 se at lower concentration

Ž .Table 4 . The errors on intercepts indicate that the
coastal seawater sample initially contained 1.1"0.3

230 231 Žfgrkg Th and 0.07"0.11 fgrkg Pa 95%
Ž ..confidence intervals CI . The slopes of the regres-

Žsions are indistinguishable from unity 0.998"0.008
230 231 .for Th and 1.002"0.009 for Pa . Although

this is not a direct assessment of the accuracy of the
measurements, since the 231Pa and 230 Th standards
that were used to spike the coastal seawater were
calibrated against the same 229Th and 233Pa solution
used for isotope dilution, the accuracy of the latter
two solutions was estimated by analyzing TML to be
within 1%.

3.8.2. Replicate analyses
The reproducibility of the analysis was tested with

Žfour sets of five replicate seawater samples Table
.5 . The two sets taken from station J at 2000 m depth

were immediately filtered into polyethylene cubitain-
ers. One set was spiked and acidified as described

Table 4
230 Ž . 231 Ž .Standard addition results for Th fgrkg and Pa fgrkg in

seawater
230 231Ž . Ž .Sample Th fgrkg Pa fgrkg

no. Added Measured Added Measured
aMean 2 se Mean 2 se

1 0 1.56 0.11 0 0.15 0.01
2 0 1.32 0.06 0 0.06 0.004
3 1.29 2.11 0.10 0.47 0.66 0.04
4 2.60 3.26 0.33 0.93 1.03 0.06
5 6.55 7.49 0.25 1.47 1.36 0.07
6 9.19 10.23 0.22 3.06 3.00 0.11
7 13.21 14.64 0.26 4.77 4.87 0.20
8 13.16 14.19 0.22 4.85 5.04 0.22
9 15.72 16.75 0.35 5.72 5.59 0.31

10 19.57 20.21 0.26 7.18 7.40 0.29
11 22.27 23.39 0.42 8.07 8.18 0.26
12 26.22 27.32 0.50 9.46 9.53 0.27
13 26.29 27.43 0.63 10.13 10.23 0.30

a Ž .Internal precision 95% confidence level .

above. The second set was stored for a period of
;15 months before acidification, spiking, equilibra-

Ž .tion for an entire week and analysis. The results
Žobtained on the shipboard-processed samples Table

. Ž5 indicate an overall reproducibility two standard
. 230 231deviations of 5.2% for Th and 5.8% for Pa,

which is about twice the internal precision. The
unacidified samples show a clear indication of Pa
loss during storage and lower reproducibility. For
230 Th, only one of the replicate samples shows a
significant loss.

The two additional sets of five replicates taken
Ž .from station M, one from the mixed layer 30 m

and the other from a depth of 1500 m, were both
acidified immediately after collection without filtra-
tion and stored for approximately 15 months before
spiking, equilibration and analysis. Reproducibility

Ž .ranged from 12.5% two standard deviations at
concentrations -1 fgrkg to 8.3% at higher concen-

Ž .tration Table 5 . Reproducibility appears to be
somewhat worse for unfiltered samples, possibly re-
flecting heterogeneity in the distribution of sus-
pended particles. The generally lower reproducibility
obtained on samples acidified but not spiked on
board suggests possible erratic loss of Th during the
15-month storage. One replicate sample was also
taken at 1500 m and stored without acidification.
Results from this sample confirm the hydrolytic loss
of both Th and Pa during storage under these condi-
tions. These results thus indicate that the samples
should be acidified as soon as possible after collec-
tion. It is also advisable that they be spiked as soon
as possible, until further tests are conducted.

3.9. Water column profiles

AOceanographic consistencyB provides another
means of assessing the quality of our measurements.
Deep-water circulation has a predictable effect on
230 Th and 231Pa seawater profiles. When water circu-
lation is neglected, a reversible scavenging model
predicts linear increases in the concentration of both

Žradionuclides with depth Bacon and Anderson,
.1982 . Deep-water formation in the North Atlantic

thus decreases deep water concentration, which grad-
ually increases as the newly formed deep water ages
and regains steady-state with respect to scavenging
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Table 5
Reproducibility and storage effects in the analysis of 230 Th and 231Pa in seawaters

230 231Ž . Ž .Th fgrkg Pa fgrkg

St. M, 30 m St. M, 1500 m St. J, 2000 m St. M, 30 m St. M, 1500 m St. J, 2000 m
Ž . Ž . Ž . Ž . Ž . Ž .unfiltered unfiltered filtered unfiltered unfiltered filtered

Sample Mean 2 se Sample Mean 2 se Sample Mean 2 se Sample Mean 2 se Sample Mean 2 se Sample Mean 2 se
aOn board acidified 15 and 16 9.05 0.1 15 and 16 3.64 0.16

and spiked 17 and 18 9.17 0.1 17 and 18 3.55 0.18
19 and 20 9.29 0.2 19 and 20 3.76 0.25
21 and 22 9.62 0.2 21 and 22 –
23 and 24 9.52 0.2 23 and 24 –
Mean 9.33 Mean 3.65
std 0.24 std 0.11

bAcidified on board 1 and 2 2.88 0.1 1 and 2 8.15 0.15 1 and 2 0.42 0.07 1 and 2 3.71 0.14
and stored 3 and 4 3.07 0.11 3 and 4 8.54 0.13 3 and 4 0.5 0.04 3 and 4 3.54 0.13
Ž .15 months 5 and 6 2.81 0.09 5 and 6 8.61 0.17 5 and 6 0.46 0.05 5 and 6 3.64 0.15

c7 and 8 – 7 and 8 9.07 0.19 7 and 8 0.45 0.04 7 and 8 3.96 0.18
9 and 10 3.09 0.09 9 and 10 8.11 0.18 9 and 10 0.45 0.05 9 and 10 3.71 0.18
Mean 2.96 Mean 8.49 Mean 0.46 Mean 3.71

dstd 0.14 std 0.39 std 0.03 std 0.15
Unacidified and 5 and 6 7.27 0.19 5 and 6 2.09 0.18

Ž .stored 15 months 7 and 8 9.27 0.22 7 and 8 1.92 0.2
11 and 12 6.87 9 and 10 – 11 and 12 2.52 9 and 10 2.68 0.21

11 and 12 9.11 0.18 11 and 12 2.46 0.27
13 and 14 9.27 0.19 13 and 14 2.28 0.18
Mean 8.73 Mean 2.29
std 0.97 std 0.3

a30 ml of 6 N HCl into 20 l seawater.
b Bottle number on rosette.
cSamples lost during measurements.
dStandard deviation.
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Fig. 4. Dissolved 231Pa and 230 Th profiles at two stations in the equatorial Atlantic showing the gradual ingrowth of the two nuclides in
deep water between Stations 3 and 4. Error bars for 231Pa represent internal precision at the 95% confidence interval. Same error bars for
230 Ž .Th are within the symbols used to represent the data. Schematic of the Deep Western Boundary Current DWBC is from Schmitz
Ž .1996 .

ŽRutgers van der Loeff and Berger, 1993; Moran et
.al., 1997; Francois et al., 2000 . This effect can be

clearly discerned in two profiles of dissolved 230 Th
and 231Pa taken in the equatorial recirculation loop

Ž .of the Deep Western Boundary Current DWBC .
Station 3 sampled the younger water in the eastward
branch of the loop. Station 4 sampled the older water

Ž .in the westward branch Fig. 4 . The profiles overlap
in the upper 1000 m for 231Pa and the upper 2000 m
for 230 Th, where steady state with respect to scav-
enging has already been regained. In deeper water,
however, both nuclides show measurable increases in
concentration between the two stations that can be

used to constrain deep water circulation and mixing
Ž .rates Francois et al., 2000 .
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