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Direct determination of halogens in powdered geological and
environmental samples using isotope dilution laser ablation ICP-MS
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Abstract

Laser ablation inductively coupled plasma isotope dilution mass spectrometry (LA-ICP-IDMS) with a special laser ablation system for bulk
analyses (LINA-SparkTM-Atomiser) was applied for direct determinations of chlorine, bromine, and iodine in rock and sediment samples.
Special attention was focused on possible inter-halogen fractionations and analyte/spike isotope fractionations by using LA-ICP-MS and LA-
ICP-IDMS, respectively. A variation of Br/Cl and I/Cl element intensity ratios by a factor of 1.3–3 was observed when changing the nebulizer
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as flow rate in the range of 0.84–1.0 L minand the laser power density in the range of 2–10 GW cm, respectively. When using an intern
tandard for halogen quantification in LA-ICP-MS, this inter-element fractionation can cause systematic errors, which can be a
pplying the isotope dilution technique. However, at high laser power densities (>5.7 GW cm−2 for iodine and >4.0 GW cm−2 for bromine and
hlorine) the corresponding measured isotope ratio of the isotope-diluted sample deviates significantly from the target value. Unde
onditions concentrations in the range of 30�g g−1–16× 103 �g g−1 for chlorine, <2–140�g g−1 for bromine, and <0.1–31�g g−1 for iodine
ere determined by LA-ICP-IDMS in two sediment reference materials (SRM 1646, SRM 2704) and three rock reference samp
ranite; BX-N, Bauxite; DT-N, Disthene), which have not been certified for these halogens. The sediment results agree well within
ncertainties with indicative values by different methods and the results of the rock samples with those obtained by negative therma

sotope dilution mass spectrometry. The detection limits of LA-ICP-IDMS are 8�g g−1 for chlorine, 1.7�g g−1 for bromine, and 0.1�g g−1

or iodine.
2004 Elsevier B.V. All rights reserved.

eywords:LA-ICP-IDMS; Direct analysis; Powdered samples; Isotope dilution mass spectrometry; Halogen

. Introduction

Investigations of the geochemical cycle of halogens and
he determination of their abundances in meteorites are im-
ortant topics of halogen trace analysis which require accu-
ate results[1]. Furthermore, halogen analyses are necessary
n several fields of technology, for example, gas hydrate ex-
loration, corrosion monitoring of steel reinforced concrete,
nd semiconductor production.

Halogens are usually determined as their halide ions in
queous solutions using an ion selective electrode or ion
hromatography. However, in the case of solid samples the
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necessary decomposition or extraction process often
to substantial and non-reproducible losses of these ana
independent of the high risk of contamination. In addit
optical atom spectrometric methods are usually not sen
enough for halogen trace analyses. These analytical pro
may be the major reason why none of the many existing
and sediment reference materials is certified for their c
rine, bromine, or iodine concentration. Instrumental neu
activation analysis (INAA) was often applied in the pas
a direct method for halogen trace analyses. However,
ferences by high matrix radioactivity after irradiation ca
also problems. Radiochemical NAA but also thermal ion
tion isotope dilution mass spectrometry (TI-IDMS) had b
therefore the preferable choices in the past for accurat
terminations of chlorine, bromine, and iodine in geochem
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and cosmic samples[1]. Both methods are connected with ex-
tensive sample preparation steps, which are relatively time-
consuming. For TI-IDMS there is also a high risk of contam-
ination.

A direct analytical method like laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), in general,
simplifies and shortens the analytical procedure and avoids
errors associated with sample preparation. This is useful espe-
cially in the case of elements difficult to analyse such as halo-
gens, where volatile products are formed during acid treat-
ment or a high risk of contamination exists. This is especially
the case for chlorine with its high natural abundance. During
the last decade, the application of LA-ICP-MS has constantly
increased and a large number of publications demonstrate
the merits of this method for the direct analysis of trace el-
ements in solid samples for almost all fields of science and
technology[2–4], including material sciences[5,6], geology,
mineralogy and archaeology[7–10]as well as environmental
monitoring[11,12]. Despite these advantages and the large
experience in different fields of application, however, the
mechanisms of laser ablation and its possible influence on
the accuracy of results are still being under discussion. Ac-
cording to recent investigations a severe problem in LA-ICP-
MS is element fractionation caused by a non-stoichiometric
laser ablation and by different ionisation degrees of the an-
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The aim of this work was therefore the development of a
LA-ICP-IDMS procedure for a direct and simultaneous de-
termination of chlorine, bromine, and iodine in rocks, sedi-
ments and similar samples. This isotope dilution technique
must guarantee a laser ablation process without spike/analyte
fractionation. In addition, inter-halogen fractionations were
investigated for LA-ICP-MS measurements to evaluate pos-
sible errors in halogen determinations without the isotope
dilution technique.

2. Experimental

2.1. Samples and sample preparation

Two sediment standard reference materials (SRM 1646,
Estuarine Sediment; SRM 2704, Buffalo River Sediment) and
three rock reference materials (GS-N, granite; BX-N, baux-
ite; DT-N, disthene), which all are not certified for chlorine,
bromine, and iodine, were obtained from the National Insti-
tute of Standards and Technology, Gaithersburg, MD, USA,
and the Centre de Recherches Petrographiques et Geochim-
iques in Nancy, France, respectively.

For more detailed information on these reference materi-
als see corresponding internet pages of the National Institute
o rches
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lyte in the ICP depending on the ablated aerosol[13–18].
urthermore, matrix effects can remarkably influence th
uracy and sensitivity of the ICP-MS measurement. C
ration in LA-ICP-MS therefore is a serious problem if
atrix-matched reference material with certified analyte

vailable. External calibration using non-matrix-matched
rence materials cannot guarantee accurate determinat
lement concentrations as investigations with certified r
nce materials have demonstrated[19].

Recently, a combination of LA-ICP-MS with the isoto
ilution technique (LA-ICP-IDMS) was developed for tra
etal determinations in powdered samples[20–22]. Bulk
nalysis was performed by using a laser ablation system
igh ablation rates (LINA-SparkTM-Atomiser), because th
odified system provides high laser power densities a

ufficiently large sampling area by focusing the laser be
he sample surface and by rotating the laser beam withi
un in a cycle of 4 mm in diameter. This compensates for
ible influences of sample heterogeneities and for pos
nhomogeneities of the spike distribution in the sample
hus enables accurate and precise results by LA-ICP-I
20,21]. Element fractionation effects had been avoided
sing LA-ICP-IDMS because only an isotope ratio meas
ent of the isotope-diluted sample is necessary. The che

orm of the analyte in the sample and of the correspon
pike is usually different, so that equilibration between s
nd analyte must have taken place during the ablation
ess. Even if this precondition was fulfilled in the previ
tudies for trace metal determinations[20–22], fractionation
etween analyte and spike can be a risk for volatile elem

ike halogens.
f

f Standards and Technology and the Centre de Reche
etrographiques et Geochimiques[23]. For isotope dilution
nalysis approximately 2 g of the pulverised sample w
piked with about 0.2–0.5 g each of a37Cl-, 79Br-, and129I-
nriched spike solution and mixed up for 5 min with a Vo
ixer. The amount of added spike was chosen to be i

ange of an optimum analyte/spike ratio for the isotope
ion technique[24]. After drying at 75◦C the isotope-dilute
owder was pressed to pellets of 20 mm in diameter. A m
etailed description of the preparation of the pellets is g
lsewhere[20]. Pellets from non-spiked samples were u

or the determination of the mass discrimination in LA-IC
S measurements under the corresponding conditions

.2. Spike solutions

Spike solutions of37Cl (92.65 % of37Cl and 7.35% o
5Cl), 79Br (91.18% of79Br and 8.82% of81Br) and 129I
86.08% of129I and 13.92% of127I) were prepared from
orresponding isotopically enriched sodium halide salts,
hased from Monsanto Research Corporation (Dayton,
SA) and NEN Chemicals GmbH (Dreieich, Germany).

sotopic composition of the spike solutions was determ
y ICP-MS with corrections for mass discrimination (exc

odine) by measuring corresponding standard solution
nown (natural) isotopic composition. For IDMS determi
ions, the uncorrected isotope values of the spike, the
le and the isotope-diluted sample were used. It has
emonstrated in a previous investigation that this proce
ompensate possible errors by mass discrimination so
ccurate results can be obtained without correcting any
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Table 1
Optimum operational parameters for the ICP-MS and the laser ablation
system

ICP-MS Element 2
rf power (W) 1320
Cooling gas flow rate (L min−1) 16.0
Auxiliary gas flow rate (L min−1) 0.95
Nebuliser gas flow rate (L min−1) 0.96
Mass resolution 4000 (medium)
Number of replicates 30
Analysis time (min) 6

Laser ablation system LINA-SparkTM

Wavelength (nm) 1064
Pulse energy (mJ) 97
Pulse duration (ns) 7
Laser focus −15 mm
Spot diameter (�m) 700
Power density (GW cm−2) 3.6
Laser ablation frequency (Hz) 10
Scanning mode Spot scan
Ablated area 4 mm diameter

[25]. Spike concentrations were determined by reverse IDMS
using corresponding standard solutions of natural isotopic
composition. If necessary these stock spike solutions were
diluted with Milli-Q water to a concentration which fits best
the spiking procedure.

2.3. LA-ICP-MS instrumentation

A double-focusing sector-field ICP-MS (Element 2, Ther-
moElectron, Bremen, Germany) was used under the condi-
tions listed inTable 1. A mass resolution of 4000 was ap-
plied to avoid possible interferences by molecular ions. For
laser ablation a LINA-SparkTM-Atomiser system (LSA Sarl,
Cully, Switzerland) was used. This ablation system, espe-
cially constructed for bulk analyses, consists of a Nd:YAG
laser working in the Q-switched mode at its fundamental IR
wavelength of 1064 nm. The sample is fixed at top of the ab-
lation chamber and ablated from below. The laser beam is
defocused (∼15 mm behind the sample surface) and moves
circularly over the sample surface by means of a motor-driven
lens, which is mounted on axy-stage. The ablated sampling
area has a diameter of roughly 4 mm, which is usually large
enough to compensate for sample inhomogeneities. Further
details of the applied LA system and its optimisation can be
found elsewhere[5,20].
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Fig. 1. 35Cl+ ion sensitivity and precision of37Cl/35Cl, 81Br/79Br and
129I/127I isotope ratio measurements by LA-ICP-MS dependent on the nebu-
liser gas flow rate (SRM 1646 spiked with37Cl, 79Br and129I; laser ablation
frequency 2 Hz).

system and a quadrupole ICP-MS a sensitivity for35Cl+ of
less than 1 cps/�g g−1 was obtained[26]. Due to the high ab-
lation rate provided by the LINA-SparkTM-Atomiser system
the amount of ablated material is higher by several orders of
magnitude in comparison to commonly used laser ablation
systems. This results in higher sensitivities by, at least, two
orders of magnitude[27]. In this work a sensitivity of 110,
1300, and 10 200 cps/�g g−1 was observed for35Cl+, 81Br+

and127I+, respectively, at an ablation frequency of 2 Hz and
a nebuliser gas flow rate of 0.96 L min−1 (Figs. 1 and 2). In-
creasing ablation frequencies of up to 10 Hz further improve
the sensitivity of all halogen ions by a factor of more than
two as is shown for chlorine inFig. 2.

Due to the important role of the precision of isotope ra-
tio measurements in IDMS, the influence of different exper-
imental parameters on the corresponding relative standard
deviation (RSD) was investigated.Fig. 1presents the depen-
dence of the precision for37Cl/35Cl, 81Br/79Br, and129I/127I
isotope ratio measurements on the nebuliser gas flow rate
during ablation of the spiked sediment SRM 1646. A sig-
nificant improvement of the relative standard deviation by a
factor in the range of 1.3–2 could be achieved by increasing
the nebuliser gas flow rate from 0.84 to 0.96 L min−1 (at a
constant ablation frequency of 2 Hz), although the sensitivity
of the halogen signals (inFig. 1 demonstrated for chlorine)

F
1 laser
a n
. Results and discussion

.1. Sensitivity and precision of LA-ICP-MS
easurements

Because of the relatively high first ionisation potent
f halogens (12.97, 11.82 and 10.45 eV for Cl, Br and I)

onisation efficiency in the plasma is low. From the result
n earlier work using a prototype 193 nm ArF excimer la
ig. 2. 35Cl+ ion sensitivity and precision of37Cl/35Cl, 81Br/79Br and
29I/127I isotope ratio measurements by LA-ICP-MS dependent on the
blation frequency (spiked SRM 1646; nebuliser gas flow rate 96 L mi−1).
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remain nearly constant. Increasing ablation frequencies of up
to 10 Hz improve the homogeneity of the ablated aerosol and,
hence, also the precision of isotope ratio measurements from
7–10% to about 3% RSD (Fig. 2).

3.2. Inter-element fractionation of halogens in
LA-ICP-MS measurements

The laser ablation process as well as the excitation of the
sample aerosol in the ICP is relatively complex and different
effects can cause inter-element fractionation. In the present
work, a significant increase of the Br/Cl and I/Cl element in-
tensity ratios was observed by increasing nebuliser gas flow
rates in the range of 0.84–1.00 L min−1 (Fig. 3; the plotted
element ratios were calculated by measuring the ion inten-
sity of one isotope per element and correcting for the corre-
sponding total halogen intensity by the known natural iso-
topic abundances). This effect is, on the one hand, due to
a shorter residence time of the aerosol in the ICP with in-
creasing nebuliser gas flow rates, which more likely reduces
the ionisation degree of elements with higher ionisation en-
ergies. On the other hand, a higher nebuliser gas flow rate
introduces more aerosol particles into the ICP, which alters
the mass discrimination of ions by a higher ion density in
the plasma. This strong inter-halogen fractionation demon-
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Fig. 4. Dependence of the35Cl+ ion sensitivity and the element intensity
ratios Br/Cl and I/Cl of LA-ICP-MS measurements on the laser power den-
sity (unspiked SRM 1646; Br/Cl ratio is enhanced by a factor of 2 for better
presentation).

and Br/Cl element intensity ratios continuously decrease with
increasing laser power density, which means that chlorine
ions are more enhanced than those of the other two halogens.
This might be due to the fact that iodine and bromine con-
taining compounds are more easily evaporated in an atomised
form, whereas chlorine species with their higher bond ener-
gies require higher laser energy to be atomised. However,
different other effects during the complex laser ablation pro-
cess may also cause the observed inter-halogen fractionation.

3.3. Analyte/spike isotope fractionation in
LA-ICP-IDMS measurements

The possible influence of element fractionation on the cal-
ibration of trace metal determinations by LA-ICP-MS could
be avoided by applying the isotope dilution technique[20,21].
However, in case of the volatile halogens, the usually different
chemical form of the spike and analyte may alter their evap-
orated fraction during the ablation process as well as their
degree of ionisation in the ICP. Compounds with high evapo-
ration enthalpies and binding energies or those embedded in
the aerosol particles may probably show lower ionisation ef-
ficiencies so that the composition of the isotope-diluted sam-
ple is not correctly represented by the measured isotope ratio.
The isotope ratios37Cl/35Cl, 79Br/81Br, and129I/127I (spike
i uted
s ence
o n
N pre-
c D.

ope-
d e of
t o-
t ction
o lyte,
w ensi-
t mine
a
a of
l spike
trates that LA-ICP-MS analyses with external calibratio
sing an element with known concentration in the sample
alibrant can easily cause wrong results.

Fig. 4presents the sensitivity for chlorine ions as we
he intensity ratios Br/Cl and I/Cl as a function of the la
ower density. Increasing power densities in the rang
bout 2–5 GW cm−2 result in an increase of the sensitivity
ll measured halogens which afterwards decreases sligh

o 9.5 GW cm−2, as is shown for chlorine inFig. 4. At laser
ower densities >5 GW cm−2 the decrease of sensitivity
robably caused by self-shielding of the laser irradiatio

he argon plasma and by the ablated material in the ab
lume. However, over the whole investigated range the

ig. 3. Dependence of the element intensity ratios Br/Cl and I/Cl of
CP-MS measurements on the nebuliser gas flow rate (unspiked SRM
r/Cl ratio is enhanced by a factor of 2 for better presentation; the p
lement ratios were calculated by measuring the ion intensity of one is
er element and correcting for the corresponding total halogen intens

he known natural isotopic abundances).
sotope divided by reference isotope) of an isotope-dil
ample (SRM 1646) were therefore followed in depend
n the nebuliser gas flow rate in the range of 0.9–1.0 L mi−1.
o variation of the isotope ratios was observed within the
ision of the isotope ratio measurement of about 3% RS

In contrast to this, constant isotope ratios of the isot
iluted sample were only measured in a limited rang

he laser power density (Fig. 5; solid lines). Decreasing is
ope ratios, which are identical with a suppressed dete
f the spike compound compared with the sample ana
ere observed for all halogens at high laser power d

ies. A decreasing isotope ratio was measured for bro
nd chlorine from about 4 GW cm−2 on, for iodine from
bout 5.7 GW cm−2 on. On the other hand, in the case

ow laser power densities an enhanced detection of the
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Fig. 5. Measured isotope ratios37Cl/35Cl, 79Br/81Br and 129I/127I of an
isotope-diluted sample as a function of the laser power density (SRM 1646;
nebuliser gas flow rate 0.96 L min−1; laser ablation frequency 2 Hz).

was found (see measured isotope ratios, for example, at
1.4 GW cm−2 in Fig. 5). This means that a constant isotope ra-
tio of the isotope-diluted sample is only available in the range
of 2–5.7 GW cm−2 for iodine, 2–4 GW cm−2 for bromine,
and 2.7–4 GW cm−2 for chlorine. To allow multi-halogen de-
terminations within one run by LA-ICP-IDMS a laser power
density of 3.6 GW cm−2 was therefore chosen. This condi-
tion also fits best the true isotope ratio of the isotope-diluted
sample. This was confirmed by LA-ICP-IDMS results ob-
tained under this condition which agree well with indicative
values[28] (seeTable 2).

The enhanced detection of the spike at low laser power
densities may be due to a preferred evaporation of the spike
compounds from the isotope-diluted sample. On the other
hand, a suppressed detection like that one measured for the

Table 2
Halogen determinations by LA-ICP-IDMS in sediment and rock samples
and comparison with indicative values from[28,30–32]

Sample Concentration (�g g−1) Indicative value (�g g−1)
Chlorine

SRM 1646 16100± 1900 14200± 800 (5a)
SRM 2704 132± 18 116± 28 (3a)
GS-N 407± 57 442± 3.3b

DT-N 30± 10 27.0± 0.5b

BX-N 30± 4 27.7± 0.3b

B

I

eth-
o

halogen spikes at high laser power densities was recently also
observed by Kuhn and G̈unther for zinc during LA-ICP-MS
measurements of a Zn/Cu alloy[29].

3.4. LA-ICP-IDMS determinations in sediment and rock
samples

The results for chlorine, bromine, and iodine by LA-
ICP-IDMS under optimised conditions (Table 1) for two
sediment and three rock reference materials, not certified
for the corresponding halogens, are summarised inTable 2.
The given standard deviations result from three independent
analyses. The chlorine concentrations vary from 30�g g−1

to 16× 103 �g g−1, whereas the corresponding bromine and
iodine concentrations are much lower and range from <1.7
to 137�g g−1 and from <0.1 to 31�g g−1, respectively. The
bromine and iodine concentrations in two rock reference
materials were found to be below the detection limit of 1.7
and 0.1�g g−1. The detection limit was calculated from the
mass spectrum of the blank argon gas by (mb + 3sb)/S, where
mb is the mean value of the blank intensity in cps,sb the
standard deviation of five independent measurements of the
blank in cps, andSis the sensitivity. Chlorine concentrations
of the investigated samples were always above the detection
limit of 8 �g g−1.
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c e
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a LA-
romine
SRM 1646 137± 15 115± 10 (10a)
SRM 2704 5.1± 0.7 6.0± 0.4 (11a)
GS-N 2.56± 0.37 2.3± 0.1b

DT-N <1.7 0.058± 0.012b

BX-N <1.7 0.983± 0.014b

odine
SRM 1646 31.0± 1.0 33± 2 (6a)
SRM 2704 2.6± 0.2 2.1± 0.3 (3a)
GS-N <0.1 0.031± 0.003b

DT-N <0.1 0.063± 0.002b

BX-N 3.0± 0.2 2.52± 0.05b

a Number of individual values from different reports and analytical m
ds used to calculate this indicative value.
b Data from NTI-IDMS determinations.
In principle, the observed analyte/spike fractionation
he different optimisation procedures carried out during
evelopment of the LA-ICP-IDMS require an evaluation

his method. Because of a lack of analytical methods fo
urate halogen determinations in geological and related
les, no certified reference material exists at the mom
he investigated samples were therefore selected und
spect that, according to our knowledge, reliable indica
alues were available from the literature. In the last col
f Table 2corresponding data are listed for the two sedim
hich were obtained from a compilation of different re
nces[28]. The reference values for the rock samples w
btained from determinations by negative thermal ionisa

sotope dilution mass spectrometry (NTI-IDMS)[30–32].
he LA-ICP-IDMS data mainly agree well with the list

ndicative values so that, in general, accurate results can
umed. However, the precision of the NTI-IDMS determ
ions is much better than that by LA-ICP-IDMS, which m
e due to the higher influence of sample inhomogeneitie

he relatively small sample volume analysed by laser abla
n the other hand, sample preparation for TI-IDMS anal
re much more complicated and time-consuming comp
ith the relatively simple and time-efficient LA-ICP-IDM
ethod. Recently Moser et al. have shown by wet-chem

DMS analysis of platinum group elements that the contr
ion of sample preparation and heterogeneity to the comb
DMS uncertainty exceeds the contribution of all other
ertainty components[33]. In the case of LA-ICP-IDMS, th
elative contribution of sample heterogeneity is even hi
ecause of a significantly lower sampling volume whic
nalysed. Therefore, the given standard deviations of the
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Fig. 6. Chlorine concentrations determined by LA-ICP-IDMS at a contami-
nated and non-contaminated surface of the same isotope-diluted BX-N sam-
ple in seven consecutive layer-by-layer analyses.

ICP-IDMS results inTable 2mainly represent the uncertainty
caused by sample heterogeneity.

In the case of analysing samples with low chlorine con-
centrations, a pre-ablation of the sample pellets is recom-
mended to eliminate possible surface contamination which
can otherwise lead to wrong results as shown inFig. 6 for
a contaminated BX-N sample. Two series of seven consec-
utive layer-by-layer laser ablation analyses were performed
on opposite surfaces of the same isotope-diluted rock sam-
ple, where one surface was obviously contaminated during
pressing. Whereas the chlorine concentration determined at
the non-contaminated surface by LA-ICP-IDMS agrees well
with the indicative value by NTI-IDMS from the first layer
on, the contaminated side of the pellet shows much too high
values in the first two analysed layers but afterwards it reaches
the indicative value.

4. Conclusion

LA-ICP-IDMS offers the possibility for direct and simul-
taneous determination of chlorine, bromine, and iodine in
powdered sediments, rocks and related geological and envi-
ronmental samples at concentration levels down to the low
�g g−1 level and less for chlorine, bromine and iodine, re-
spectively. Although a fractionation between analyte and
s the
a riate
e ona-
t well
w uld
b
s sults
f nly
u n the
l e
t tive
a . The
a ti-
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