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Abstract

Multiple-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) has been used for the precise measurement
of Sb isotopic composition in geological samples, as well as Sb(III) and Sb(V) species in aqueous samples. Sb is chemically
purified prior to analysis by using cation-exchange resin and cotton impregnated with thioglycollic acid (TCF). Purification
through cation-exchange resin is required for the removal of matrix interfering elements such as transitional metals, whereas
TCF is required for the separation of other hydride-forming elements such as Ge and As. The analyte is introduced in the plasma
torch using a continuous flow hydride generation system. Instrumental mass fractionation is corrected with a ““standard-sample
bracketing” approach. Using this technique, the minimum Sb required per analysis is as low as 10 ng for an estimated external
precision calculated for the '**Sb/'?!'Sb isotope ratio of 0.4 ¢ units (20).

Sb isotope fractionation experiments reported here indicate strong fractionation (9 ¢ units) during Sb(V) reduction to Sb(III).
Seawater, mantle-derived rocks, various environmental samples, deep-sea sediments and hydrothermal sulfides from deep-sea
vents have been analyzed for their Sb isotope composition. We define a continental and oceanic crust reservoir at 2 + 1 ¢ units.
Seawater ¢'>>Sb values do not vary significantly with depth and yield a restricted range of 3.7 + 0.4 ¢ units. Sb deposited in
hydrothermal environments has a significant range of Sb isotopic composition (up to 18 ¢ units). These variations may reflect
not only contributions from different Sb-sources (such as seawater and volcanic rocks), but also kinetic fractionation occurring
at low temperature in aqueous media through the reduction of seawater-derived Sb(V) in more reducing environment. Our
results suggest that Sb isotopes can be extremely useful tracers of natural processes and may be useful as paleoredox tracers in
oceanic systems.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Over the past 5 years, unprecedented advances have
been made for high-precision measurement of isotopic
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compositions due to the development of multiple-
collector magnetic sector inductively coupled plasma
mass spectrometry (MC-ICP-MS). This technique
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combines the high ionization efficiency of the Ar
plasma source with the magnetic sector/multiple col-
lector, a measuring device providing precise and
accurate isotope ratio determination. In particular, the
studies of the stable isotope systematics of metals,
such as Fe (Belshaw et al., 2000), Cu (Maréchal et al.,
1999; Zhu et al., 2000), Zn (Maréchal et al., 2000), Mo
(Barling et al., 2001), Tl (Rehkémper and Halliday,
1999) and metalloid Se (Rouxel et al., 2002), are now
routinely performed on MC-ICP-MS and provide new
insights into planetary processes and cosmochemistry
as well as natural fractionation of isotopes in inorganic
and biological processes on the earth.

Sb has two stable isotopes of mass 121 and 123
with average abundances of 57.362% and 42.638%,
respectively (Anders and Grevesse, 1989). To date, no
geochemical or cosmochemical investigations of the
variations of these isotopes have been attempted. In
fact, the development of Sb isotope measurements for
geochemical studies is challenging as Sb isotopes
have low mass differences (1.6%) precluding large
mass fractionation in nature and Sb is a trace element
below 100 ng/g for most geological samples and
below 300 ng/l for seawater.

Antimony is undoubtedly an interesting element in
many aspects. It is a moderately siderophile element
that behaves like the incompatible lithophile element
Pr during igneous processes in the mantle (Jochum
and Hofmann, 1997) with concentrations varying
from 0.02 to 0.8 ppm in oceanic basalts. Furthermore,
antimony behaves as a highly incompatible element
during the formation of continental crust, but it is only
moderately incompatible during the formation of
oceanic basalts. This “bimodal incompatibility” may
be related to the transfer through the upper continental
crust by hydrothermal processes acting in conjunction
with normal igneous processes (Noll et al., 1996;
Sims et al., 1990).

Chemically similar to arsenic, Sb can be found
mainly as inorganic Sb(V) and Sb(IIl) species but
volatile species (SbH3) and methylated species may
occur in natural environments (Andreae et al., 1981).
It has been clearly shown that the toxicity of Sb
species is similar to that of As, with Sb(Ill) being
much more poisonous than Sb(V) (Gurnani et al.,
1994). Therefore, numerous studies have been
focused on the measurement (Yu et al., 1983) and
distribution of Sb species and their redox transfor-

mations in order to understand the environmental
consequences of their presence in aquatic systems
(Brannon and Patrick, 1985; Thanabalasingam and
Pickerign, 1990; Belzile et al., 2001). In oxygenated
waters, the antimonate ion Sb(OH)s should be the
thermodynamically stable form of Sb (Turner et al.,
1981). Although aqueous antimony chloride com-
plexes have been observed, it is generally believed
that aqueous antimony sulfide complexes dominate
in most conditions (Sherman et al., 2000). A sig-
nificant fraction of the total Sb measured in natural
waters can also be present as Sb(IIl), methylstibonic
acid and dimethylstibine (Andreae et al., 1981). The
presence of the nonequilibrium species is probably
due to biological activity and kinetic processes
(Andreae, 1983). The biogeochemistry of Sb is thus
controlled by the chemical speciation of the dis-
solved forms, which can be altered under different
redox conditions.

Kinetic reduction of metals and metalloid com-
pounds, such as Fe (Matthews et al., 2001), Cr (Ellis
et al., 2002), Cu (Zhu et al., 2002) and Se (Johnson et
al., 1999), is known to produce large isotope fractio-
nation among the formed reduced species and the
residual oxidized species. Therefore, it is anticipated
that redox changes of Sb(V) and Sb(IIl) species as
well as biological activity and Sb volatilization or
transport in hydrothermal systems can produce sig-
nificant isotope fractionation in natural systems.

In this study, we report on a technique for the
isotopic analysis of Sb in geological samples and
Sb(I1I), Sb(V) species in aqueous samples using a
continuous-flow hydride generation (HG) system
coupled to a Micromass Isoprobe multicollector
inductively coupled plasma mass spectrometry
(MC-ICP-MS). As previously used for Se isotopes
(Rouxel et al., 2002), this technique applied to Sb
isotopes should meet the requirement of the high-
precision isotope analyses using MC-ICP-MS and
high sensitivity reached by analysis of gaseous
hydride. We present data from experimental inves-
tigation of Sb isotope fractionation during reduction
of Sb(V) to Sb(Ill) to provide an assessment of the
potential of using Sb isotope as a new geochemical
tracer. Preliminary studies of Sb isotope composition
in natural environment are also presented for mantle-
derived rocks, sediments, hydrothermal sulfides and
seawater.
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2. Analytical methods
2.1. Reagents

Water was purified using a Millipore deionizing
system. Distilled nitric and hydrochloric acids were
used for the chemical separation and hydride gen-
eration. All glassware and Teflon© (PTFE) materi-
als were cleaned with concentrated analytical
reagent grade nitric acid and distilled water before
use. Sodium borohydride (MERCK Eurolab) solu-
tion at 1% (m/v) was prepared daily after filtration
and was stabilized in 0.05% (m/v) NaOH. A
reducing solution of KI (10%) was prepared by
dissolving KI salt (prolabo analytical grade) in
distilled water with 10% ascorbic acid (prolabo
analytical grade). A standard Sb solution was
obtained from Spex solution and stabilized in
0.001% ascorbic acid.

Thiol cotton fiber (hereafter abbreviated as TCF)
used for Sb enrichment is prepared using the follow-
ing procedure described by Yu et al. (1983) and Marin
et al. (2001). Thioglycollic acid (62.6 ml), acetic
anhydride (34.7 ml), acetic acid (16.5 ml) and con-
centrated sulfuric acid (0.137 ml) were put in PTFE
beaker and mixed well and 10 g of hydrophile cotton
(medical grade) was introduced. The beaker was
closed and left for 4 days in a water bath at 40 °C.
The beaker was agitated every day. The TCF was
filtered using a sintered-glass funnel and washed with
water. The TCF was dried at room temperature for 2
days in a clean box.

2.2. Chemical purification of geological samples

Less than 400 mg of sample (silicates and sul-
fides), corresponding to approximately 50 ng of Sb,
was digested in concentrated HF (8 ml), HNO; (1
ml) and HCIO4 (0.05 ml) in 10 ml PTFE digestion
vessel. Before sealing, the PTFE containers with
sulfide-rich or carbonate-rich materials were left at
room temperature until completely degassed. For the
organic-rich material (e.g. soil, shale), 4 ml of
concentrated HNOs and 1 ml H,O,+1 ml HF were
first added and taken to incipient dryness at 40 °C.
Sealed PTFE containers were left overnight on hot
plates at 100 °C and were then brought to incipient
dryness at 80 °C.

The residue obtained after chemical dissolution
was dissolved in 5 ml of 0.12 N HF and the solution
was heated in a closed vessel at 80 °C in boiling
water bath and ultrasonicated. Solid residues were
removed by centrifugation and the solution was then
loaded on cation exchange chromatographic columns
(Biorad AGS50-X8) filled with 2.5 ml of resin (wet
volume). The column was regenerated with 10 ml of
6 N HCI and conditioned with 5 ml of H,O. The
solution that passed through the column contains
Sb(V) and other anions (such as sulfate, chlorides,
and Ge, As, Se) whereas the matrix (including iron)
is strongly adsorbed on the resin. A final wash with
4 ml of H,O elutes residual Sb. For Fe-rich samples
or more than 250 mg of sample, the chemical
purification (including regeneration of the resin) is
repeated to ensure that the matrix is quantitatively
removed from the sample. As Sb is only passing
through the column under this chemical procedure,
complete recovery of Sb is achieved without induc-
ing any isotopic bias.

Sb(V) is reduced to Sb(IIl) by adding 0.5 ml of a
10% KI solution stabilized in 10% ascorbic acid.
The reduction is enhanced by adjusting the solution
to I N HCIl and by allowing 24-h settling time.
Quantitative reduction may also be achieved within
several minutes as suggested by Petrick and Krivan
(1987) by heating the solution, but the temperature
must be kept below 90 °C as ascorbic acid tends to
decompose at high temperature and high HCI con-
centration.

After this reduction step, the solution in 1 N
HCI was diluted to 0.5 N HCI with H,O and then
loaded on a 10-ml column filled with 0.14 g of
TCF previously washed with 5 ml H,O and con-
ditioned with 5 ml of 0.5 N HCI. Sb was eluted
slowly with 2.5 ml of 6 N HCI and then diluted
with 2.5 ml of H,O after adding 0.5 ml KI and
ascorbic acid at 10% to prevent back oxidation of
Sb(IIT) for hydride generation analysis. Other
hydride-forming elements, Se, As and the isobaric
interfering element Te, are retained in the cotton as
already observed by Yu et al. (1983). The use of a
mixture of KI and ascorbic acid in the chemical
preparation further improves the chemical separation
of Sb from Te, which has an isobaric interference
with '2Sb due to the formation of unreactive Te®
species.
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2.3. Sb(lll) and Sb(V) determination in aqueous
sample water

It has been noted (Yu et al., 1983) that within
certain pH ranges, the Sb(V) species are partly
reduced to Sb(IIl) by the thiol groups of the cotton
and are absorbed. This impairs the selectivity of
Sb(IIl) speciation. Thus, for better selectivity in the
presence of Sb(V), Sb(IIl) is adsorbed on TCF from
pH 5 to 8, which is the common pH range for
most natural waters including seawater. Sb(Ill) is
then desorbed as for total Sb determination and
residual Sb(V) is converted to Sb(III) with a
mixture of KI and ascorbic acid at 0.2% in 0.5 N
HCI] medium and is processed for chemical separa-
tion following the procedure for total Sb determi-
nation. The same TCF column was used for the
determination of the two Sb species in the same
sample as no difference was observed with the use
of a new TCF column.

2.4. HG-MC-ICP-MS isotope ratio measurement

The generation of Sb hydride (SbH3) is among the
most suitable techniques for on-line separation and
speciation of nanogram amounts of Sb. Different
oxidation states of Sb exhibit different sensitivity in
HG technique, with Sb(IIl) being more sensitive to
Sb(V) species (Dedina and Tsalev, 1995). The hydride
generation system used for Sb isotope analysis is
similar to the system used for Se isotope determina-
tion (Rouxel et al., 2002) and is shown schematically
in Fig. 1. Operating parameters of the HG are sum-
marized in Table 1. A peristaltic pump was used to

Autosampler Pump

Sample/Standard
in HCI 1.7N

—
——

NaBH,(1%) in
NaOH (0.05%)

Drain -

Mixing Coil

Table 1
HG-MC-ICP-MS operating conditions

Inductively coupled plasma

RF power 1450 W

Plasma Ar flow rate 13 1 min~ !

Intermediate Ar flow rate 1.1 1 min~"

Mass spectrometer

Sample Nickel

Skimmer Nickel

Ar hexapole flow rate 1.8 ml min~!

Data acquisition parameters

Measurement time/sequence 8s

Number of raw data 25

Z1-72:10 s

Hydride generation

Reducing agent 1% (m/v) NaBH, in
0.05% (m/v) NaOH

Flow rate of reducing agent 0.3 ml min~ !

Flow rate of sample 0.3 ml min~ '

Flow rate of carrier gas 1 (Ar) 0.9 1 min~'

Flow rate of carrier gas 2 (Ar) 0.2 1 min~'

Sample acidity HCI 3N

deliver the reducing agent and the sample to the
hydride generation system. For the gas—liquid sepa-
rator, we used a modified Scott-type spray chamber
cooled at 4 °C without the nebulizer in place. After
the gas—liquid separator and aerosol filter, the Sb
hydrides are transported via Teflon tubing directly to
the ICP torch. Stability of the hydride formation was
improved by the mixing coil (20 cm), consistent
pumping of the liquid waste to the drain and a second
Ar inlet placed between the gas—liquid separator and
the ICP-MS torch. The Isoprobe, operating at the
Centre de Recherches Pétrographiques et Géochimi-

Stripping and carrier Ar
Ar1 Ar2

To MC-
ICP-MS
torch
PTFE Filter
Gas-liquid
separator
(at4°C)

Fig. 1. Schematic diagram of the continuous-flow hydride generator (Rouxel et al., 2002).
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ques (CRPQG), has been used for the measurements of
Sb isotopes. The instrumental settings are given in
Table 1. This instrument consists of a standard ICP
source and magnetic mass analyzer, which incorpo-
rates an RF-only hexapole collision cell technology
(Turner et al., 1998). By addition of small amounts of
gas to the collision cell, such as Ar, at few ml min~ !
(typically 1.8 ml min~ '), the interactions of ions from
the plasma with the collision gas reduce the energy
spread of the ions from 20 to 30 eV to less than 1 eV.
The mass spectrometer is equipped with nine Fara-
day cups, and the collector setting is given in Table 2.
Background correction (Z1-Z2) was made for each
block of 25 data (10 s of counting time). The isotopic
results are reported in the same manner as proposed
for Fe, Cu and Se isotope measurements by MC-ICP-
MS (Belshaw et al., 2000; Zhu et al., 2000; Rouxel et
al., 2002). This method involves the measurement of
an internal standard (Spex Sb elemental standard
solution) between samples yielding the isotopic com-
position of the sample expressed as a deviation
relative to the standard following the equation

Ry
¢'23Sb = 10,000 (P‘ - 1)
std

where Ry, is the measured 12391218 ratio for the
unknown sample and Ryq is the mean '**Sb/'?'Sb
ratio of the standard Spex hereafter referred to as
“matching standard” (MS) measured before and after
each sample. Each data point given in this study
corresponds to the mean of three replicate measure-
ments of individual bracketed samples. The MS and
the sample are analyzed at the same concentration
with less than 25% difference.

Because hexapole cell technology may produce
complex polyatomic interferences, the background
on Sb isotope was verified to be free of interferences
by measuring blank solutions. Residual signal corre-
sponds to Sb memory, mainly in the hydride gener-

Table 2
Collector setting

Axial High 1 High2 High3 High4 High5
Z1 1204 121.4 122.4 123.4 124.4 125.4
Z2 119.6 120.6 121.6 122.6 123.6 124.6

1 120g,  l2igy 1226 123gy 124g (5Te)
(+Te) (+Te)

ation system, and has an isotope ratio, within the
uncertainty, similar to the standard isotope ratio.
During each analytical session, and after passing a
rinse solution of 3 N HCI for 5 min, the level of this
memory is typically 1% of the previous Sb intensity
measured and does not require any specific correction
for most samples. Memory effects were, however,
carefully monitored and washout time was extended
to 10 min if required. Procedure blanks from all the
analytical steps have been estimated at 0.3 ng.

Because of the high H content of the gas intro-
duced in the plasma torch, we verified that no inter-
ferences from SnH" on '*'Sb or SbH3 on '**Sb may
bias the Sb isotopes analysis. For both elements, SnH
and SbH have been found to be below 0.1% of the Sn
and Sb signal. Furthermore, Sb is chemically sepa-
rated from Sn using a cation exchange resin. Because
element hydrides may form in the Isoprobe when
using a mixture of Ar and H in the reaction collision
cell (Rouxel et al., 2002), we used only Ar as collision
gas. A spectral interference on '*’Sb isotope from
123Te with isotopic abundance of 0.9% was found to
be negligible in both standard solution and chemically
purified samples, and no correction for Te interfer-
ences was required. Nonetheless, the intensity of '*>Te
is monitored during each analysis. Sn is always
present as impurity either in blank or sample solution
and contributes at a typical level of 100 mV. This Sn
pollution is probably derived from reagent used in the
NaBH, solution but, as discussed in Section 4.1, this
impurity does not produce any bias in the Sb isotope
analysis.

3. Experimental results
3.1. Matrix effects and analytical accuracy

3.1.1. Internal accuracy

As the analytical precision of the “standard-sample
bracketing” method depends on the stability of the
instrumental mass bias, we measured the long-term
evolution of the standard within an analytical session.
The Sb isotope ratios measured are presented in Fig.
2, either as absolute notation or relative notation using
¢ units. The internal precision of the measurement
corrected using the ‘““standard-sample bracketing™ is
evaluated by the measurement of the matching stand-
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Focusing of the ion beam

0.77000 - - 15.0
Ry
avnd 1
076950 1 ° ’,'. 10.0
»
® ',{.“ e1235p=-0.01" | 5.0
o 0-76900 1 *.% ™,
0, < N
2 2880\ %, | B so|siet oo B
N 0.76850 - 2
B 3 T -5.0
cg) 0.76800 %
o "N"l\ T -10.0
)
0.76750 0 1 150
10 ppb 2 :
ppb 5 ppb opb 10 ppb
0.76700 T T T T T T T T T ™ -20.0

1 11 21 31 41 51 61 71 81 91 101 111 121
# analysis (~24 hours)

*¢1238p=-0.01 + 0.92 (0 duplicates)
*1239p=-0.01 + 0.54 (1 duplicates)
*1238p=-0.01 + 0.29 (2 duplicates)

Fig. 2. '2*Sb/'!'Sb ratio and corresponding relative &'>*Sb notation for Sb internal standard (Spex solution) over a 24-h period. Filled diamonds
correspond to uncorrected data whereas open diamonds correspond to sample-standard bracketed data. Duplicate bracketed measurements
increase the internal precision and for three measurements, a precision of 0.20 ¢ units is obtained. During the analysis session of 24 h, the Sb
concentration and the focus setting in solution were changed.

ard solution treated in the same way as for an ionization conditions. However, it should be pointed
unknown sample. The replicate measurements of the out that no systematic trend of the instrumental mass
standard calculated in this manner are presented in bias can be defined and the bias is not reproducible
Fig. 2. The precision for a single analysis of the between different analytical sessions. The second
standard is calculated at 0.92 ¢ units (95% confidence important observation is that the concentration of Sb
level) whereas for triplicate measurement as done for analyzed (between 2 and 10 ppb) has no major effect
all samples, the precision is calculated at 0.29 ¢ units. on the precision or on the instrumental mass bias.
The important implication of the analytical results is

that, despite the long-term or more short-term varia- 3.1.2. Matrix effects

tions of the instrumental mass bias (up to 25 ¢ units in In the course of the analytical development, it was
24 h), the internal precision reached is largely suffi- observed that Sb was not reduced or only partially
cient for sample analysis. As a direct observation from reduced to Sb(III) by the KI and ascorbic acid mixture
Fig. 2, the long-term evolution of the instrument is when more than 5 mg of Fe(Ill) was present in
regular and decreases with time. This evolution is not solution. This is consistent with a previous study
influenced by the focus lens setting (Fig. 2) and is (Sanz et al., 1990) of the interference of Fe for the
probably related to similar source effects, which have determination of Sb by hydride generation. The
been observed in most MC-ICP-MS (Rehkidmper et mechanism proposed to explain this interference is
al., 2000). Another possibility is the aging of the based on the fact that Fe(Ill) can oxidize Sb(III) to
NaBH,4 reagent, which may produce a change in the Sb(V). Taking into account that the normal reduction

H, flow rate in the plasma torch and thus affect the Sb potential of the Sb(V)—Sb(III) system is 0.75 mV and
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that of the Fe(Il)—Fe(II) system is 0.77 mV, Sb(V) is
not likely to be reduced until Fe(Ill) is present in
solution. Therefore, chemical purification through
cation-exchange resin is required to obtain quantita-
tive and stable reduction of Sb(V) to Sb(III).

The effect on other hydride-forming elements in
the determination of Sb by hydride generation has
been studied previously (Hall and Pelchat, 1997) and
this study suggests that no interferences (i.e. signal
suppression) are expected for solutions with 1000-fold
levels of As or Se. In this study, we also assessed the
effect of Ge and Sn in addition to As and Se on Sb
sensitivity and the instrumental mass bias effect. As
evident from Table 3, Sb isotope composition of the
standards does not deviate from the true values when
doping the matrix with various proportion of other
hydride-forming element.

After the chemical separation by cation-exchange
resin, Sb isotope can be measured directly by HG-
ICP-MS without further purification, as Fe(Ill) has
been removed. However, to ensure that the analytical
procedure can be applied for a large range of sample
types (i.e. organic-rich material, sulfides, seawater),
and other hydride-forming elements concentrations,
we always purified Sb using thiol cotton fiber. It has
been shown that cotton impregnated with thioglycollic
acid, “thiol cotton fiber” (TCF), strongly adsorbs
elements such as Se, Te, As and Sb depending on
their various oxidation states (Yu et al., 1983). The
major advantages of using this method for the deter-
mination of Sb isotopes by hydride generation MC-
ICP-MS are: (1) the affinity of TCF for Sb(Ill) is very
high, allowing the achievement of complete separa-
tion of Sb(II) species from Sb(V) species and also
avoiding any possible mass fractionation during
chemical separation; (2) removal of residual matrix
interfering elements for hydride generation such as
transitional metals; (3) quantitative separation of other
hydride-forming elements such as Se, Ge, As and the
isobaric interference of Te. After this final step, the
solution of Sb(III) in 0.5% KI and 3 N HCI is stable
over a 6-month period.

3.1.3. External reproducibility

Because Sb isotopes can be fractionated during
acid leaching, reduction steps and chemical separation
using TCF, we verified that the yield for Sb at each
step of chemical purification was complete. In Table

Table 3
Standard reproducibility

Purification step ~ Sb (ng)  Yield (%)  &'**Sb

Sb Spex 1) 50 102 0.36
Sb Spex (1)+H2) 100 91 0.07
Sb Spex (H+HQ) 100 84 —0.28
Sb Spex (D)HQ) 50 94 —0.03
Sb Spex (H+HQ) 50 98 0.05
Sb Spex (D+H2)+(3) 50 91 0.03
Sb Spex 3) 100 99 —0.18
Sb Spex 3) 100 96 0.18
Sb Spex 3) 100 98 0.01
Sb Spex 3) 50 96 —0.17
Sb Spex*  (3) 100 111 —0.11
Sb Spex®  (3) 100 99 —021
Sb Spex*  (3) 100 96 0.22
Sb Spex®  (3) 100 98 0.0

Sb Spex®  (3) 100 101 —041
Sb Spex 3) 50 102 0.26
Average 97 —0.01
2 S.D. 12 0.40
Sb Spex® 10 —0.26
Sb Spex® 10 —0.15
Sb Spex® 10 —0.04
Sb Spex® 10 0.11
Sb Spex®© 10 0.02
Sb Spex™? 10 —0.07
Sb Spex®™d 10 0.09
Sb Spex™¢ 10 0.11
Sb Spex™¢ 10 0.33
Sb Spex*® 10 0.11
Sb Spex*® 10 0.11
Average 82 0.03
2 S.D. 78 0.32
Sb Spex’ 3) 29 —11.7

Sb Spex’  (3) 37 —6.9

Sb Spex’  (3) 38 —6.6

Sb Spex’  (3) 38 —58

Sb Spex’ 3) 38 —6.8

Sb Spex’  (3) 38 —57

Sb Spex’  (3) 39 —74

Sb Spex’  (3) 27 —11.6

Sb Spex” 3) 56 —6.8

Sb Spex’  (3) 70 —45

S.D., standard deviation.
(1) Acid dissolution + evaporation; (2) purification through AG50-
X8; (3) purification through TCF.

# Sb solution doped with Se, Ge, As, Te (Se/Sb=1; Ge/Sb=10;
As/Sb=50; Te/Sb=1).

° Sb solution doped with Ge, As (Ge/Sb=10; As/Sb=10).

¢ Sb solution doped with As (As/Sb=100).

4 Sb solution doped with Sn (Sn/Sb=100).

¢ Sb solution in 1.5 N HCI and matching standard in 3 N HCI.

Sb solution doped with basalt matrix (250 mg).
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3, Sb yield and isotope composition have been deter-
mined for standards doped between each step of the
chemical separation. The results are, within uncer-
tainty, undistinguishable from the true value and we
assigned therefore a precision of 0.4 ¢ units (at 95%
confidence level) for all data presented in this study.
This external reproducibility is further verified by
analyzing in replicate several georeference materials
(Govindaraju, 1994), and the results are presented in
Table 4.

3.2. Isotopic fractionation between Sb(Ill) and Sb(V)
species

The isotopic fractionation factors between the
coexisting Sb(III) and Sb(V) species have been
investigated both during analysis and after chemical
separation by TCF. For the reduction experiment of
Sb(V), the reducing agent used was KI and ascorbic
acid mixture, as classically used for Sb(V) reduc-
tion.

The hydride generation technique is considered to
be selective relative to Sb(IlI) at pH between 2 and 8

(Dedina and Tsalev, 1995) and can therefore be used
to separate and determine the isotopic composition of
Sb(IIl) species in Sb(II) and Sb(V) mixtures. A
solution of Sb(V) at 10 ppb was prepared by diluting
in HCI a stock of Spex standard solution of 5 ppm in
0.05 N HNOs. KI was added in an open vessel placed
on a hot plate stirrer. KI and ascorbic acid concen-
tration in the reaction vessel for all experiments was
0.05%. This solution was continuously analyzed by
HG-MC-ICP-MS (on-line experiments) and the Sb
isotope acquisition was made every 60 s. Instrumental
mass bias was corrected by measuring the Sb(III)
standard solution (Spex standard) stored in 0.5% KI
and ascorbic acid medium at the beginning and the
end of the experiment. Under the experimental con-
ditions, Sb(V) reduction is complete in ~ 15 min and
the estimated precision of ¢'**Sb is ~ 1 ¢ unit.
Under the analytical condition of the experiments,
20-50% of Sb(V) formed volatile hydride. Therefore,
the experimental data have been corrected for Sb(V)
contribution of Sb(II) analysis. This correction
assumes that a constant fraction of Sb(V) species
forms volatile hydride through all the experiment

Table 4
Sb isotope composition of selected georeference materials and duplicated analysis
Sample Description Sb* £'?*Sb
(ppm) #1 # 8 44 Average 2SD.

Igneous rocks-basalt
BHVO-1 0.16 1.7 1.3 1.7 1.5 0.4
BR 0.16 3.2 2.8 2.7 3.1 2.9 0.5
Other silicate rocks
DR-N Diorite 0.42 2.8 2.7 2.6 2.7 0.3
DTS-1 Dunite 0.50 0.2 0.4 0.3 0.3
GA Granite 0.20 2.4 2.3 2.3 0.2
PCC-1 Peridotite 1.28 —0.6 —-03 —-0.5 0.4
WS-E Dolerite 0.08 0.7 0.3 0.5 0.5
Environmental samples
BCR-176 City Waste 413.7 0.3

incineration Ash
GSD-3 Stream sediment 54 1.9 1.5 1.7 1.6 1.7 0.3
GXR-1 Jasperoid 118 0.5
GXR-4 Copper mill-head 4.80 49 4.8 4.6 4.8 0.3
GXR-5 Soil 1.63 1.3 1.6 1.4 1.4 0.3
GXR-6 Soil 3.60 2.4 2.6 2.8 2.6 0.3
SDO-1 Ohio shale 2.10 2.4 2.1 2.5 23 0.4

S.D., standard deviation.
@ After Govindaraju (1994).
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and that the reaction rate is first order with respect to
Sb(Il) concentration. The Sb isotope fractionation
process is considered to follow a Rayleigh-type proc-
ess. Modeled Sb yield and Sb isotope compositions
are plotted in Fig. 3 together with experimental
results. For two duplicate experiments, we obtained
an instantaneous Sb isotope fractionation factor of 8.8
and 9.0 ¢ units for the reduction of Sb(V) to Sb(III)
species. The agreement for modeled and measured Sb
isotope composition, as presented in Fig. 4, suggests
that experimental results are fully explained by a
kinetic process. As these two replicate experiments
were made under similar conditions, the possible
effects of reducing agent and reduction reaction rate
on Sb isotope fractionation have not been assessed.
The chemical separation of Sb species (i.c. off-line
experiments) was performed using TCF as described
below. As already observed by Yu et al. (1983),
Sb(IIl) was selectively adsorbed on a TCF column
in an acid medium with a HCI molarity below 0.01 N,
whereas nonsorbed Sb(V) passes through the column.
The Sb(V) reduction experiments were made in an
H,0 medium for 1 h by adding various amounts of KI
and ascorbic acid. The results obtained suggest that
¢'>’Sb values of Sb(IIl) and Sb(V) follow a kinetic
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¢1233p measured

£123sp calculated

Fig. 4. Correlation following a 1:1 line between measured and
modeled &'**Sb presented in Fig. 3 for experiments 1 and 2.

(Rayleigh) model with an isotope fractionation factor
of 5.5 ¢ units (Fig. 5). We are aware that some species
transformation (i.e. Sb(V) reduction) may occur dur-
ing column separation and that part of the isotope
fractionation observed may be overprinted by the in
situ isotope fractionation. However, under the same
analytical conditions but without the KI and ascorbic
acid reduction step, no Sb was found to be adsorbed
onto TCF column, suggesting that in situ reduction of
Sb(V) is not unlikely.
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Fig. 3. Results of experimental investigation of Sb(V) reduction to Sb(Ill) using a mixture of KI and ascorbic acid (at 0.05%) in 0.4 N HCl
medium for experiment 1 (plots a and b) and 1 N HCI medium for experiment 2 (plots ¢ and d). Solid lines are modeled for the evolution of the
Sb yield (corresponding to the percent of signal measured relative to maximum signal obtained after completed reduction) and &'**Sb. See text

for discussion.
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Fig. 5. Diagram showing &'**Sb values for Sb(Ill) and Sb(V)
species relative to the yield of Sb(IIl) reduction. Sb species have
been separated using TCF as described in text. Two black lines
represent the modeled evolution of &'**Sb following a Rayleigh-
type fractionation with a fractionation factor of 5.5 ¢ units, whereas
the light gray line corresponds to Sb(IIl) kinetic fractionation with a
9 ¢ unit fractionation factor.

For standards doped with a basalt matrix, partial
reduction of Sb(V) was obtained (Table 3) as dis-
cussed above, and the Sb isotope composition of
Sb(III) species corresponds to the instantaneous iso-
tope fractionation of about 9 ¢ units. This isotope
fractionation factor is therefore 3.5 ¢ units greater than
for matrix-free experiments, which suggest a different
and more complex reduction process in the presence
of other elements.

4. Results and discussions
4.1. Sb isotope composition of seawater

North Atlantic deep seawater (36°13.8'N, water
depth of 2270 m) samples were taken using the
IFREMER hydrocast unit (rosette fitted with 16 X 8
1 bottles) during the IRIS cruise (chief scientist Y.
Fouquet) in June 2001. Immediately upon recovery,
for each sample, 40 ml of seawater were filtered
through a 0.45-pum polypropylene filter, and passed
through a TCF column to separate Sb(IIl) species
from Sb(V) species. Reduction and separation of
Sb(V) species were made 2 months later.

Coastal surface seawater samples were collected at
the same site in west Brittany (France) and split to
analyze separately total Sb in filtered and nonfiltered
samples. Results are presented in Table 5 and Fig. 6.
The concentration of Sb obtained is in accordance
with measurements of Cutter and Cutter (1998), who
obtained a Sb concentration of 161 ng/l £ 50 for
North Atlantic Seawater. We found a Sb concentration
in North Atlantic to be 166 ng/l £9 in both deep
seawater and surface seawater. The pentavalent anti-
mony is the predominant species in samples studied
and despite the fact that Sb(IlI) recovered was too low
to permit isotopic composition measurement, it is
unlikely that the Sb isotope composition of Sb(III)
will change the Sb isotope composition of total Sb in
seawater. Our results suggest therefore that &'?*Sb
value of seawater is homogeneous throughout the
depth profile and probably for all locations in the
North Atlantic. It has been suggested that the profile
of dissolved Sb in seawater is that of a mildly

Table 5

Sb isotope composition of seawater
Depth  Sb(IIl) Sb(V) SbT  &'*Sb
(m) (ng/)  (ng/) (ng/)

North Atlantic coastal seawater (France, Brittany)

#1 0.3 161 3.9
#2 0.3 170 3.6
#3 0.3 167 3.7
#4 0.3 165 4.1

North Atlantic deep seawater®

CTD3-16 1000 16 155 171 3.6
CTD3-16 1000 11 155 166 3.8
CTD3-15 1500 10 163 173 3.9
CTD1-14 1600 6 150 156 34
CTD3-14 1600 10 143 153 32
CTD1-12 1700 1 155 156 4.1
CTDI1-10 1725 5 163 168 3.7
CTD1-8 1775 6 149 155 3.8
CTD1-6 1800 10 162 172 3.7
CTDS5-6 1800 10 159 169 4.7
CTD1-4 1850 9 171 180 3.1
CTD1-2 1925 12 162 174 4.2
CTD5-1 2000 4 155 158 3.0
Mean 8 157 166 3.7
2 S.D. 4 7 9 0.4
Sb standard purified 100 0.1
Sb standard purified 103 —-04
Blank 0.3

S.D., standard deviation.
2 £1238b reported only for Sb(V) species.
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Fig. 6. Sb concentration and &'**Sb values of seawater sampled in North Atlantic. The gray zone corresponds to the mean value and suggests
that within analytical uncertainty, no variation in Sb concentration and Sb isotope composition is observed along the depth profile. Individual

data are presented in Table 5.

scavenged element with surface (atmospheric) input,
and is strongly influenced by the mixing of water
masses with different Sb concentration (Cutter and
Cutter, 1998) having been affected by loss due to
scavenging during transport.

The Sb concentration and &'*’Sb values of sea-
water at 3.7 £ 0.4 obtained in this study (Fig. 6)
suggest that that Sb is a ““quasi conservative” ele-
ment.

4.2. Isotopic composition of mantle-derived rocks and
sediments

Preliminary results on Sb isotopic compositions of
selected geological materials including basalts, soil
and sediments (Tables 4 and 5) show a variation of 5.5
¢ units, which is more that 10 times higher than the
analytical precision. This demonstrates the existence
of natural variations of the Sb isotopic composition, as
suggested by experimental investigations during
Sb(V) reduction.

For two igneous rocks, BR (continental basalt) and
BHVO-1 (Hawaiian basalt), we obtained &¢'**Sb val-
ues of 2.9 and 1.5, respectively. These results showing
¢'*Sb variations of 1.5 ¢ units are surprising and may
be related to heterogeneities in magma sources or to
metasomatic fluid contamination as Sb is considered a
fluid-mobile element (Noll et al., 1996). Further
studies are, however, required to address this issue.
Other silicate rocks (Table 4) display a larger range of
3 & units, but the cause of the variability is presently
unclear and post-depositional processes such as alter-
ation may complicate the interpretations.

Environmental samples studied are enriched in Sb
relative to crust values and most of them are associ-
ated with ore deposits or waste material and a varia-
tions of Sb isotope data of 4.5 ¢ units is observed. The
processes of Sb remobilization and enrichment in
these deposits should play an important role in Sb
isotope fractionation.

For deep-sea sediments (Table 6), the obtained
range of Sb-isotopic compositions is between 0.9
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Table 6
Sb isotope composition of selected natural samples
Sample mbsf? Description Sb (ppm) £'238b #1 £'2Sb #2
Deep-sea sediments
Site ODP 1149, Leg 185
1149A-1H1,140 1.4 Ash- and silica-bearing clay 0.72 2.1
1149A-4H2,140 26.1 Clay 0.87 22
1149A-7H4,140 57.6 Ash-bearing siliceous silty clay 0.65 0.9 1.2°
1149A-10H3-140 84.6 Ash-bearing siliceous clay 1.21 2.0 1.6°
1149A-14H2-140 121.1 Pelagic clay 1.34 2.8 2.7°
1149A-18H3-140 160.4 Pelagic clay, faint fault trace 1.34 2.8 2.7°
1149A-20X1-140 171.2 Pilt-bearing clay 1.84 1.8 2.0
Hydrothermal sulfides
Menez Gwen
DV-16-03a Marcasite in low-7 slab diffuse flow 22.1 16.9
DV-16-03b Ditto 22.6 15.2 15.8
Lucky Strike
DV-6-2 Fresh volcanic glass from lava lake 0.12 2.4
ALV-2606-3-2 py Marcasite blades in chimney conduit 2.6 5.1
DV-02-01 py Porous chimney with bladed aggregates 64.1 3.8 33
of marcasite
DV-18-5B2 Ba- and Zn-rich flange fragment 59.8 5.0
FL-18 fond Large granular aggregate of euhedral 378.5 34
sphalerite
FL-19-05 py Porous zone of chimney composed 3.1 4.0 3.6
of massive to fine grains pyrite with
marcasite
FL-19-08a py Massive pyrite and marcasite aggregate 20.0 3.7
FL-19-08b py Ditto 2.8 5.2
FL-19-09a py Coarse euhedral pyrite filling internal 17.3 5.1
zone of chimney
FL-19-09b py Ditto 2.7 6.1
FL-24-02 mar Flange composed principally of massive 71.7 4.6
marcasite and dendritic sphalerite in internal
zone, matrix of barite
FL-24-02 sph Ditto 161.6 23 3.0
FL-24-02b mar Ditto 52.1 3.8
FL-24-04 py Fine euhedral aggregates of marcasite lining 2.1 2.4
large tortuous conduit
Lau Basin
NL-07-06-2 bulk White Church site 323.4 2.6
NL-10-04 sph White Church site 225.8 2.6
NL-16-02 py Hine Hina site 187.7 —2.2

# Meters below seafloor.

® ¢1238b values measured after passage through cation-exchange resin.

and 2.8 ¢ units with a mean of 2 ¢ units, which is
significantly lower than seawater Sb and closer to the
range of continental silicate rocks as can be seen from
the summary of data in Fig. 7.

Despite the limited amount of samples studied, we
define a preliminary bulk oceanic and continental
crust at 2.0 ¢ units, based on the &'2°Sb values of

mantle-derived rocks and deep-sea sediments. The
apparent difference between the seawater composition
and this value requires a study of Sb sources and sinks
in oceanic system. Sb is known to be strongly
associated with hydrous oxides of Mn and Fe in
sediments (Brannon and Patrick, 1985). In particular,
Sb is associated with the Mn-oxide fraction of deep-
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Fig. 7. Summary of Sb isotope compositions reported in this study
for natural samples, such as mantle-derived rocks, deep-sea
sediments, environmental samples, seawater and seafloor hydro-
thermal sulfides. Kinetic Sb isotope fractionation range for the
reduction of Sb(V) to Sb(III) is also illustrated for comparison.

sea sediment and it may be strongly enriched in
ferromanganese nodules relative to pelagic clays (Li,
1982). Under anoxic conditions, Sb(III) species pre-
dominate (Andreae and Froelich, 1984) and may
become actively scavenged onto particles or may
accumulate in oxic or weakly reducing boundary in
deep-sea sediments (Thomson et al., 1993). Following
the approach of Barling et al. (2001) for Mo-isotope
systematics, it can be anticipated that a study of
anoxic and oxic sediments should clarify if the anoxic
sink, dominated by Sb(III) species, and the oxic sink,
dominated by Sb(V) species, are characterized by
specific Sb isotope signatures.

4.3. Sb isotope in seafloor hydrothermal systems

The understanding of the behavior of Sb in geo-
thermal systems and its transport in hydrothermal
solutions has been the subject of numerous studies
on the nature of antimony complexes in aqueous
solutions (Krupp, 1988; Wood, 1989; Spycher and
Reed, 1989; Oelkers et al., 1998; Tossell, 1994; Vink,
1996; Sherman et al., 2000). It is generally assumed
that only Sb(III) sulfide complexes are important for
antimony transport under hydrothermal conditions.
However, Sb(V) sulfide complexes may be stable in
alkaline solutions under the reducing conditions of
hydrothermal ore deposits (Sherman et al., 2000), but
this hypothesis is not relevant for most seafloor
hydrothermal systems. Moreover, these experimental
studies suggest that Sb oxidation or reduction pro-
cesses may be ubiquitous in hydrothermal systems
and we postulate that Sb stable isotope ratios could be
used as indicators of hydrothermal processes, provid-
ing further constraints on the redox conditions of the
systems and the sources of metals deposits.

We analyzed a set of hydrothermal deposits, which
included pyrite-, marcasite- and sphalerite-rich depos-
its from various hydrothermal fields. These include
the Menez Gwen and Lucky Strike hydrothermal
fields (Fouquet et al., submitted for publication)
located on Mid-Atlantic Ridge, as well as the Lau
Basin field located in back-arc systems (Fouquet et
al., 1991). Sb concentration, sample description and
Sb isotope composition are presented in Table 6 and
the range of ¢'**Sb values obtained are compared with
other sample types in Fig. 7. These data show a large
spread of ¢'**Sb values up to 18 & units. As pointed
out in Fig. 7, only two samples are clearly outside the
range defined by seawater (3.7 ¢ units) and basalts at
Lucky Strike (defined at 2.2 ¢ units). Another inter-
esting observation is that all the data except one
sample at Lau Basin, Site Hine Hina, have &'*’Sb
values systematically higher than basaltic values.

The behavior of Sb and other trace metals in
seafloor sulfide deposits has been reviewed by Han-
nington et al. (1991). Despite a wide range of con-
centrations in most sulfide deposits with similar
source rocks, Cu-rich and Zn-rich assemblages dis-
play consistent enrichments and depletions of trace
elements. In this context, Sb is found to be enriched in
Zn-rich deposits and correlates with Pb, Cd and Ag.
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Sb concentration has also been determined in some
vent fluids from various locations (Douville et al.,
1999) and the data suggest that Sb is also preferen-
tially enriched in back-arc basin hydrothermal sys-
tems relative to mid-ocean ridge hydrothermal
systems. An important aspect of Sb geochemistry in
hydrothermal fluids is that Sb may be enriched or
depleted relative to seawater. This suggests that Sb
derived from seawater may be effectively incorpo-
rated in seafloor hydrothermal systems, reduced sub-
sequently to Sb(IIl), and then precipitated as sulfides
in chimney environment. In the light of our results on
Sb isotope fractionation during Sb reduction, we
consider seawater Sb(V) reduction in hydrothermal
systems to be the most likely process to account for
our present data. Therefore, considering that seafloor
hydrothermal systems are dynamic systems whereby
seawater penetrates at different levels between the
reaction and the discharge zones (Alt, 1996), it is
expected that the Sb(V) remaining in solution
becomes progressively enriched in the heavier isotope
along its flow path. As seawater interacts with the
substratum or the hydrothermal fluid, Sb(IIl) is pro-
gressively lost, either as sulfides or adsorbed onto
metal hydroxides. The sulfides sampled at Menez
Gwen are located within hydrothermal slabs where
low-temperature diffuse venting occurs (Fouquet et
al., submitted for publication) and are highly fractio-
nated up to 10 ¢ units relative to seawater. Sb con-
centration in hydrothermal fluid at Menez Gwen has
been determined at <3 nM (Douville et al., 1999),
which is less than a two-fold enrichment of Sb relative
to seawater. Considering an instantaneous Sb isotope
fractionation of 9 ¢ units during reduction of Sb(V) to
Sb(III), &'**Sb values of 15 & units would be easily
reached by a fluid incorporating seawater depleted in
85% of the initial Sb(V).

During the alteration of the oceanic crust, antimony
seems to display a dual behavior, being leached at
high temperature at mid-ocean ridges (VonDamm,
1995) and being enriched by low-temperature sea-
water/basalt interaction at a ridge flank with enrich-
ment factor in altered glass MORB up to 2000
(Jochum and Vema, 1995). Thus, our preliminary data
on Sb isotope composition of hydrothermal sulfides
suggest that Sb isotope systematics should provide
extremely useful tracers for the study of seawater—
rock interactions.

5. Conclusion

In this study, we have presented a method for a
sensitive and precise determination of Sb isotopes by
MC-ICP-MS using an on-line hydride generation
system for sample introduction. Instrumental mass
bias is easily corrected using the “standard-sample
bracketing” method. An important advantage of this
technique is the high sensitivity, which makes it
possible to analyze Sb isotopes in 5 ng sample. The
external precision is 0.4 ¢ units at 95% confidence
level and allows identification of natural variations of
Sb isotopes. Although the hydride generation system
is by itself a method to isolate Sb from the geological
matrix, a preconcentration step is required for accurate
analysis. The preconcentration step removes not only
the metals that suppress Sb hydride generation, but
also Te, which causes isobaric interference. This
method allows one to separate Sb(III) and Sb(V)
species for isotope analysis and provides new oppor-
tunities for studying Sb geochemistry in redox envi-
ronments in aquatic systems.

The Sb isotope fractionation experiment reported
here indicates strong fractionation during Sb(V)
reduction to Sb(IIl). Seawater, mantle-derived rocks,
various environmental samples, deep-sea sediments
and hydrothermal sulfides from deep-sea vents have
been analyzed for their Sb isotopic composition,
permitting the definition of a preliminary continental
and oceanic crust reservoir at 2 + 1 ¢ units. Seawater
&'2*Sb values do not vary with depth and yield a value
of 3.7+ 0.4 ¢ units. Sb deposited in hydrothermal
environments shows a significant range of Sb isotopic
compositions (up to 18 ¢ units). These variations may
reflect not only contribution from different Sb sources
(such as seawater and volcanic rocks) but also kinetic
fractionation occurring at low temperature in aqueous
media through the reduction of seawater-derived
Sb(V) in more reducing environment. On the whole,
these preliminary results indicate high potential of Sb
isotopes as paleoredox tracers in oceanic systems.

A further possible approach for Sb isotopes con-
cerns the nature of Sb—microorganism interactions.
Antimony oxidizing bacteria have been observed in
the oxidizing zone overlying antimony ore deposits
(Lyalikova, 1978) as well as in certain plant species
that are antimony accumulators (Baroni et al., 2000).
Experimental studies have evaluated the capacity of
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microorganisms to selectively bioaccumulate anti-
mony species (Pérez-Corona et al., 1997) and it has
been suggested that the accumulated Sb(IIl) species
do not seem to undergo any transformation in the
uptake process. The possible identification of bio-
logically induced Sb isotope fractionation is thus
another important aspect for development of the study
of Sb isotope systematics.
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