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bstract

This paper presents an improved technique for the precise and accurate determination of Ag isotopic composition in geologic samples. Following
he separation of Ag from the rock matrix with a three-stage ion exchange procedure, the isotopic composition is measured by MC-ICPMS.
nstrumental mass bias is corrected externally using a Pd standard, which was added to each sample, and sample-standard bracketing. The use
f wet plasma significantly improves the analytical precision by eliminating variations in fractionation between Pd and Ag. A virtually identical
ehavior of the mass bias for Pd and Ag during the analyses is a prerequisite for the external correction method. Replicate dissolutions of the
arbonaceous chondrite Allende with <100 ng Ag yield an external reproducibility (2 S.D.) of 53 ppm for 107Ag/109Ag. Since the ion exchange

rocedure provides a good separation from matrix elements such as Ti and Fe, the method is suitable for the analysis of stony and iron meteorites
s well as sulfide minerals and terrestrial basalts. The technique thus can be applied to investigate Ag isotopic variations in a large variety of solar
ystem materials.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The isotopic composition of Ag has received special atten-
ion in the past because of its ability to date and trace processes
hat took place very early in the solar system. This poten-
ial is based on the decay of the extinct radionuclide 107Pd to
07Ag with a half-life of 6.5 My, which can produce variation
n the Ag isotopic composition. Silver is a moderately volatile
nd mainly chalcophile element, while Pd is more refractory
nd siderophile. This renders the system particularly useful for
ating core formation processes and volatile loss. Only one

ther radionuclide system (205Pb–205Tl [1]) has similar abilities
hile the short-lived 182Hf–182W system [2] and the long-lived

hronometers Pt–Re–Os [3,4] can be used to study core forma-
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ion, but not volatile loss. Early Ag isotopic studies successfully
rovided evidence for the former presence of 107Pd and estab-
ished a chronology for volatile depleted iron meteorites [5–9].
hese Ag isotopic analyses were performed by thermal ioniza-

ion mass spectrometry (TIMS) and report a precision of ∼1–2
ermil. This limited the useful application of the Pd–Ag system
o volatile depleted meteorites that exhibit extremely high Pd/Ag
atios (up to 1.2 × 105), because large Pd/Ag fractionations are
equired to produce measurable Ag isotope differences in the
ermil range.

More recent studies have taken advantage of the development
n the field of multiple-collector inductively coupled plasma

ass spectrometry (MC-ICPMS) and have been able to improve
he analytical precision for Ag isotopic analyses by an order of
agnitude [10,11]. This is desirable because many meteorites
ave low Pd/Ag ratios and are expected to show Ag isotopic vari-
tions at the ε level only (ε is the deviation from the standard
n parts per 104). Such precision is also required to search for
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were possibly due to the presence of varying amounts of matrix
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ecay products of the short-lived radionuclide 107Pd in terrestrial
amples with the ultimate goal to trace a core signature and/or
ate terrestrial core formation. The improvement in precision
fforded by MC-ICPMS analysis has already led to the discov-
ry of Ag isotopic variation in native Ag ore samples, which are
robably due to stable Ag isotope fractionation during natural
hemical processing [12]. This opens up a whole new field of
pplications of Ag isotope variation in economic geology and
ydrothermal geochemistry studies.

The precision of TIMS measurements is limited by the fact
hat Ag has only two isotopes (107Ag and 109Ag) and thus no
nternal correction is possible for the mass fractionation induced
uring thermal evaporation in mass spectrometers. Although the
nstrumental mass bias observed during MC-ICPMS measure-

ents is about 10 times larger than for TIMS, MC-ICPMS offers
everal ways to monitor the mass bias. One method is sample-
tandard bracketing, where samples are measured interspersed
ith standards. This method is commonly used to monitor the
ass bias during measurements of a variety of stable isotopes

ncluding those of Fe [13]. With the MC-ICPMS, the mass
ias is to first-order related only to mass and thus the instru-
ental mass discrimination can be monitored by doping the

ample solution with an element of similar mass and using the
imultaneously measured isotopic composition of the added ele-
ent to correct for the mass bias. This external normalization
ethod is usually applied in conjunction with standard-sample

racketing and has found wide applications in stable isotope
easurements of many elements such as Zn, Cu, Mo, Cd and
l [14–17]. Although these approaches for mass bias correc-

ion have some shortcomings (e.g., [18]), they led to a signifi-
ant improvement in the precision for Ag isotopic composition.
arlson and Hauri [10] combined standard-sample bracketing
nd external normalization to Pd for Ag isotopic measurements
nd were able to improve the uncertainty by a factor of ∼10.
oodland et al. [11] improved on this further and reported an

xternal reproducibility of ±2ε for geologic samples passed
hrough ion exchange chemistry, while the uncertainty of syn-
hetic Ag standard solutions was in the range of ±0.5ε. The
eason for this discrepancy was not clear and leaves space for
mprovement.

The goal of this study is to develop an optimized ana-
ytical procedure for high precision Ag isotopic analyses to
tudy Ag in terrestrial samples including basalts and low Pd/Ag
eteorites. This new procedure consists of a three-stage ion

xchange chemistry, which assures a good separation of Ag
rom matrix elements including Ti, which strongly affects ICP-

S behavior. The so far reported chemical separation proce-
ure for Ag for high precision MC-ICPMS analysis is based
n [19] and was further developed by other groups [10,11].
t is, however, optimized for iron meteorites and thus does
ot provide an efficient separation of Ti from Ag. Titantium
emoval is required for samples such as terrestrial basalts,
ecause they contain larger amounts of Ti, which can com-
romise the Ag isotopic analyses. Furthermore, we achieved

superior precision for geologic samples (±0.5ε) compared to
revious studies, which is crucial for specific cosmochemical
nd geochemical applications. The improvement of the uncer-
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ainty is mainly due to the use of wet plasma, which allows a
ore reliable correction for the instrumental mass discrimina-

ion.

. Sample preparation

.1. Dissolution

About 1–2 g of the carbonaceous chondrite Allende and up
o 10 g of terrestrial basalt sample powders were digested in a
:1 mixture of HF:HNO3 in a closed Savillex teflon beaker on
hotplate at 110 ◦C for 2 days. After drying down, 6 M HNO3
as added, left on a hot plate and gently dried down the next day.
ubsequently, 6 M HCl was added and heated overnight. If com-
lete dissolution was not achieved after these steps, the sample
as centrifuged and the supernatant decanted. The residue was

reated with 6 M HCl and small amounts of boric acid. This usu-
lly resulted in a clear solution. The different sample fractions
ere recombined and a 10% aliquot was taken at this point for

he determination of Pd and Ag concentration by isotope dilu-
ion. The isotope dilution analyses were conducted following
he procedure described by Woodland et al. [11], and will not
e further discussed here.

In contrast to the basalt samples, Allende contains a consider-
ble amount of organic materials, which are difficult to dissolve
n mineral acids, so an aqua-regia step was added to assist in the
issolution of organic material. Complete dissolution, however,
as not achieved and a black residue remained that probably

onsisted of graphite and organic material.

.2. Ion exchange chromatography

A three-stage ion exchange procedure was used for the isola-
ion and purification of Ag (Table 1). The procedure represents a
urther development from that described by Woodland et al. [11],
hich is adapted from previous procedures for high precision
g isotopic analyses [19,7,10].
The first step was performed with 9.5 ml AG1-X8 resin

100–200 mesh, chloride form) in a column having 1 cm diam-
ter and a 12 cm resin bed height. Up to 10 g of basalt can be
oaded onto a single column of this size. The dissolved sam-
les were dried down and taken up in 30 ml 2.6 M HCl. Within
20 ml Savillex® digestion vessels, the samples were kept at
40 ◦C overnight in an oven. The next morning, the samples
ere diluted to 160 ml with ultra-pure H2O, which resulted in
final concentration of ∼0.5 M HCl. The samples were cen-

rifuged shortly before loading onto the column. Cleaning and
reconditioning of the resin was performed with 100 ml of 9 M
Cl followed by 250 ml of 0.5 M HCl. After sample loading, the

olumns were washed sequentially with 190 ml 0.1 HCl, 80 ml
.001 M HCl and 20 ml 0.5 M HNO3. Subsequently, Ag was
luted with 50 ml 0.5 M HNO3 and dried down on a hotplate.
he elution peak of Ag slightly varied. These small variations
lements that influenced the conversion of the resin from its Cl−
o the NO−

3 form. The problem could have been circumvented
y the collection of a larger Ag fraction but this would also have
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Table 1
Ag ion exchange chromatography

Volume (ml) Acid Step

Resin: 9.5 ml AG1-X8, 100–200 mesh, chloride form (wet volume)
silicate samples <10 g

100 9 M HCl Resin cleaning
250 0.5 M HCl Preconditioning
160 0.5 M HCl Load sample
190 0.1 M HCl Rinse matrix

80 0.001 M HCl Rinse matrix
20 0.5 M HNO3 Rinse matrix
50 0.5 M HNO3 Elute Ag

Resin: 1.25 ml AG1-X8, 100–200 mesh, chloride form (wet volume)
silicate samples <1.5 ga and cleanup

20 9 M HCl Resin cleaning
30 0.5 M HCl + 0.15% H2O2 Preconditioning
10 0.5 M HCl + 0.15% H2O2 Load sample
30 0.1 M HCl + 0.15% H2O2 Rinse matrix
10 0.001 M HCl Rinse matrix

4 0.5 M HNO3 Rinse matrix
10 0.5 M HNO3 Elute Ag

Resin: 1 ml AG50W-X8, 200-400 mesh, hydrogen form (wet volume),
all samples

180 0.5 M HNO3 Cleaning/preconditioning
0.5 0.5 M HNO3 Load sample

16 0.5 M HNO3 Rinse matrix
14 0.5 M HNO3 Elute Ag
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a For silicate samples <1.5 g this column is applied without the use H2O2 and
hen repeated with H2O2.

ncreased the contamination with matrix elements such as Ti and
as thus avoided if possible. In order to assure that no Ag was

ost due to these small shifts, about 20 ml of the eluant before
nd after the Ag cut was collected and analyzed for Ag content.
igh Ag yields are important to avoid possible isotopic fraction-

tion of Ag on the column. If the fractions collected before and
fter the silver cuts contained more than 1% of the total Ag in
he sample, which occurred rarely, all fractions containing Ag
ere recombined and processed together through the further ion

xchange procedure.
The second separation step was designed to achieve a bet-

er separation of Ti from Ag. It utilized 1.25 ml AG1-X8 resin
100–200 mesh, chloride form) in a 6 mm by 45 mm column,
hat was cleaned and preconditioned with 20 ml 9 M HCl and
0 ml freshly prepared 0.5 M HCl–0.15% H2O2. The samples
ere taken up in 10 ml 0.5 M HCl and refluxed at 140 ◦C over
ight. Before loading onto the pretreated columns, H2O2 was
dded to the samples until a 0.5 M HCl–0.15% H2O2 mixture
as obtained. The matrix elements including Ti were eluted
ith 30 ml 0.1 M HCl–0.15% H2O2, 10 ml 0.001 M HCl and
ml 0.5 M HNO3. Subsequently, Ag was collected with 10 ml
.5 M HNO3. This second column resembles the first described
bove except for the use of H2O2, which controls the oxidation
tate of Ti, and thus eliminates Ti in the Ag cut. As for the first
olumn, the elution of Ag varied to some extent and was checked

ccordingly. For silicate samples <1.5 g (e.g., Allende), the first
arge column was unnecessary and the preliminary separation
f Ag was performed on the second column described above
ithout the addition of H2O2.
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Prior to the third column, the samples were dried down,
aken up in 0.5 ml 0.5 M HNO3 and refluxed at 140◦ overnight.
he samples were then loaded onto a pre-cleaned column that
eld 1 ml AG50W-X8 cation exchange resin (200–400 mesh in
4 mm by 80 mm column). After sample loading, the columns
ere rinsed with 16 ml 0.5 M HNO3 and the Ag stripped from

he resin with additional 14 ml 0.5 M HNO3.
This three-stage ion exchange procedure efficiently separated

g from major elements like Ti and Fe and achieved a very good
eparation from Pd, Cd and Ru. Cadmium and Ru introduce iso-
aric interferences on Pd that compromise the use of Pd for
ass bias correction. Elements such as Cu, Zn, Ga, Ge, Sr, Y,
r, Nb and Mo, which may create molecular interferences on
d and Ag, were either not detectable or only present in sample
olutions at low concentrations (element/Ag � 0.1). The yield
f the three-stage procedure was usually ∼99%. Total proce-
ural chemistry blanks, including sample dissolution and ion
xchange chemistry were <250 pg.

.3. Preparation of Ag sample and standard solution for
nalysis

After ion exchange chemistry, the Ag solutions were dried
own and taken up in 0.5 M HNO3. A small aliquot (4%) was
aken and checked for Ti, Cr, Fe, Ni, Cu, Zn. Ge, Ga, Sr, Y, Zr,
b, Mo and Pd to assure that these elements are below the level

hat could influence the precise and accurate measurement of the
g isotopic composition. Thereafter, NIST SRM3138 Pd was

dded to the sample solution shortly before the isotopic mea-
urement in order to obtain 106Pd/107Ag signal intensity ratios
f 1. The Pd/Ag ratios and concentrations of sample and stan-
ard solution were matched within 20%. For the Ag standard
olution, Pd was always admixed the same day as the isotopic
nalysis, because longer storage of mixed Pd–Ag solutions influ-
nces the measured Ag isotope composition [20]. In addition,
he solutions should be virtually HCl free, because small traces
f HCl can compromise the Ag analyses [20]. Exposure of Ag
olutions to light could possibly result in photo-oxidation of
g and influence the Ag isotopic composition. However, we
ave found that a pure NIST SRM978a Ag standard solution
n HNO3 stored over a 3-year period in a clear bottle exposed
o light yielded the same isotopic composition as a freshly pre-
ared Ag standard solution kept in an opaque container, and
hus we do not consider light exposure of the Ag solutions a
roblem.

. Mass spectrometry

.1. Instrumentation and data collection protocol

The analyses were performed on the VG Axiom multi-
ollector ICPMS at the Department of Terrestrial Magnetism
DTM). Detailed instrumental-type descriptions are given else-

here [21,22]. Before analyzing samples, the performance of

he instrument was checked with several runs of Ag standard
olutions. Samples were always measured interspersed between
g standards.
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The measurements were conducted in static mode acquiring
he masses 102, 104–111 amu (atomic mass unit) with Fara-
ay cups and 1011 � resistor. In each measurement, 60 ratios
10 s integrations) were collected in blocks of 30. Baselines
or each faraday cup were measured at half-mass below the
ctual mass for 15 s prior to each block. A measurement required
bout 10 min. Two sample introduction systems were used: (1) a
ow-uptake Teflon nebulizer (Elemental Scientific, USA) com-
ined with a MCN-6000 desolvating system (CETAC, USA),
hich is referred to as dry plasma and (2) a low-uptake Teflon
ebulizer (Elemental Scientific, USA) combined with a water-
ooled glass cyclonic and impact bead spraychamber referred
o as wet plasma. In a strict sense, the use of the MCN-6000
esolvating system does not result in a completely dry plasma,
owever, it is estimated that the desolvation process reduces the
ater content by two orders of magnitude [23] therefore leav-

ng behind only minor traces of water. The solution uptake rate
sing the MCN-6000 desolvating system (dry plasma) was about
0 �l per minute resulting in a sensitivity of about 29 V/ppm
g, while analyses in the wet plasma mode consumed about
10 �l per minute and yielded 22 V/ppm Ag. Hence, about three
imes more Ag was aspirated for wet plasma analyses. The
ebulizer system was washed with 0.5 M HNO3 between the
nalyses. Washout times of Ag were relatively rapid whereas
he time interval to reduce Pd memories to an insignificant
evel required ≥15 min using the MCN. In wet plasma mode,
his washout time was reduced to <5 min. Complete washout
or Pd is not critical because the same NIST SRM3138 Pd
tandard was added to each sample including the Ag stan-
ard and the residual Pd did not fractionate during the washout
rocedure.

.2. Data processing

For all isotopic measurements on the Axiom, the 108Pd/105Pd
atio was used for instrumental mass fractionation cor-
ection of 107Ag/109Ag based on the reference value of
08Pd/105Pd = 1.18899 [5] and applying the exponential mass-
ractionation law. This correction was chosen because it yielded
he best precision, but a similar precision was achieved with
he empirical mass fractionation corrections as described by

aréchal et al. [14]. The mass bias was also monitored by means
f 110Pd/105Pd and 106Pd/105Pd for quality check purposes. The
ata reported here all yielded identical results within the uncer-
ainties for the different mass bias corrections. The overall mass
ractionation was about 1.7% per amu in the dry plasma mode,
hile it was 1.4% under wet plasma condition. The Ag isotopic

omposition of each sample is expressed in ε (parts per 104) rel-
tive to the mean value of the NIST SRM 978a Ag standard, by
hich the sample was bracketed. The value chosen for the nor-
alization ratios (108Pd/105Pd = 1.18899 [5]) has no influence

n data expressed in ε 107Ag.
Silver isotopes do not suffer from isobaric interferences. The
sobaric Cd interferences on 106Pd, 108Pd and 110Pd were cor-
ected using the interference free 111Cd as a monitor and the
nstrumental mass bias for Cd isotopes was taken into account
or the correction procedure.
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. Results and discussion

.1. Accuracy and precision of Ag isotope ratio
easurements

The long-term average 107Ag/109Ag = 1.07911 ± 0.00027 (2
.D. = standard deviation of the population) was obtained for the
IST SRM 978a Ag standard solution using the Axiom in dry
lasma mode. The analyses were conducted over 21 separate
easurement sessions within a period of 9 months. This value

s identical within uncertainty to the ratio previously obtained on
he Plasma-54 at DTM (1.07916 ± 0.00052) [10] and the TIMS
alue (1.0811 ± 0.0017) reported by Chen and Wasserburg [6].
t is only slightly lower than 107Ag/109Ag = 1.08048 ± 0.00042
etermined by Woodland et al. [11] on a Nu Plasma MC-ICPMS.
he long-term average established on the Axiom using wet
lasma over a 9-month period (18 measurement sessions) is
.07976 ± 0.00016. This value is the most precise so far reported
nd falls into the range defined by the previous data. However,
he wet plasma value does not overlap with the dry plasma
atio obtained on the same instrument over a similar time span.
his hints at the possibility that the sample introduction system

nfluences the mass bias introduced during the measurements
nd the ability to correct for it. Our data indicate that this is
nly true for external normalization because the long-term aver-
ges for 106Pd/105Pd internally mass bias corrected relative to
08Pd/105Pd are identical for dry and wet plasma conditions
1.22288 ± 0.00007 and 1.22295 ± 0.00005, respectively).

The reproducibility of isotopic measurements for 100 ppb Ag
olutions was typically 0.35ε (2 S.D.) for 107Ag/109Ag over one
easurement session. This value does not depend on the use of
et or dry plasma. It is superior to the reproducibility obtained
n the Plasma-54, which is 1.30ε [10].

.1.1. Dry plasma experiments
Absolute values of 107Ag/109Ag can vary due to instrument

etting and measuring conditions. Important for the application
f Ag isotopic analyses is the precision and accuracy of sample
easurements relative to the standard. Carlson and Hauri [10]

eported offsets in the range of 3ε for the NIST SRM 978a Ag
tandard that was processed through ion exchange chemistry
elative to the same standard solution not subjected to chem-
stry. Their experiment was performed on the Plasma-54 using
ry plasma. In this study, the experiment was repeated on the
xiom and similar observations were made (Fig. 1a). The col-
mn treated standards display positive and negative deviations
n the range of 3ε. Fig. 1b illustrates the natural logarithms of
he measured 107Ag/109Ag ratio plotted against 108Pd/105Pd for
he same data. Standards with identical isotopic composition
hould fall on a straight line in this graph, given that the ratio of
he mass fractionation factors of Ag (βAg) and Pd (βPd) remained
onstant [14]. This is a prerequisite for the use of Pd to monitor
he instrumental mass discrimination of Ag because it implies

hat changes in the mass bias similarly affect Ag and Pd isotopes.
t does not necessarily mean that the mass fractionation factors
re identical (βAg = βPd). In fact, this has been shown not to be
he case for several element pairs including Pb–Tl [24], Cu–Zn
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Fig. 1. (a) Consecutively measured 107Ag/109Ag ratios obtained over one mea-
surement session obtained by dry plasma. The instrumental mass bias is cor-
rected relative to 108Pd/105Pd. The within-run precisions are shown (2 S.D.mean;
which represents the standard deviation of the mean). Filled square: Ag standards
passed through ion exchange chemistry; open square: untreated Ag standard
solution. (b) The natural logarithm of 108Pd/105Pd relative to ln(107Ag/109Ag)
uncorrected for mass bias, but corrected for a minor Cd interference on 108Pd.
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small amounts of Zn and Cd (Zn/Ag = 0.025–0.1; Cd/Ag = 0.0005–0.01).
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he slope defined by the untreated Ag standards is 0.6638 (R = 0.99) which
eviates from the predicted slope (−0.6575 [20]) based on the assumption
Pd = βAg. β is the fractionation coefficient derived from the exponential law.

14], Mo–Ru and Mo–Zr [15], Fe–Cu and Fe–Ni [25] and Pd–Ag
20]. Fig. 1b demonstrates that the analyses of the unprocessed
g standard solution define a straight line, while the processed

tandards scatter around the line reflecting the deviations shown
n Fig. 1a.

Interestingly, the addition of small amounts of Cd or Zn to
he Pd–Ag standard solution also led to offsets (≤+3ε) in Ag
sotopic composition compared to the pure Ag standard solu-
ion (Fig. 2). The solutions added to the Ag standard did not
ontain HCl and this is confirmed by the results shown in Fig. 2
ecause the presence of HCl would lead to negative ε 107Ag

alues [20], probably due to precipitation of AgCl during the
esolvation process. Carlson et al. [26] reported that the addition
f Ir, Sm and Nd also resulted in higher measured 107Ag/109Ag
ompared to the pure Ag standard. They showed that these off-

t
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he gray bar denotes average including external reproducibility (±0.3ε;
S.D.) of the samples shown analyzed under wet plasma conditions.

107Ag = [(107Ag/109Ag)sample/(107Ag/109Ag)standard − 1] × 104.

ets were accompanied by systematic offsets in the measured Pd
sotopic ratios for solutions containing Ir and that these offsets
ropagated through the mass bias correction to the Ag isotope
ata. The experiments with Cd and Zn reported here agree with
his interpretation. For pure Ag standard solution passed through
hemistry, however, the mass bias seems to change drastically
or both Ag and Pd. Archer and Vance [27] observed a sim-
lar behavior for Zn isotopes normalized to Cu. However, in
heir case the shifts could be circumvented by measuring col-
mn treated sample and standards relative to each other. In the
ase of Pd–Ag, the shifts remain.

.1.2. Wet plasma experiments
All the above-described experiments were carried out with

g standard solutions by means of dry plasma. However, when
he Ag standard solutions with admixed Zn or Cd were analyzed
nder wet plasma condition, the shifts disappeared (Fig. 2) and
his is also the case for the shifts observed for Ag standard solu-
ions passed through chemistry. The external reproducibility (2
.D.) was reduced to that of pure Ag solutions (≤0.5ε). Accord-

ngly, the raw ratio of 107Ag/109Ag and 108Pd/105Pd falls on
he same fractionation line as standards with Cd added (Fig. 3).

ith the use of wet plasma, the sensitivity for Ag decreases by
factor of 3 as stated above, while the measured Pd/Ag ratios of

he solutions increase by ∼30% compared to dry plasma condi-
ions. The concentrations of the employed Pd and Ag standard
olutions were determined by isotope dilution and interestingly,
he Pd/Ag ratios obtained by wet plasma reflect the true Pd/Ag
atios of the solutions. Moreover, the actual instrumental mass
ractionation is about 20% lower using wet plasma and the mass
ias of Ag relative to Pd remains constant even in the presence
f solutions that contain impurities (Fig. 3). This is crucial for

he mass bias correction by means of Pd. These observations
uggest that erroneous data obtained by dry plasma are proba-
ly either due to (1) different behavior of Ag and Pd during the
esolvation process (e.g., unequal adsorption onto the desolvat-
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Fig. 3. The natural logarithms of 108Pd/105Pd and 107Ag/109Ag for Ag standard
solutions obtained by (a) dry plasma and (b) wet plasma. The data are corrected
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ng membrane) that is dependent on the matrix element present
r (2) the different size distribution of particulates and greater
mount of water entering the plasma that changed the ionization
ondition in the plasma. The results obtained during this study
o not provide unequivocal evidence for either interpretation.
owever, the first is favored for the following reasons: (A) the
ashout time for Pd is more than 10× longer than for Ag using

he MCN-6000, but it is about equal under wet plasma condi-
ions. This suggests that Pd may be adsorbed on surfaces of the

CN and only slowly released, while Ag is not adsorbed or is
dsorbed to a much lesser extent. In addition, the washout times
epend upon the matrix element present, which suggests that
hese reactions are sensitive to matrix elements. This is also true
or the observed mass bias changes. (B) The conditions prevail-
ng in the plasma seem to be more ideal during dry-rather than

et plasma operation. For example, in dry plasma mode, the size
istribution of the aerosol entering the plasma is narrower [28],
nd the plasma load is significantly lower leaving more energy
or the ionization of Pd and Ag. In line with this, the observed

i
M
(
a
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onization efficiencies of Ag and Pd are generally higher during
ry plasma operation. Hence, these plasma properties would
uggest that different, and varying, mass discriminations would
e more prevalent under wet than dry plasma conditions, but the
pposite is observed.

Kamenov et al. [29] analyzed mixtures of Tl and Pb solution
nder wet and dry plasma conditions. They observed a scatter
or Tl3+ bearing solution (but not Tl+ solutions) analyzed with
ry plasma compared to wet plasma results. This is similar to the
eported behavior for Ag–Pd solution doped with Zn, Cd, Sm,
d or Ir. They also suggested that the desolvating process might
ave introduced variable mass bias. Although the reason for the
ata scatter in both studies may not be identical, Kamenov et al.
29] also observed a prolonged washout time for Tl3+ solution
ith their desolvating system as has been observed for Pd this

tudy [10,11].
If indeed the desolvation process introduces an element- and

atrix-dependent mass bias, it is generally not seen in single ele-
ent isotope analyses that apply internal normalization because

he mass discrimination seems to be identical within a single
lement and can be corrected with a mass fractionation law.
he variations introduced due to the membrane desolvator are

urthermore much smaller (ε-level) than the overall mass bias
percent level), which is thought to be caused mainly by the
lasma source and the extraction mechanism of the ions from
he plasma [14,21].

.2. Spectral interferences and matrix effects

Spectral interferences and matrix effects can introduce ana-
ytical artifacts. External normalization techniques are more
ulnerable to matrix effects than those that apply internal nor-
alization and therefore such effects have to be investigated

arefully. All Ag solutions were doped with NIST SRM 3138
d and possible matrix effects due to the Pd addition were inves-

igated. Woodland et al. [20] reported that Ag isotopic ratios
ere unaltered as long as 106Pd/107Ag was within the range of
.25–4 for their dry plasma measurements. To investigate pos-
ible effects for our wet plasma analyses, synthetic standard
olutions of Ag and Pd were mixed in proportion such that their
06Pd/107Ag intensity ratio varied within ±20%. For this range
f 106Pd/107Ag, no variations in the measured Ag isotopic com-
osition were observed. Therefore, all our samples and standards
ere analyzed at constant 106Pd/107Ag = 1 (within 20%). In addi-

ion, the Ag and Pd concentrations of sample and standards were
lso matched to avoid artifacts due to concentrations differences.

A major concern of wet plasma analyses is possible inter-
erences due to hydride formation. In this study, no hints of
uch interferences were observed. Due to the sample-standard
atching procedure, all isotopes from 105 to 109 had compara-

le intensities; therefore similar interferences from hydrides on
he masses 106–109 are expected assuming an identical hydride
ormation rate for Pd and Ag. Since only ratios are considered

n this study, such interferences would cancel each other out.

oreover, the external reproducibilities of the 106Pd/105Pd ratio
internally normalized to 108Pd/105Pd) are identical during wet
nd dry plasma analyses. The hydride formation rate for dry
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Fig. 4. The Ag isotopic composition for the NIST SRM 978a Ag standard passed
through ion exchange chemistry, Cody Shale and the Hawaiian basalt KOO49.
The terms KOO49-1, -2 and -3 denote different dissolutions of the basalt sample.
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lasma analyses is very low and in general not considered a
roblem, thus the identical 106Pd/105Pd values strongly suggest
hat interferences from hydrides during wet plasma analyses are
nsignificant for the presented analytical procedure.

The mass bias correction also can be influenced by the iso-
aric interferences of Cd on 106Pd, 108Pd and 110Pd. Although
he chemical separation procedure assures a very good separa-
ion of Cd (Cd/Ag ratio < 0.001; the upper limit of the actual
d/Ag concentration ratio of the solution is given), the relia-
ility of the correction was checked by means of mixed syn-
hetic solutions containing various amounts of Cd added to the
d–Ag standard solution. For solutions with Cd/Ag concentra-

ions above 0.01, the Pd isotopic composition started to show
mall shifts just distinguishable outside the analytical precision,
ut these shifts only became visible in the Pd-corrected Ag iso-
opic composition at Cd/Ag greater than 0.1, which is far above
he Cd level detected in our sample solutions.

Elements such as Cu, Zn, Ga, Ge, Sr, Y, Zr, Nb and Mo can
orm molecular interferences with Ar, O, N and C that fall in
he mass range of Pd and Ag isotopes. Moreover, major ele-

ents like Fe and Ti can potentially introduce matrix effects, if
resent at higher concentration levels. A small aliquot (4%) of
ach sample was taken before the addition of Pd and investigated
or these elements (including Ti, Fe and Cr). Gadolinium, Ge,
r, Y, Zr, Nb and Mo were below detection limit for all samples
tudied and have proven to be of no concern for sample measure-
ents. Signal sizes of less than 10 mV of Ti, Fe, Cu and Zn were

ccasionally detected in the Ag fraction. Mixtures of synthetic
olution were analyzed to investigate the influence of these ele-
ents. Titanium/Ag, Fe/Ag and Zn/Ag ratios up to 1 do not affect

he Ag isotopic measurements. An elemental ratio of Cu/Ag = 1
oes result in negative shifts of about 2ε in 107Ag/109Ag, but the
easured Ag isotopic composition is the same as the clean stan-

ard when Cu/Ag is 0.025 or lower. All samples measured here
ad Cu/Ag well below 0.025. In iron meteorites, the elements
u and Ir are very abundant and a clean separation through ion
xchange chemistry is more difficult. Analyses of mixed syn-
hetic solutions showed that the Ir/Ag ratios greater than 1 cause
oth shifts in measured Ag isotopic composition and prolonged
ashout times for Ag. No effects from Ru/Ag up to 0.1 have
een observed. If higher abundances of Ir and Ru are detected
n the Ag fraction, the solutions have to be reprocessed through
on exchange chemistry.

.3. Reproducibility and accuracy of sample measurements
or chondrites and terrestrial basalts

A major goal of this study was to develop a procedure for high
recision isotopic measurement adapted to the sample matrices
f stony meteorites and terrestrial basalts. For the assessment
f the reproducibility and accuracy of the method, the Hawai-
an basalt KOO49, the USGS standard rock Cody Shale (SCO-1)
nd the carbonaceous chondrite Allende were chosen. Given the

umber and complexity of the problems that can influence Ag
sotopic analyses, a meaningful precision of the analytical tech-
ique can only be evaluated on replicate analyses of geological
amples that were treated separately from dissolution to mea-

e
A
a
c

he with-in run errors (2 S.D.mean) are shown except for the Ag standards and
ody shale where an external reproducibility (2 S.D.) of ±0.5ε was adopted. The
ray bar indicates the external reproducibility of Ag standard solutions (±0.5ε).

urement. Therefore, three different aliquots of powder from the
awaiian basalt KOO49 were dissolved and passed through the

hemical separation procedure. The KOO49-1 aliquot was mea-
ured during seven different measurement sessions and an aver-
ge of ε 107Ag = −10.46 ± 0.25 (2 S.D.) was obtained (Fig. 4).
his excellent external reproducibility obtained for a single sam-
le solution over different measurement sessions is identical to
hat of standard solutions. These results demonstrate that the
se of wet plasma circumvents many of the mass bias correc-
ion problems observed under dry plasma conditions and thus
eads to a significant improvement in precision. The two other
liquots of KOO49 (KOO49-2 and -3) were similarly processed
hrough ion exchange chromatography and they yielded an aver-
ge ε 107Ag = −9.35 ± 0.68 (2 S.D.). The isotopic composition
btained for these two separate dissolutions is different from,
nd more variable than, the KOO49-1 repeat measurements.
his indicates that samples passed through chemistry have a
lightly worse external reproducibility than a sample solution
hat is measured several times during different measurement
essions. Thus, the chemical separation procedure introduces a
urther uncertainty. There is furthermore a distinct difference of
.1 ε-units between the average obtained for KOO49-1 and the
issolutions of KOO49-2 and -3. This is significant and empha-
izes the importance of high yields. KOO49-1 was processed in
arly stages of this study, prior to a well-adapted calibration of
he Ag elution peak, and 30% Ag was lost during the separation
rocedure. The other KOO49 dissolutions were not hampered
y a poor calibration and had recoveries around 99%.

To verify that the poor yield for KOO49-1 may have influ-

nced these data, the following experiment was performed: an
llende sample was dissolved and processed through the first

nion column, where the initial 70% of the Ag elution was
ollected and further passed through ion exchange chemistry.
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Fig. 5. The Ag isotopic composition for seven different dissolutions of the car-
bonaceous chondrite Allende (closed symbol). They yield an average ε 107Ag
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f −0.43 ± 0.53 (2 S.D.) (open symbol). The grey bar highlights the uncertainty
f the average.

his initial fraction yielded an ε 107Ag = 0.96. The latter 30%
f the Ag was collected and treated independently and an ε
07Ag = −4.11 was obtained. Mathematically recombining both
ractions results in an average ε 107Ag of −0.56 for Allende,
hich is identical with the average value of −0.46 ± 0.53 (2
.D.) found from seven different dissolutions of Allende (Fig. 5).
herefore, it is likely that the observed shift of 1.1ε for KOO49-1

s the result of the low Ag yield (∼70%) obtained for this sample.
his observation provides evidence that Ag isotope fractionation

akes places during ion exchange chemistry. Isotope fractiona-
ion on ion exchanges columns has been reported earlier for other
lements such as Ca, Fe, Cu, Zn, Mo and Cd [14,15,17,30–32].
ll these studies observed that the first fractions eluted were

nriched in the heavy isotopes, however, the opposite is observed
or Ag. Losing the last 30% Ag results in about +1ε shift in the
g isotopic composition. It is therefore essential for accurate Ag

sotopic determinations to assure Ag recoveries close to 100%.
ignificant losses of Ag were not observed during the parts of

he analytical procedure that employ HCl, while caution has
o be taken when HNO3 is employed. As already mentioned,
he elution peak of Ag can slightly vary for unknown reasons.
lthough the collected fractions were adjusted to optimize the
ield, the eluants just before and after the Ag cut were checked
or Ag and the yield of each sample was verified.

The reliability of our procedure is demonstrated by seven dif-
erent dissolutions of Allende sample powder, which display an
verage ε 107Ag = −0.43 ± 0.53 (2 S.D.) (Fig. 5). The external
eproducibility of ±0.53 (2 S.D.; standard deviation of the pop-
lation) estimated this way provides a good estimate for the total
ncertainty introduced through sample digestion, ion exchange

hemistry and mass spectrometry.

The verification of the accuracy is complicated by the fact
hat there is no geological reference material available for which

R

f Mass Spectrometry 261 (2007) 183–191

he Ag isotopic composition is known to sufficient precision.
he accuracy is supported by the fact that Ag standards passed

hrough ion exchange chemistry yielded results identical to the
ntreated standard (Fig. 4). The ε 107Ag value of −0.43 ± 0.53
or Allende is furthermore in agreement with the previous
esult of −1.1 ± 1.8 obtained by Woodland et al. [11], as is
he Ag isotopic composition reported here for the Cody shale
ε 107Ag = −0.14 ± 0.50; Fig. 4), which overlaps with the value
iven by Woodland et al. [11] (ε 107Ag = −1.0 ± 2.1).

. Conclusion

An improved MC-ICPMS technique is presented for high-
recision Ag measurements, which permits isotopic analyses of
mall quantities of Ag (<100 ng). This technique is suitable for
errestrial basalts and stony meteorites, for which an external
eproducibility of ±0.5ε for 107Ag/109Ag is usually obtained.
his represents an improvement in precision of more than an
rder of magnitude compared to TIMS analyses and a factor
f four compared to previous MC-ICPMS studies. More pre-
ise data were obtained through the application of wet plasma.
t appears that small random differences in the mass bias of
g and Pd relative to each other are introduced during the des-
lvation process in the presence of matrix elements. Under wet
lasma conditions, these effects disappear and the correction for
nstrumental mass discrimination is more reliable. Moreover, it
as been shown that Ag isotopes can be fractionated during ion
xchange chromatography and therefore high yields are manda-
ory for accurate Ag isotopic determinations.

With its excellent reproducibility, this new technique pro-
ides the foundation for the resolution of very small differences
n Ag isotopic compositions and therefore the study of Ag iso-
opes in volatile-rich meteorites and the Earth. The precision now
chievable opens up the investigation of the Pd–Ag chronometer
or the timing of terrestrial core formation. Several bulk sam-
les of a Hawaiian basalt (KOO49) were analyzed and yielded an
g isotopic composition of −9.35ε for 107Ag/109Ag. This result

annot be explained by the decay of the short-lived radionuclide
07Pd and thus indicates that larger Ag isotopic variations due to
table isotope fractionation occurred in specific terrestrial envi-
onments. Further investigations are required to understand the
g isotopic composition of the Earth.
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