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This is the 33th annual review of the application of atomic spectrometry to the chemical analysis
of environmental samples. This Update refers to papers published approximately between
August 2016 and June 2017 and continues the series of Atomic Spectrometry Updates (ASUs)
in Environmental Analysis1 that should be read in conjunction with other related ASUs in the
series, namely: clinical and biological materials, foods and beverages2; advances in atomic
spectrometry and related techniques3; elemental speciation4; X-ray spectrometry 5; and metals,
chemicals and functional materials6.
In the field of air analysis, highlights within this review period included the fabrication
of new air samplers using 3D printer technology, development of a portable aerosol
concentrator unit based upon electrostatic precipitation and instrumental developments such as
a prototype portable spark emission spectrometer to quantify metal particles in workplace air.
The advent of ICP-MS/MS systems has enabled analysts to develop improved methods for the
determination of PGEs and radioactive elements present in airborne particles. With such
instruments, the capacity to eliminate or minimise many isobaric interferences now enables
analysts to forego the use of many onerous sample clean-up procedures. Improvements in the
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capabilities of aerosol mass spectometers were noted as were developments in other
complimentary measurement techniques such as Raman.
In the arena of water analysis there are growing concerns regarding engineered NPs e.g.
Ag NPs, entering water courses resulting in the development and optimisation of new methods
based upon FFF and sp-ICP-MS techniques to measure such inputs. Similar concerns exist for
MRI contrasting agents e.g. Gd-based compounds and here improved methodologies that
involve the use of sample preconcentration using chelating columns and ICP-MS analysis have
been proposed.
In the field of plant and soil analysis, similar to developments in the water sector, there
has been increased interest in the measurement of NPs. Many comparisons of sample digestion
or extraction methods have been reported but a key issue rarely addressed is transferability, i.e.
whether methods preferred by one group of researchers using particular apparatus are also
optimal in a different laboratory using different apparatus. New sample preconcentration
methods continued to appear although – as in previous years – the CRMs selected for method
validation often failed to reflect the nature of the intended sample(s). A noteworthy advance is
the use of HR-CS-ETMAS for elemental analysis. Developments in LIBS included greater use
of TEA CO2 lasers in place of Nd:YAG lasers and increased use of stand-off measurement.
The past year has also seen a rise in proximal sensing using LIBS and pXRFS.
In the field of geological analysis, the quest continues for well-characterised matrixmatched materials suitable for the calibration of elemental and, particularly, isotopic
measurements by microanalytical techniques. Increasing interest in stable isotope analysis by
SIMS is reflected by the number of matrix-matched RMs developed specifically for this
technique. Much work continues on ways of improving isotope ratio measurements by ICPMS and TIMS for a wide range of different isotope systems relevant to geochemical studies.
High spatial resolution analysis by LIBS, LA-ICP-MS and SIMS to obtain data on chemical
and isotopic variations in minerals and biogenic materials in two and three dimensions are the
foundation for many new insights in geoscientific research. In XRFS and LIBS, the advantages
and limitations of portable instrumentation continue to be major focus of activity.

Feedback on this review is most welcome and the review coordinator can be contacted using the email address provided.

1

Air analysis

2

1.1

Review papers

1.2

Sampling techniques

1.3

Reference materials and calibrants

1.4

Sample preparation

1.5

Instrumental analysis

1.5.1

Atomic absorption, emission and fluorescence spectrometry

1.5.2

Mass spectrometry

1.5.2.1

Inductively coupled plasma mass spectrometry

1.5.2.2

Other mass spectrometry techniques

1.5.3

X-ray spectrometry

1.5.4

Other instrumental techniques

2

Water analysis

2.1

Review papers

2.2

Reference materials

2.3

Sample preconcentration and extraction

2.4

Speciation and nanomaterial analysis

2.4.1

Review papers

2.4.2

Elemental speciation

2.4.3

Characterisation and determination of nanomaterials

2.5

Instrumental analysis

2.5.1

Atomic absorption spectrometry

2.5.2

Vapour generation techniques

2.5.3

Inductively coupled plasma mass spectrometry

2.5.4

Laser induced breakdown spectroscopy

2.5.5

X-ray spectrometry

3

Analysis of soils, plants and related materials

3.1

Review papers

3.2

Reference materials

3.3

Sample preparation

3.3.1

Sample dissolution and extraction

3.3.2

Sample preconcentration

3.4

Instrumental analysis

3.4.1

Atomic absorption spectrometry

3.4.2

Atomic emission spectrometry
3

3.4.3

Atomic fluorescence spectrometry

3.4.4

Inductively coupled plasma mass spectrometry

3.4.5

Laser induced breakdown spectroscopy

3.4.6

X-ray spectrometry

4

Analysis of geological materials

4.1

Reference materials and data quality

4.2

Sample preparation, dissolution, separation and preconcentration

4.3

Instrumental analysis

4.3.1

Review papers

4.3.2

Atomic absorption and atomic emission spectrometry

4.3.3

Laser induced breakdown spectroscopy and related techniques

4.3.4

Inductively coupled plasma mass spectrometry

4.3.4.1

Instrumentation

4.3.4.2

Trace element determinations by solution-based ICP-MS

4.3.4.3

Trace element determinations by laser ablation ICP-MS

4.3.4.4

Isotope ratio determinations

4.3.5

Thermal ionisation mass spectrometry

4.3.6

Secondary ion mass spectrometry

4.3.7

Other mass spectrometric techniques

4.3.8

X-ray spectrometry

4.3.8.1

Laboratory-based XRFS

4.3.8.2

Portable XRFS

4.4

Data reduction software

5

Glossary of terms

6

References

1

Air analysis
4

1.1

Review papers

Several review papers summarised developments in the detection, preparation and
characterisation of engineered nanoparticles. Useful sample preparation procedures7 (254
references) for the subsequent analysis of metallic and metal oxide NPs found in biological,
customer product and environmental samples were tabulated and promising future directions
discussed. The developments in FFF applications in biomedical, food and environmental
studies considered in a review8 (141 references) were drawn mostly from papers published in
the last four years. A review9 (82 references) on the analytical capabilities of different MSbased techniques for the interrogation of engineered inorganic nanomaterials considered future
developments in elemental analysis as well as developments in hyphenated techniques for
molecular analysis. Developments10 (130 references) in Hg0 measurements employing solidstate sensors and approaches such as quartz-crystal microbalance, resistitive measurements and
surface acoustic wave were reviewed.
1.2

Sampling techniques

Developments in sampler technologies for workplace air monitoring included a new personal
sampler11 for the measurement of respirable quartz particles. This sampler, fabricated using
3D printing, was designed to collect particulate matter onto a small filter spot of ca. 9 mm
diameter for subsequent analysis using portable FTIR instrumentation. It was anticipated that
this approach will enable faster exposure assessments to be conducted on site. Sampling
mixed-phased atmospheres remains challenging. It was interesting to note the development12
of a new personal sampler for the concurrent sampling of H2SO4 acid mist and SO2 gas. This
device employed an impactor to collect the thoracic size fraction of the aerosol and a porous
membrane denuder to collect the SO2. The performance of this prototype, constructed in PTFE,
was evaluated both in laboratory and field settings. A new low-cost, disposable personal
sampler13, designed to operate at a nominal 10 L min-1 rather than a more conventional 2 L
min-1, enabled a five-fold increase in sample mass to be collected per unit time. This is most
welcome as reductions in workplace air exposure limits for many metals are anticipated and
will bring other other challenges, such as the need to reassess the potential for sample
contamination. The presence of metal contamination in the filter media can be of concern.
Blanks levels14 in cotton-based textile materials were lower than those in a nylon mesh material
currently used in the nanoparticle respiratory deposition sampler (Zeflon International).
Experience gained by researchers at NIOSH in characterising exposure to airborne
nanomaterials in the workplace enabled them to refine their assessment strategy15. This
5

approach, termed NEAT 2.0 (Nanomaterial Exposure Assessment Technique), placed a
stronger emphasis on time-averaged, filter-based sampling for future worker exposure
assessments compared to the protocols in the original NEAT 1.0 document.
New approaches for assessing occupational exposure to airborne pollutants are most
interesting to read. A small wearable aerosol microconcentrator developed by NIOSH
researchers16 employed corona discharge to ionise sampled particles which were subsequently
precipitated onto an electrode. It was considered that this approach could potentially be
superior to alternatives such as filtration, focused impaction using aerodynamic lens or spot
collection using condensational growth. They envisaged that this unit could form the basis of
a new generation of compact hand-held aerosol analysers offering real-time in-situ
measurements. Analysis of exhaled breath condensate (EBC) offers a potential for a noninvasive method for detecting inhaled NPs. A study17 of methodologies for the preservation of
inhaled welding fume in EBC concluded that flash-freezing was preferable to storing samples
at room temperature for maintaining the original particle morphology. Spanish researchers18
provided evidence of the direct adsorption of Hg in human hair after analysing samples from
individuals who were occupationally exposed.
The Beta Attenuation Monitor is a widely used ambient air particulate sampler which
provides PM2.5 mass concentration data in real time, often at hourly intervals. Particles are
collected and deposited as a spot on a filter tape and the attenuation of a radiation beam passed
through this spot is exponentially dependent on the mass of particles deposited. Once a reading
is taken, the filter spool is wound on to present a fresh surface for the next sampling interval.
Researchers based in the US19 investigated whether it was possible to recover and analyse filter
spots to provide additional time-resolved chemical data. The glass-fibre filter tapes currently
used contain elemental impurities which limit the successful determination of many metals of
potential interest. Another limitation was the inability to determine elemental C, a marker
widely used for monitoring diesel engine emissions. The authors suggested that replacement
with a cleaner Teflon filter tape could well be beneficial. Coincidentally, a new sampler
incorporating a XRFS unit is now commercially available.
German researchers20 evaluated techniques for sampling volatile As species (AsH3 and
methylated species) present in fumarolic gases and emitted from volcanoes. They noted that
previously reported sampling techniques, such as needle trap devices and cryotrapping, did not
perform well due to either poor collection efficiency or artifact formation during storage.
TedlarTM gas bags performed well as samplers, although 60 to 90% losses of methylated species
remained possible if test items were stored for extended periods prior to analysis. The dominant
6

species found in a study of Italian fumaroles was AsH3 suggesting that microbially catalysed
methylation was of minor importance.
Sampling atmospheric trace species can be challenging. An investigation21 into
memory effects of gold-coated sorbent tubes, typically used for sampling trace levels of
atmospheric Hg0, concluded that repetitive thermal cleaning of the sampling tubes to remove
stubborn adsorbed traces of Hg and hydrocarbons resulted in a two-fold improvement in LOD.
The AirCore sampler is a balloon-mounted air sampler which collects a continuous air profile
during descent through the stratosphere. A new sub-sampler, dubbed the SAS (Stratospheric
Air Sub-sampler) was developed22 to extract aliquots of collected air from this AirCore device,
for subsequent determination of

14

CO2 by IRMS, whilst maintaining vertical height profile

information.
1.3

Reference materials and calibrants

The source matter for two new NIST certified reference materials23 was dust collected from
the air intake facility at a large city-centre exhibition hall. Uniquely, these materials were
certified for both organic and inorganic measurands including Cd and Pb (by ID-ICP-MS), Hg
(by ID-CV-ICP-MS) and Cr, Mn and V (by ICP-AES and INAA). Both materials are now
available as NIST SRM 2786 (fine atmospheric particulate matter (mean particle diameter <10
µm) and NIST SRM 2787 (fine atmospheric particulate matter (mean particle diameter
<2.5µm). The status of Pu and U isotopic particulate standards available from NBL was
reviewed24 and suggestions made for future requirements. Such CRMs are a prerequisite for
ensuring the quality of measurements in key areas such as nuclear forensics, safeguarding and
nonproliferation operations, but improvements in accuracy and precision now attainable with
modern MC-ICP-MS cannot be fully exploited because of the large uncertainties associated
with some existing NBL materials.
A suite of isotopic CH4 reference gases in air25 was developed and certified with
uncertainities of <1.5% and <0.2‰ for δ2H and δ13C. Aliquots of these reference gases were
diluted to provide CH4 standards with typical atmospheric concentrations and branded as
JRAS-M16 (Jena Reference Air Set-Methane 2016). Calibration of Hg monitoring instruments
typically relies upon gas standards prepared from the saturated head-space above a pool of
liquid Hg kept at a constant temperature. New SI-traceable results26 for the Hg0 concentration
at saturation in air between 15 and 30 °C, are welcome. An innovative automated temperaturecontrolled sampling system, constructed for this purpose, enabled defined aliquots of Hgenriched head-space air to be collected at different temperatures. These were collected into a
7

liquid medium, mixed with defined volumes of an isotopically enriched Hg solution and
presented for ID-ICP-MS analysis.
1.4

Sample preparation

Recovery of useful elements from waste is of growing interest. A two-step microwave-assisted
digestion procedure27 was recommended for the extraction of REEs from coal fly ash. Ash
samples were heated in a H2SO4:HF acid mixture (4+1) on a hotplate and then subjected to
attack with dilute HCl in the microwave oven. Recoveries for Ce, Dy, Er, Eu, Gd, Ho, La, Lu,
Nd, Pr, Sc, Sm, Tb, Tm, Y and Yb were >95% when NIST SRM 1633b (coal fly ash) was
analysed by ICP-AES. An analytical procedure28 for the determination of total Cr and δ53Cr in
lichens and mosses by SF-ICP-MS and MC-ICP-MS employed a high pressure/temperature
acid digestion in conjunction with a sample clean-up step using an anion-exchange resin. This
approach was deemed robust as the reproducibility of isotope ratio measurements, performed
by different operators on different occasions over a period of two months, was ca. 0.11‰
(2SD). The strong negative correlation between δ53Cr and total Cr in lichen and moss samples
indicated that Cr deposited from local emission source(s) was depleted in heavy isotopes.
Bioaccessibility measurements are conducted to ascertain what fractions of metals can
potentially be solubilised within humans once inhaled or injested. The SBET (simplified
bioaccessibility extraction test) and the stomach phase of the UBM (unified bioaccessibility
method), originally developed for contamination land studies procedures, have been
miniaturised29 for air filter applications. This was geared towards the analysis of filters
employed in the TEOM air sampler, widely used within the UK and other air monitoring
networks. This air sampler measures PM10/2.5 mass in real-time but filters are often then
discarded so their further use was welcome. Bioaccessibility measurements of As, Cd, Cr, Fe,
Mn, Ni, Pb and Zn in small mg quantities of particulate matter were undertaken. Contamination
issues were overcome by prewashing syringe filters in dilute acid. Rasmussen and coworkers30
investigated the effect of pH, particle size and crystal form on the dissolution behaviour of Zn,
ZnO and TiO2 engineered-nanomaterials in simulated body-fluids. They concluded that
experimental pH and temperature conditions should be reported in all future studies so as to
facilitate the comparability of published data.
Radionuclide measurements often require laborious and complex sample manipulation,
separation, clean-up and preconcentration steps prior to analysis. Following the Fukushima
Dai-ichi nuclear power plant incident, a Japanese consortium developed31 an ICP-MS/MS
procedure for the simultaneous determination of

135

Cs,

137

Cs,

239

Pu and

240

Pu isotopes in
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suspended particles. Radiocesium and Pu were sequentially preconcentrated using ammonium
molydophosphate and ferric hydroxide precipitation and then separated from matrix elements
using a two-stage ion-exchange chromatographic procedure. Limbeck and his team32 improved
the manipulation of radioactive particles by upgrading and automating a fission track method.
They incorporated a laser micro-dissection system to facilitate the isolation of these particles
of interest and developed a harvester unit to enable the collection and transfer of identified
particles to other micro-analytical techniques. This new capability enabled U isotopic
signatures in nuclear materials to be determined within a turn-around of 12 days. Researchers
at the University of Erlangen33 evaluated various methods for sampling carbonyls in air for
subsequent

14

C dating using AMS. Two of these procedures utilised the Strecker synthetic

method to form amino acids from carbonyls using either sodium cyanide or
trimethylsilylcyanide and the third semicarbazide to form crystalline carbazones. All resultant
adducts were separated and purified using TLC. The performance of these procedures
compared favourably against the more conventional carbonyl sampling approach employing
derivatisation with 2,4-dinitrophenylhydrazine and separation of adducts using HPLC.
A wide-ranging review paper34 (112 references) both outlined the various approaches
used to speciate or fractionate Mn in a diverse range of matrices such as air, animals, plants
and waters and summarised a number of useful extraction procedures.
1.5

Instrumental analysis

1.5.1 Atomic absorption, emission and fluorescence spectrometry
The determination35 of S in airborne particles collected on a filter using high resolution
continuum source AAS exploited the characteristic molecular absorption of the CS molecule at
258.056 nm and results obtained on a range of CRMs were within their certified uncertainity
limits. The same authors exploited a solid sampling capability36 for the direct and rapid
determination of Hg in airborne particles by placing filter aliquots directly into the graphite
furnace, not employing a pyrolysis step and by using Ag and Au NPs as novel matrix modifiers.
A portable system37 for the on-line determination of Hg speciation in flue and process
gases consisted of two AAS detectors in parallel, each hyphenated to a gas sampling system
which used impingers to trap Hg species. In the first system, total Hg was measured by reducing
all Hg species in the sampled gas stream to Hg0 using SnCl2 as reducant. In the second system,
sampled flue gas was initially passed through a KCl solution to remove HgII and thereby
allowing only Hg0 to be detected. The HgII species concentration in the sampled flue gas was
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calculated from the difference between the two results. Usefully, calibration units, that
produced Hg0 and HgII gas standards, were also developed.
On-line measurements are most useful when attempting to elucidate the kinetics of
chemical processes. In one example38, an SMPS was coupled to an ICP-AES system for the
real-time measurement of the elemental composition of size-resolved NP aggregrates
synthesised within a diffusion flame reactor. There was a correlation between precursor molar
ratios and elemental ratio in magnetite and SiO2 particles in the size range 50-140 nm. In a
second example39, an automated ICP-AES system for the continuous leaching of air filter
samples to assess the bioaccessability of Al, Ba, Cu, Fe and Mn in PM10 particles was
developed.
Work developing new prototype instruments for in situ measurements continues.
Reseachers at the University of Miami deployed40 their LIF instrument, designed for in situ
trace Hg measurement in ambient air, during a recent instrumental comparison exercise held in
Reno. At a temporal resolution of ca. 5 minutes, their Hg0 measurements were within 10-25%
of measurements obtained by two, more conventional, AFS instruments equipped with goldtrap concentrator units. Comparative oxidised Hg measurements were also performed using
KCl-coated annular denuders to preconcentrate air samples. The resultant Hg0 was determined
following a thermal reduction step. Although results agreed with those measured by AFS
instruments also equipped with KCl-denuders, measurement uncertantities were large. This
was attributed to the challenges of quantifying a measurand at the pg m-3 level. Researchers41
at NIOSH developed a field-portable microplasma instrument for the real-time determination
of carbon nanomaterials in workplace air. Their approach involved the preconcentration of
aerosols on a microelectrode tip (see also section 1.2) for analysis by spark emission
spectrometry (SES) at the characteristic C line of 247.856 nm. The absolute LOD was 1.6 ng,
equivalent to ca. 240 ng m-3 for a nominal 7.5 L air sample. This study demonstrated that SES
could form the basis of a new type of portable aerosol analyser for in-situ elemental analysis
in the workplace.
1.5.2 Mass spectrometry
1.5.2.1 Inductively coupled plasma mass spectrometry. Two improved biomonitoring
applications have been reported. In one42, ICP-MS/MS was used to determine Pd, Pt and Rh in
particulates deposited on moss samples. Reliable measurements were obtained, either on-mass
(103Rh) or by employing a mass-shift approach using NH3 as a reaction gas (measurements
performed at masses 159 for Pd, 171 for Rh and 229 for Pt). Elemental recoveries were
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quantitative, within stated certified ranges, when test portions of IRMM CRM BCR 723 (road
dust) were analysed. Furthermore, results for moss samples were in agreement with data
derived from a more laborious preparatory procedure involving CPE and measurement by
quadrupole ICP-MS. In an ETV-DRC-ICP-MS method43 for the determination of Cd, Cr, Hg
and Pb in honey, homogenates were prepared by simply diluting samples in dilute HNO3 and
adding ascorbic acid as a modifier. Due to matrix mismatch between samples and aqueous
standards, both ID and standard addition calibration protocols were required for quantification.
The method LODs were 0.4, 0.1, 0.6 and 0.5 ng g-1 for these four elements.
An intriguing but perhaps complicated and not very portable approach44 for the
direct analysis of mercury in air involved coupling a gas-to-particle conversion unit to an ICPMS instrument. The process involved sampling air containing traces of Hg0 which were
converted to HgO and subsequently agglomerated with NH4NO3 particles. These agglomerates
were then introduced into the ICP-MS instrument through a gas-exchange device in which the
matrix air was replaced with Ar sufficient to sustain the plasma. The method LOD of 0.12 ng
m-3 was considered sufficient to measure airborne Hg concentrations of ca. 2 ng m-3 with a
high temporal resolution without recourse to sample preconcentration.The usefulness of
isotopes for elucidating the biogeochemical cycle of mercury is attracting widespread interest.
In a study from Beijing45, the Hg isotopic composition was determined both for particles from
30 potential industrial source materials and for those collected on 23 PM2.5 filter samples. The
results were influenced by seasonal variations in both mass-dependent fractionation
(represented by the ratio 202Hg/198Hg, δ202Hg) and mass-independent fractionation of isotopes
with odd and even mass numbers (represented by ∆199Hg and ∆202Hg). All filter samples were
highly enriched in Hg and displayed wide ranges of both δ202Hg (-2.18 to 0.51‰) and ∆199Hg
(-0.53 to 0.57‰) as well as small positive ∆202Hg (0.02 to 0.17‰). Such variations were
attributed to all-year-round anthropogenic emission sources such as smelting and cement
production, as well as seasonal variations dominated by coal combustion in winter and biomass
burning in autumn. The more positive ∆199Hg values, noted in air samples collected in the
spring and early summer, were attributed long-range Hg emissions that had undergone
extensive photochemical reduction. In another China-based study46, the fractionation of Hg
isotopes in particles arising from coal combustion and seawater flue gas desulfurisation
(SFGD) processes was examined. Researchers employed MC-ICP-MS with a precombustion
step for the elegant liberation of Hg from solid matrices. It was demonstrated that whilst stack
emissions were enriched with lighter Hg isotopes, the SFGD end-product was enriched with
heavier Hg isotopes. The authors concluded that this information could be most useful in
11

tracing Hg emissions from such power plants. An interesting and more theoretical paper47
described the first measurements of isotope fractionation during the oxidation of Hg0 by
halogen atoms. The study used a laboratory gas chamber to simulate photochemical reactions
that occur in the atmosphere. A more experimental study48 was of the applicability of Tl as IS
for mass bias corrections in the determination of Hg isotopes by MC-ICP-MS.
The

240

Pu/239Pu;

241

Pu/239Pu and

242

Pu/239Pu isotope ratios in mixed-oxide particles

were measured49 by ICP-MS following sample dissolution and separation of Pu from matrix
using UTEVATM resins. The

238

Pu/239Pu ratio was calculated from the

activity ratio measured by spectrometry and the
method50 for the continuous determination of

240

238

Pu/(239Pu+240Pu)

Pu/239Pu ratio measured by ICP-MS. A

239

Pu in ice cores coupled both a SF-ICP-MS

instrument and a continuous-flow ion analyser to an ice core melter. Advantages of this
approach included less sample preparation and reduced analysis time. A simple, sensitive and
robust method51 employed GC-MC-ICP-MS to determine

32

S/34S isotopes in trace organic

sulfur compounds (OSCs) found in sour CH4 gas streams. The GC system was equipped with
a thermal conductivity detector to determine H2S and a fast valve switching system to enable a
precise chromatographic heart cut to be taken, thereby preventing saturation of the ICP-MS
system. Any matrix effects arising from high concentrations of CH4 (up to 95% v/v) and H2S
(up to 10% v/v) in gases produced by the pyrolysis of sulfur-rich kerogen were minimised The
accuracy of this approach was better than 0.3‰ for OSCs at a concentration of 25 pmol (1.4
ppm).
The scanning mobility particle sizer (SMPS) provides size distribution and
concentration of nanoparticles in air with a temporal resolution of a few minutes or less. As
reported in last year’s Update1, there is ongoing interest in the benefits of coupling SMPS to
ICP-MS systems so that complementary elemental data can be gathered. Swiss-based
researchers52 determined the Cu, K and Na concentrations in aerosol particles (13 to 340 nm)
released by the combustion of wood samples that had been impregnated with different metal
salts. Use of a rotating disk diluter allowed the controlled dilution of particulate-laden air in
order not to extinquish the plasma. A widely-used instrument for collecting size-segregated
airborne particles is the micro-orifice uniform deposit impactor (MOUDI). Laser ablation53
was key to providing a fast and sensitive method for the direct elemental analysis of MOUDI
filter samples of urban air. Filter sections were ablated and elemental image maps, created with
ImageJ software, converted to concentration values using results from the parallel ablation of
a calibrant filter (NIST SRM 2783 (air particulate on filter media)). For a nominal 4.32 m3 air
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sample (30 L min-1 over a 24 h period) the LODs (3SD) ranged between 0.003 ng m-3 for V to
0.370 ng m-3 for Fe. Agreements were good(R2 = 0.94 to 0.99, slope = 0.83 to 1.52) between
data obtained for As, Fe, Mn, Pb, V and Zn using this new LA approach and data generated
using a more conventional acid leach procedure with analysis by ICP-MS. The poorer
agreement noted for Cu, Ni and Sb which was attributed to their low concentrations in air and
hence greater uncertainities in the resultant measurements. The determination of isotopic ratios
of elements within single particles by the interrogation of transient signals from LA-ICP-MS
analysis can be time consuming as integration parameters need to be set manually on a peakby-peak basis. A new approach54, which relied on a point-to-point data reduction process and
applied robust statistical estimator methods, was claimed to be a simple but robust alternative
that did not require supervision.
Two review papers55,56 (20 and 146 references) usefully described advances in the
application of sp-ICP-MS for the characterisation of nanomaterials.
1.5.2.2 Other mass spectrometry techniques. The Aerodyne aerosol mass spectrometer is a
commercially available and frequently used instrument for the on-line in-situ measurement of
sub-µm ambient aerosols. A review paper57 (24 references) detailed instrumental developments
and various air quality monitoring applications. A summary58 of recent instrumental
refinements included the redesign of the sampling inlet, development of a new aerodynamic
lens and refinements in the particle vaporiser unit. Particles at the upper end of the PM2.5 size
distribution could now be interrogated so as a result 89% of the non-refractory chemical mass
of PM2.5 was detected. This was an improvement over the previous design in which only 65%
could be detected. Complementary papers described, in more detail, the development,
validation and performance of this new lens system59 and the enhanced particle vaporiser unit60.
A soft ionisation approach61 employed a NIR laser to desorb and ionise molecules deposited
on an aluminium target within the sampling inlet of an aerosol mass spectrometer. This resulted
in minimal analyte fragmentation, producing characteristic ions at [M-H]- for acidic organic
aerosol molecules and [M+H]- for basic organic analytes. Single particle aerosol mass
spectrometers can produce copious amounts of mass spectral data so data mining techniques,
such as fuzzy c-means clustering, are invaluable. A new approach62 applied OPTICS (ordered
points to identify the clustering structure) in combination with fuzzy c-means clustering to get
a faster and more detailed interpretation of mass spectral data.
A combination63 of TOF and SF SIMS techniques was used for the determination of
both elemental and isotopic composition of particles in nuclear forensic samples. Qualitative
13

elemental scans obtained by TOF-SIMS were useful for assessing isobaric overlaps on U
isotopes. The U isotope analysis was performed using SF-SIMS in a molecular shift mode.
Measuring UO2+ species rather than U+ minimised the isobaric overlaps identified previously.
A new algorithm64 enabled better identification of isotopically unique U-containing particles
than possible with the image data processing techniques currently used in SIMS analysis.
Images from test samples (composites of NIST SRMs) were successfully evaluated. Fusion 65
of SIMS images with elemental maps from EDS facilitated, for the first time, the location of
isotopically unique U-bearing particles in powdered samples. A simulant sample, consisting of
NIST SRMs (U particles) dispersed in a river sediment (NIST SRM 8704 (Buffalo River
sediment)), was used to evaluate the utility of this approach. The Cameca NanoSIMS 50 ion
probe66 was capable of measuring accurately species-specific, stable N-isotope ratios in bulk
NaNO3 and KNO3 powders deposited on a gold substrate. Typical within-run precision was
±1.3‰ and the accuracy for long-term measurements on an in-house NaNO3 standard was
±1.9‰ for a raster size of 5 x 5 µm2. The authors suggested that this approach would be useful
for determining the isotopic composition in single µm-sized nitrate particles in order to
understand better the fractionation processes that can occur when NO molecules react on the
surfaces of sea-salt and dust particles.
A method67 for the simultaneous determination of both concentration and isotopic
composition of U in individual micro-particles by ID-TIMS was validated by the successful
analysis of NIST SRM U030, either as particles or as digests. Results were in good agreement
with certified

235

U/238U and

236

U/238U values. An automated particle-screening software

package68, originally developed for SIMS analysis, was applied to highly precise TIMS data to
identify specific U particles. The advantage of TIMS analysis was that molecular- and hydridederived isobaric inferences were minimised.
Improved isotope ratio mass spectrometry instrumentation included the new automated
system69 for the simultaneous determination of both 2H and 13C and 13C and 18O in
atmospheric CH4 and CO2 gas samples, respectively. Air samples collected in flasks or
cylinders were split into two streams and introduced simultaneously into two IRMS
instruments. Analysis of 16 samples which included 4 reference and 1 QC air sample took 36
h. Long-term precisions, derived from the repeated analysis of a QC air sample since 2012,
were: 0.04‰ (13C of CO2); 0.07‰ (18O of CO2); 0.11‰ (13C of CH4) and 1.0‰ (2H of
CH4). Within a single day, the system exhibited a typical methane 13C repeatability standard
deviation (1of‰. The high throughput and reliability of operation were important for
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coping with the large number of air samples anticipated from ongoing atmospheric green-house
gas monitoring programmes. An improved HR-MC-IRMS method70 for measuring six singlyor doubly- substituted isotopic variants of N2O required only 10 µM of sample, took only 8-10
h per sample and offered a powerful new analytical capability for identifying the environmental
sources and sinks for this important atmospheric molecule. A new instrumental setup 71
combining LA nano-combustion-GC with IRMS enabled 13C measurements to be performed
on samples such as pollen that contained only ng quantities of C. Analysis of the IAEA CH-7
polyethylene standard had good accuracy and precision of <0.5‰ on sample masses as low as
42 ng C. This level of performance was sufficient to discriminate between pollen species.
1.5.3 X-ray spectrometry
Analysis of particles on filters using EDXRFS is typically carried out under vacuum for
optimal performance, particularly for low Z elements, but this can result in loss of volatile
species so hindering further analysis of filter samples by other techniques, e.g. ion
chromatography. Yatkin and Gerboles72 demonstrated that operation in an alternative He or air
mode gave generally comparable data and that method performance met the data quality
objectives of the European Directive for Air Quality for the determination of As and Pb but not
of Cd or Ni. This was most likely due to the low loadings of these elements in typical PM 10
filter samples and the insensitivity of XRFS for measuring Cd. Analysis of size-segregated
metal-containing aerosols involved sampling73 using a nano-MOUDI (see also section 1.5.2.1)
and pXRFS analysis of the particles collected on the impaction targets. Test aerosols were
created from stainless steel substrates using a spark discharge system and impaction targets
analysed both directly and quickly using pXRFS and by ICP-MS following digestion. Data
correlated well for the two elements studied, Cr (R2 = 0.84) and Fe (R2 = 0.91). This XRFS
approach was deemed useful for mass loadings on targets of >2.5 µg. The performance of a
commercially available XRFS system74 for in-situ measurement of elements in PM10 particles
was compared to analysing filter samples in the laboratory by ICP-AES and ICP-MS. Filter
samples were collected over 24 h using a PM10 air sampler located alongside this instrument at
the sampling site. To allow direct comparison, the hourly XRFS data were aggregated to 24 h
averages. Regression analysis for Ba, Ca, Cu, Fe, K, Mn, Pb, S, Ti and Zn had excellent
correlation (R2 >0.95) although slope values ranged between 0.97 and 1.8 (average 1.28). The
authors suggested that the differences were due to factors such as: different PM10 sampler inlet
characteristics; XRF beam attenuation due to particle size effects; the relative effectiveness of
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the filter digestion method for different elements and perhaps micro-spatial sampling
heterogeneity i.e. distance between the two sampling inlets.
A round-up of X-ray applications included the assessment75 of trace metals (20
elements) in Parisian air through the analysis of dust deposited on moss samples growing in
cemeteries. Use of a slurry suspension-TXRFS methodology avoided a digestion step, reduced
the risk of sample contamination and worked well with small sample quantities. Work focused
on utilising Grimmia pulvinata, a moss species common in the 21 cemeteries studied and
commonly found across Europe. The oxidation state of S in atmospheric particulate matter76
was investigated using a combination of NEXFS and XRF microscopy. Study of oxidation
states S0 and SVI led to the finding that the source of the SVI species was either ammonium
sulfate from the reaction of NH3 with SO2 or metal sulfates from industrial emissions. The S0
species most likely originated from primary emission sources such as bacteria or incomplete
combustion. An assessment of worker exposure77, conducted for the first time at a nuclear fuel
fabrication plant, involved the sampling of U-containing particles using a cascade impactor and
elemental characterisation using SEM-EDS. An eight-stage Marple impactor, with particle
cutoff points of 21.3, 14.8, 9.8, 6.0, 3.5, 1.6, 0.9 and 0.5 µm, was used. Carbon tape was
employed as an impaction substrate as its conductivity was necessary for SEM analysis. The
extent of any bias in the EDS measurements was assessed by analysing standard test samples,
prepared by depositing aliquots of NIST SRM U-010 (high purity U3O8 particles) onto this
carbon substrate. A bias in U mass measurements of up to 15% was attributed to beam
interactions with oxygen in this substrate material which resulted in an over-estimation of the
oxygen content in the uranyl particles interrogated. The performance of a Rietveld XRD
procedure78 for the quantification of crystalline phases in fly ash was optimised after careful
assessment of various experimental conditions: internal standards (SiO2 or TiO2, spike dosages
in the range 10-50 % m/m); incident X-rays (laboratory or synchrotron sources) and software
(GSAS or TOPAS programmes). The procedure gave good reproducibility with arithmetric
mean errors and the standard errors of identified main phases as low as ca. 1%.
1.5.4 Other instrumental techniques
Agrawal et al.79 improved a spectrophotometric method for the determination of ultra-trace
levels of Be in air filter and wipe samples from a workplace setting. Sampled particles were
treated with a NH4.HF2 solution and the liberated Be complexed with a hydroxybenzoquinoline
sulfate to form a highly sensitive fluorophore. Method LODs of <0.01 ng L-1, equating to <0.1
ng per sample, compared favourably with those obtainable by ICP-MS. It is now possible to
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perform rapid in-situ field measurements. A prototype atmospheric aerosol monitor80,
developed for the on-line measurement of Cr, Fe and Mn in PM2.5, consisted of: a particle-intoliquid collector; acid leaching of suspended particles; complexation with an appropriate
chromophore and detection using a flow-through UV/VIS detector. The LODs, based upon a
nominal 24 m3 air sample, were 0.25, 0.17 and 0.17 ng m-3 for Cr, Fe and Mn respectively. It
was suggested that future configurations could be adapted to measure water-soluble metals as
well as metals in certain oxidation states which would require the use of specific chromogenic
ligands.
Thermal-optical analysis for the determination of carbonaceous content of
atmospheric particles is well established but differences in protocols have led to discrepancies
in reported elemental C data. Researchers in Hong Kong81 used the same instrument to analyse
1398 filter samples by both the NIOSH TOT (thermal optical transmittance) and the IMPROVE
(Interagency Monitoring of Protected Visual Protected Environments)TOR (thermal optical
reflectance) protocols. About 80% of this discrepancy was attributable to a difference in the
peak inert mode temperature employed and the remaining ca. 20% to a difference in the optical
method (TOT vs TOR). Fuller et al.82 compared light absorption of PM10 particles collected on
four different filter substrates (EmfabTM filters (Teflon-coated glass-fibre filter), mixed
cellulose ester filters, quartz fibre filters and Teflon filters) by both reflectrometry and
transmissometry techniques. They established relationships between these absorption
measurements and elemental C concentrations derived from thermal-optical analysis. There
were strong linear relationships between reflectrometry and transmissometry data for each filter
type but absorption characteristics differed. This illustrated the complexity of light scattering
and the loading effects of particles collected on various filter media. The relationship between
elemental carbon values and light absorption was non-linear regardless of filter type. Real-time
optical black carbon instruments, used for regulatory measurements of particle matter
emissions from aircraft turbine engines, require calibration against elemental C mass
measurements derived from thermo-optical analysis. An international consortium83 evaluated
the response of two black carbon instruments to surrogate soot particles generated using a miniCAST soot generator. A key finding of this study was that, in addition to defining the elemental
C content as currently undertaken, there is a need going forward to define the particle size
distribution of any challenge soot used.
A feasibility study84 demonstrated that Raman microscopy could quantify < 1 µg of
respirable-size crystalline silica collected on an air filter sample. The LOD of ca. 0.2 µg for
both quartz and cristobalite forms was ca. 10-fold lower that that currently achievable using
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FTIR or XRD techniques. Signal attenuation due to matrix species such as haematite, as found
in foundry dusts, remains an issue however and this ne new approach may well therefore be
best suited for measuring low concentration of silica in air in those workplaces where other
matrix species are not present to any significant extent. As the global production of carbon
nanotubes (CNTs) increases, concerns grow about their safe handling during production and
use. Raman spectroscopy85 unequivocally identified that airborne particles settled on a work
surface contained CNTs. Furthermore, the technique could be used to ascertain whether the
CNTs were synthesised by an electric-arc method or by a chemical vapour deposition method.
A round-up of instrumental developments and applications included a new IMS-TOF
instrument86 for the determination of water-soluble organic C and organosulfate species in
aerosol samples and a review paper87 (112 references) detailing the current status and
application of IMS for the detection of chemical warfare agents. Cavity ring-down
spectroscopy offers a growing potential for the ultra-sensitive and real-time detection of trace
gas species, as exemplified by studies88 which measured NO2 at a concentration of 38 pptv and
measured89 14CO2 at <10 ppqv!

2.

Water Analysis

2.1

Review papers

Three reviews published in the current review period focussed on the analysis of trace elements
in water. Kallithrakas-Kontos and Foteinis90 (122 references) concentrated on recent advances
in the determination of Hg in waters whilst Gworek et al.91(144 references) narrowed the field
further to Hg in saline waters. coastal and oceanic waters. Sample separation and
preconcentration procedures as well as direct methods for the determination of REEs in natural
waters were also covered92 (156 references).
2.2

Reference materials
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A new coastal seawater reference material (NMIA CRM MX014) was spiked93 with As, Cd,
Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se and V at concentrations relevant to Australian
environmental regulations. Use of optimised sample preparation methods together with
reference analytical methods that included IDA or standard addition with ICP-MS allowed
certified values to be assigned. Mercury was stable at a concentration of 0.4 µg kg-1 in the
acidified sea water matrix for at least 4 years.

2.3

Sample preconcentration and extraction
A large number of methods are available for the preconcentration of trace elements

from water samples and other matrices so several review papers appear each year. One
particularly useful review94(114 references) covered the use of microsampling techniques for
the analysis of the final small volume preconcentrate using atomic spectrometric
instrumentation. The use of biological substrates and their immobilisation on nanomaterials
has been reviewed95 (108 references) as has the use of chitosan and chitosan composites96 (98
references). A more specific review97 (116 references) covered the application of nanomaterials
to the preconcentration of Hg in environmental and drinking waters. In a review98 (217
references) of liquid phase microextraction methods coupled with ETAAS for a wide range of
matrices, it was noted that water analysis was the most common due to the simplicity of the
matrix.
The most significant advances in analyte preconcentration for water analysis are
summarised in Tables 1, 2 and 3. It should be noted that the last entry in Table 199 is for a
passive sampler and the figures of merit are dependent on deployment time.
2.4

Speciation and nanomaterial analysis

2.4.1 Review papers
Papers on multielemental speciation are rare so reviews are particularly welcome, such as the
one on HPLC-ICP-MS methods100 (99 references) for environmental, food and clinical samples
which covered both sample pretreatment and separation methods. Another review101 (41
references) focussed on green methods employing ICP-MS detection.
All the single element speciation papers covered waters as well as other matrices. A
review of antimony speciation in environmental samples102 (41 references) discussed how the
redox chemistry of Sb plays an important role in the chromatographic separation of its species
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and how complex formation can cause artefacts during extraction procedures. The challenges
and significance of Mn speciation in various matrices was reviewed34 (112 references) with a
focus on the determination of the bioavailability or bioactivity of Mn in the environment. A
review103 (65 references) of extraction methods for either CrIII or CrVI reflected the abundance
of methods in the literature. The flow and miniaturisation systems used to automate the
analyses were also covered.
Nanomaterials are now being exploited as stationary phases for speciation analysis
such as the elemental speciation of environmental, food and biological samples covered in a
162-reference review104.
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Table 1

Preconcentration methods using solid phase extraction for the analysis of waters

Analytes

Matrix

Substrate

Coating or modifier

Detector

AlIII, CuII,
FeIII, MnII,
PbII, ZnII

Natural waters

Silica

polyhexamethylene
guanidine and 4,5dihydroxy-1,3benzenedisulfonic acid

ICP-AES

Au

Environmental
water
Sea, lake,
river, stream
and rain
waters

Magnetite

Graphene oxide

MP-AES

Bi

CdII, CoII CuII,
Tap and
Fe II, NiII,
mineral waters
MnII ZnII

Halloysite
nanotubes

Amberlite®
XAD-16

2-(2benzothiazolylazo)-5dimethyl aminobenzoic
acid

LOD (in µL1) unless
stated
otherwise
0.02 (CuII,
FeIII, MnII,
PbII, ZnII)
and 0.15
(Al).
0.005

HR-CSETAAS

0.005

FAAS

0.71 (Cu) to
3.55 (Cd)

Validation

Reference

Spike
recovery

105

Spike
recovery
NIST SRM
1643e (trace
elements in
water) and
NWRI CRM
TMDA-54.5
(A high level
fortified
sample for
trace
elements)
NIST SRM
1643e (trace
elements in
water) and
spike
recovery

106
107

108
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Cr, Cu, Zn

Water

Graphene
oxide

Glycine

ED-XRFS

Ce, Dy, Gd,
La, Nd, Sm, Y

Well water

1-(2-pyridylazo)-2naphthol

ICP-AES

REEs, U

Lake, well and
tap waters
Bottled water

MWCNTs
coated
cellulose
acetate
membrane
Cotton roll

1,2,5,8tetrahydroxyanthraquinone
sodium 2-mercaptoethanesulphonate

ICP-AES

Sb (total),
SbIII

Ag
nanoparticles

Lake water

Fe3O4 NPs
coated with
Ag0

MWCNT
passive
sampler

HR-CSETAAS

ICP-MS

0.07 (Zn) to
0.15 (Cr) ng
mL-1
0.05 (La) to
0.3 (Nd and
Ce)
0.002 (La) to
0.420 (U)
0.02

Spike
recovery

109

Spike
recovery

110

Spike
recovery
NIST SRM
1640a (trace
elements in
water), NWRI
CRM CRM
TMRain-04
(Simulated
rain water)
45 nm (LOD
Spike
for Ag not
recovery
reported)

111
112

99
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Table 2

Preconcentration methods using liquid phase extraction for the analysis of water

Analytes

Matrix

Method

Reagents

Detector

Ag, Cd, Ir,
Os, Pd, Pt,
Re, Ta

Water

DLLME

Chloroform and Aliquat®
336
(tricaprylmethylammonium
chloride)

ICP-MS

Be, Cd, Cr,
Hg, Pb, Tl

Natural and
waste water

CPE

Aliquat®-336 (N-methylN,N,N-trioctylammonium
chloride) and nonionic,
Triton™ X-114

CS-ETAAS

LOD in µg L1 (unless
stated
otherwise)
0.04 (Pt) to
0.3 (Ag)

0.01 (Be) to
0.3 (Hg)

Method
validation

Reference

Spike
recovery of
Inorganic
Ventures
CMS-2
(certified
precious
metal
standard) and
comparison
with SF-ICPMS results.
NIST SRM
1640a (natural
water),
IRMM CRM
BCR-713
(final
effluent) and
IRMM CRM
BCR-715
(industrial
effluent) and

113

114
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Cd, Co, Cu,
Ni, Pb, Zn

Water

CPE

CrVI

Tap, waste
and mineral
waters, air,
blood and
urine
water

SFODLLME

In

DLLME

spike
recovery
Spike
recovery

115

1,5-di-phenylthiocarbazone
(dithizone) and Triton™
X-114
Sodium dodecyl sulfate,
1,5 diphenylcarbazide, and
1-undecanol

USN-ICPAES

0.009 (Cd) to
0.02 (Zn)

ETAAS

0.003

NIST SRM
1640a
(Natural
water)

116

1-(2-pyridylazo)-2naphthol, undecanol

ETAAS

55.6 ng L-1

Spike
recovery

117
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Table 3

Preconcentration methods using combined solid and liquid phase extraction for the analysis of water

Analytes

Matrix

Method

Substrate

Reagents

Detector

Ag

Seawater

SBME

Capillary
hollow fibre stir
bar

Aliquat® 336 in
kerosene solution
and dodecan-1-ol

ETAAS

LOD in µg
L-1 (unless
stated
otherwise)
0.09 ng L-1

As

Water

DME

MWCNT

diethylenetriamine

HG-AAS

3.05 ng L-1

Method
validation

Reference

Spike
recovery
and
comparison
with
DLLME
method
NRCC
CRM
SLRS-5
(River
water) and
NWRI
CRM TM28.3 (Lake
Ontario
water)

118

119
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Ni

Sea and
river
waters

Magnetic
SLME

Graphene oxide

1-hexadecyl-3methylimidazolium
chloride

FAAS

0.16

Spike
recovery

120
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2.4.2 Elemental speciation
Although little progress has been made in improving chromatographic conditions, a new solid
phase for the preconcentration of both organic and inorganic arsenic species has been
developed121. Phosphine-modified polymer microspheres (435 mg) were packed into a 50 ×
4.6 mm stainless steel minicolumn, which was mounted directly onto the injection valve in
place of the sample loop. In this configuration, up to 25 mL of sample at pH 7.0 could be loaded
onto the column at 1 mL min-1. All the analytes (AsIII, DMA, MMA and AsV) were retained.
The As species were then eluted with the HPLC mobile phase (20mM NH4NO3, 20mM
NH4H2PO4, pH 8.8) onto a standard Hamilton PRPX100 (250 mm x 4.6 mm) analytical column
on which separation was achieved within 10 minutes at a flow rate of 1 mL min-1. Under these
conditions and with ICP-MS detection, the LODs were in the range 0.82 (MMA) to 1.2 (AsIII)
ng L-1 and the precision (RSD) 3.2 (MMA) to 5.6% (DMA) (n=10). The method was tested
against the NRCCRM GSBZ07-3171-2014 (water) for which the sum of the AsIII and AsV
concentrations (41.8±2.5 ng mL-1) was in good agreement with the certified value of 43.9±3.5
ng mL-1.
Methods for non-chromatographic elemental speciation abound. Those methods in
which only one form of an analyte is preconcentrated and the concentration of another deduced
by difference are included in Tables 1 to 3. This section covers methods in which more than
one form of an analyte was speciated. In one such paper122, AsIII and AsV were preconcentrated
simultaneously on 40 mg of metallic iron NPs that had been coated with SiO2 and
functionalised with polyethyleneimine. The As species were preconcentrated from 300 mL of
sample with a recovery >80%. The NPs were separated magnetically from the sample and the
analytes extracted with 4 mL of a solution containing 1% m/v thiourea and 5% v/v HCl prior to
detection by HG-AFS. The LOD was 0.002 µg L-1 as As and the precision for each species was
1.95% RSD for AsIII and 2.55% RSD for AsV (n=6). Mixed micelle DLLME123 was used to
extract CrVI and CrIII sequentially from natural waters and effluents. Samples of 1-10 mL were
adjusted to pH 2 and CrVI extracted with 1 mL of a 10% m/v solution of the cationic surfactant
Aliquat-336 with 0.6 mL of trichloroethylene added as the dispersive solvent. The organic-rich
upper layer was removed and dissolved in 0.2 mL of methanol containing 2% v/v HNO3. The
pH of the remaining sample was readjusted to pH 2 if necessary and the CrIII extracted with 2
mL of a 10% m/v sodium dioctyl sulfosuccinate solution after the addition of trichloroethylene.
The trichloroethylene-rich layer that formed was treated in the same way as the first extract.
Both extracts were analysed directly by ETAAS. The LODs were 0.5 pg mL-1 for CrIII, 0.6 pg
mL-1 for CrVI and 0.7 pg mL-1 for total Cr with a maximum RSD of 6% for 10 replicates within
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the linear range of 0.02 to 1 ng mL-1. The method was validated against the IRMM CRMs BCR
714 and 715 (industrial effluent) and the NIST SRM 1640a (natural water). The total Cr values
and the sum of the concentrations for the two species agreed with the certified values for the
total Cr concentration. A field method for trapping VIV and VV involved124 the use of Agilent
Bond Elut (500 mg bed) strong anion-exchange cartridges preconditioned with 0.2M
Na2EDTA to trap VIV and VV from 10 mL filtered water samples. Subsequently VIV was eluted
in the laboratory with 15 mL of a solution of 5mM Na2EDTA, 2mM tetrabutylammonium
hydroxide and 4% v/v methanol at pH 4. The cartridge was dried by passing air through then
Vv eluted with 15 mL of 80mM dihydrogen ammonium phosphate. The V content of the eluents
was determined by ICP-MS with a method LOD of 0.05 µg L-1 for V. In the absence of suitable
speciation RMs, the total V values in the NIST SRM 1640a (natural water) and the NWRI
CRM TMDA-54.2 (trace metal fortified water) were compared with those obtained using
HPLC-ICP-MS. The species could be preserved on the column for up to 15 days. Comparison
of results obtained by this in-situ trapping method with those obtained for water samples taken
and analysed back in the laboratory revealed that the vanadyl species was probably converted
into a vanadate species during transport.
2.4.3 Characterisation and determination of nanomaterials
A review125 (57 references) of analytical methods used for “monitoring the fate and
transformation of silver nanoparticles in natural waters” covered the main fractionation
methods, including sp-ICP-MS, asymmetric flow FFF-ICP-MS and CPE, and discussed the
fate of silver NPs in aquatic environments.
One of the most widely used methods for NP counting and sizing at environmentally
relevant concentrations is the use of single particle counting ICP-MS. An attempt was made126
to formalise a systematic and reproducible approach for the determination of NPs in
environmental samples, since they are more complex than mixtures of pure water and NPs. For
a soil extract spiked with 30 nm Ag NPs at a concentration of 5.05 µg L-1, the mean particle
size was measured as 68.2 nm, but diluting the sample to near the method LOD (0.05 µg L-1)
resulted in a measured mean particle size of 37.4 nm. A further two-fold dilution was used to
confirm the result. It has been suggested127 that dilution followed by analysis may not be
suitable for seawater samples as the behaviour of NPs in dilute seawater is different to that in
undiluted seawater. An alternative approach was the use of FI sample introduction with on-line
dilution to lessen matrix problems as well as to reduce the time for which the sample remained
diluted prior to analysis to <100 ms. Using a 20 µL sample loop, a carrier flow rate of 10-50
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µL min-1 and a capillary inserted into the nebuliser, introduction of a sample at 0.8 mL min -1
and 5 mm from the tip of the nebuliser was possible. Matrix effects were reduced to the point
where the intensity for NPs in seawater was up to 80% of that in deionised water. The size
LOD of 18 nm in deionised water and 25 nm in seawater was sufficient to follow the dissolution
dynamics of engineered NPs spiked into seawater at a concentration of 200 ng Ag L-1, the
equivalent of 1.7–2.1 x 105 particles per mL for 60 nm Ag NPs. Another advantage of using
FI-sp-ICP-MS128 was that the calculation steps were less complicated as known volumes were
injected and so the peak area was directly proportional to the mass of NPs injected if the
instrument had been previously calibrated against a NP standard. Therefore it was not
necessary to maintain a constant sample uptake rate, so the flow fluctuations caused by the
matrix were less important. The size LOD was 20 nm for an instrument dwell time of 5 ms and
a 200 µs settle time. This was the same LOD as obtained using sp-ICP-MS.
Despite the flexibility of sp-ICP-MS, coupled techniques are still used, some even with
detection in sp mode. The coupling of asymmetric flow FFF with sp-ICP-MS overcame129
some of the shortcomings of the two techniques. The limitations of sp-ICP-MS in the presence
of a concentrated dissolved fraction were removed because the dissolved fraction was
eliminated to waste in the asymmetric flow. Using a 1.5 mL min-1 channel flow rate, the FFF
separated a mixture of Ag NPs and Ag-SiO2 by their hydrodynamic diameters within 30
minutes. A limitation of asymmetric flow FFF analysis is that the mass concentration is based
upon the peak height but the particle number concentration is calculated by assuming all the
NPs detected are spherical and of the same composition. This assumption breaks down when
the sample content is a mix of coated and uncoated samples. With sp-ICP-MS as the detection
method, each particle was an integration event so the particle number concentration was
counted. From the difference in individual signal heights it was possible to distinguish between
Ag and Ag-SiO2 NPs in deionised water with a background Ag+ concentration as high as 9.65
µg L-1. To determine TiO2 NPs in lake water130, sedimentation field FFF combined with ICPMS/MS was used to overcome the interferences that affect Ti determination by ICP-MS. The
separation was optimised using two TiO2 standards (21 and 50 nm) at a flow rate of 0.5 mL
min-1 and with a sedimentation field of 1000 rpm. The instrumental LOD for Ti+ was 10 ng L1

using NH3/He as the collision/reaction gas at 2 mL min-1. The method LOD for Ti NPs when

using sedimentation flow FFF-ICP-MS/MS was 6.8 µg L-1. This was sufficient to detect Ti
NPs in lake water. Analysis of a 500 mL lake water sample before and after preconcentration
by centrifugation at 10000 rpm for 2 h gave very similar size distributions (75-400 nm).
Sunscreens or remobilised lake sediments were considered to be potential sources of the Ti
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NPs detected. Unfortunately, neither the mass of Ti found nor the particle count per mL was
reported so comparisons with other methods was not possible.
2.5

Instrumental analysis

2.5.1 Atomic absorption spectrometry
A semi-continuous method for the determination of dissolved elemental mercury131 used an
adapted CV-AAS system as detector. The sample was introduced using a peristaltic pump at a
flow rate of up to 15 mL min-1 and mixed with a mercury-free N2 flow of 75 mL min-1. The
Hg0 released was collected on a gold trap for a minimum of 3 minutes (high concentration flue
gas scrubber samples) and a maximum of 4-6 minutes (seawater samples). During thermal
desorption, an additional flow of mercury-free air was introduced in order to reach the optimum
flow rate through the AAS detector of 0.3 L min-1. The calibration was linear over the expected
concentration range (0-30 ng L-1) and the LOD was 0.004 to 0.014 ng L-1 depending on
amalgamation time. The results obtained agreed well with those obtained using the standard
discreet purge and trap AFS method.
The selective detection of CrVI in water used132 in situ selective thermal separation and
ETAAS analysis. The CrIII present in the sample was complexed with 2-thenoyltrifluoracetone
and the resulting product vapourised at 400°C during the ashing step. This left only CrVI present
at the 1200°C atomisation step. The CrIII concentration was determined by difference between
the total Cr and CrVI values. The LOD was 0.046 µg L-1 for CrVI and the analytical precision
3.1 % RSD (n=5) at a concentration of 1 µg L-1. The method was validated with the Chinese
CRMs GBW(E)080403a and GBW(E)080404b (chromium in simulated water) and results for
bottled water samples compared with those obtained by IC-ICP-MS analysis.
2.5.2 Vapour generation techniques
A simple selective hydride generation method for Sb in waters133 with ICP-MS detection has
been developed. A 9 mL aliquot was taken from an 18 mL sample, acidified to 2% v/v with
HCl, and 1.0 mL of a 10% m/v citric acid solution added as a masking agent. Unlike the citric
acid complex formed with SbIII ([Sb(C6O7H6)2]-), that formed with Sbv ([Sb(OH)3(C6O7H5)]-)
cannot be reduced with NaBH4. To reduce the SbV to SbIII, 1 mL of 30% m/v KI solution was
added to the remaining 9 mL. To improve the instrumental Sb response, a 2 mL min-1 CH4 flow
was introduced to the Ar sample gas flow of the ICP-MS between the gas liquid separator and
the torch. Under the optimised conditions, the LODs were 4.0 (SbIII) and 6.0 ng L-1 (total Sb)
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and the precision 2% RSD (n=3) at a concentration of 1.0 µg L-1. Spike recoveries of SbIII and
total Sb varied between 98 and 103% at the 1 and 10 µg L-1 levels. The mean SbIII concentration
in 10 bottled water samples was 0.032 µg L-1 but unfortunately the SD on this measurement
was not reported.
A photochemical vapour generation method using ICP-MS as detector134 was
developed for the determination of Os in natural waters. When the sample was acidified to 5%
v/v HNO3, volatile OsO4 was easily produced under UV irradiation. To improve sensitivity
without increasing the blank, the irradiation time was increased by using a stopped-flow FI
system. The optimum irradiation time of 150 s had the added advantage that the irradiation
photo-reduced the sample matrix and heated the sample to 90 °C, thereby improving the
separation of OsO4 from the sample in the GLS. Memory effects from residual OsO4 were
almost eliminated by using a 5% v/v NH4OH solution as the carrier. This was a big
improvement over the use of 5% HNO3 as carrier when the signal from the preceding sample
dropped by only 80% in the wash out time of 60 s. The LOD was 0.8 pg mL-1, the precision
3.2% RSD (n=5) at a spike concentration of 1 ng mL-1 and the recoveries 97% (river water) to
109% (seawater). The swift and quantitative liberation135 of Hg from water samples (from a
water purification plant and with concentrations of up to 100 µgL-1) ina GLS was made possible
by the addition of 10% v/v formic acid and use of a short 10s UV irradiation pulse. An AFS
system was then used to determine Hg with analytical LOD of 0.003 µg L-1. The LOD for Hg
with ICP-AES detection was reduced136 to 90 pg mL-1 by adding 15% v/v formic acid to the
sample and irradiating with an 11 W UV-C lamp prior to pneumatic nebulisation. All the Hg
was converted to Hgo in a spray chamber held at 40 °C and no negative effects were seen for
the simultaneous detection of the non-volatile analytes (Cu, Fe and Mn). The method was
validated with the IRMM CRMs ERMCA713 (waste water) and ERCCC580 (estuarine
sediment).
2.5.3 Inductively Coupled Plasma Mass Spectrometry.
A review on the analysis of water by ICP-MS covered137(81 references) the typical problems
with water analysis (matrix effects, sampling and spectral interferences) and discussed the
robust conditions and higher matrix tolerances that new instruments can achieve.
The problems associated with B analysis in water have been rediscovered138.
Preservation of samples and immediate analysis (within 24 h) after sampling were essential. In
the ICP-AES analysis, the Fe and Cr emission lines close to the main B emission line could
present problems. Filtration would reduce the measured B concentrations at low actual
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concentrations but increase them at high actual concentrations. When appropriate care was
taken, results within 5% of the assigned values of proficiency scheme samples could be
obtained. Strangely, no mention was made of known B memory effects within sample
introduction systems, or of any attempts to reduce them.
A commercially available system with FI and preconcentration on an IDA column resin
was used off-line to prepare seawater samples for REE analysis139. Using ID-ICP-MS analysis,
REEs were successfully determined in only 11 mL of seawater with a procedural long-term
error of ≤3.9% 2σ RSD (n=16) for all REEs except Ce and Gd. Results for measured REE
concentrations in the samples from an international intercalibration (Geotraces) were within
7% (2σ RSD) of the consensus values except for Ce (71%), Gd (14%) and Lu (12%). The REE
concentrations in Brazilian rivers were determined140 in filtered samples, with and without
preconcentration by SPE with bis-(2-ethyl-hexyl)-phosphate. This preconcentration approach
was unable to retain Gd complexes, suspected to be present in discharges from hospitals that
use MRI contrasting agents. Such complexes only dissociate slowly in acidic water to produce
the free ion which is retained by the phosphate ester. Strong correlations with parameters
indicative of industrial effluents and recycled water (B, NH4OH and DOC) seemed to confirm
the finding that this Gd source was indeed anthropogenic in origin. A anthropogenic input was
also observed in seawater samples from San Francisco Bay141. The Gd levels in the southern
part of the Bay had risen more than 13-fold from 8.27 pmol kg-1 in 1993 to 112 pmol kg-1 in
2013. It was suggested that preconcentration with the NOBIAS PA-1® 20 resin followed by
SF-ICP-MS detection could be used to monitor increases in the environmental concentrations
of Gd and other exotic trace elements in waste streams from hospitals and technological
industries.
The quantification and fractionation of fine particulate carbon in stream water was
achieved by coupling asymmetric flow FFF with SF and quadrupole ICP-MS142. Using an
optical carbon detector as a reference method, recoveries were 122±22% and the LOD 0.3 mg
L-1. The latter was poorer than that (0.04 mg L-1) achievable with a dedicated carbon detector.
The particulate carbon concentrations in a fresh water sample and a bovine serum albumin
candidate RM were determined. If FFF-quadrupole-ICP-MS were used with FI sample
introduction, recoveries could be improved to 90-113%.
Accurate isotope ratio measurements by ICP-MS typically require laborious
preconcentration and matrix separation steps before analysis. To overcome these problems, ICMC-ICP-MS was investigated for Mg143 and Sr144 isotope ratio analyses. Using an IonPac
CS16 cation-exchange column (5 x 250 mm, 5 µm particle size) with corresponding guard
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column and suppressor unit at a flow rate of 1 mL min-1, the Sr was isolated from the matrix
and determined within 14 minutes with a precision that was worse than that of traditional offline methods but within the uncertainty of the certified value of the NIST SRM 987 (strontium
carbonate isotopic standard). For Mg, a narrower (3 mm id) version of the same column was
used so that the flow rate (0.36 mL min-1) was compatible with the desolvation system. A good
precision of ±0.15‰ (2SD) on
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Mg/24Mg isotope ratios in matrix-rich natural waters was

achieved with an analysis time of 18 minutes per replicate, comparable to the precision
obtainable with off-line matrix separation methods. The use of DGT samplers, typically used
to obtain time-weighted average concentration in bodies of water, was tested145 under
controlled conditions in a clean room to ascertain whether accurate Pb and Zn isotope ratios
could be obtained. Use of Chelex®-100 resin as the accumulation layer introduced no
fractionation of Pb isotopes but fractionation of Zn isotopes did occur. A correction factor was
applied to account for the exposure time and thickness of the diffusion layer. Photographic
black and white film was used146 as a DGT analogue for in situ sampling of S in sediment pore
water in order to obtain a 2D (22 x 3.5 mm) map of the δ34S distribution. Photographic film
disturbed the sediments less and had a 103 superior binding affinity for S than typically used
DGT binding matrices. Interrogating the film with a LA-MC-ICP-MS instrument allowed a
high spatial resolution (102 µm) map of δ34S in the pore waters to be obtained with a reasonable
accuracy (<0.9‰, 2σ) and external precision (<0.8‰, 2σ) across an environmentally relevant
concentration range (0.01−20mM).
2.5.4 Laser induced breakdown spectroscopy.
A LIBS procedure for the direct determination of Sr in seawater and mineral water147
employed the Sr II 407.77 nm ion emission line. An LOD of 25 µg L-1 could be achieved for
fresh water samples but was as poor as 200 µg L-1 for salty waters due to matrix effects. For Sr
concentrations in the 1-20 mg L-1 range, no dilution or preconcentration was necessary and
measurements could be carried out a frequency of 1 sample min–1. Measurement repeatability
was 12% RSD (n=10) for a 1 mg L-1 standard prepared in deionised water but was poorer at
41% RSD (n=10), when the same standard was prepared using a seawater matrix.
Typically, trace elements in water need to be preconcentrated onto or into a solid
matrix before LIBS analysis. One method148 used a magnesium alloy to trap Cd, Cr, Cu, and
Pb into a thin surface layer. The linear working range was 0-7 μg mL-1 for a mixed element
standard (except for Cu which gave a curved response at all concentrations) and the LODs were
between 0.025 (Cr) and 0.420 (Cd) μg mL-1. Alternatively149, the target trace elements could
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be incorporated into a poly(vinyl alcohol)(PVA) membrane. The PVA solution was cast into a
petri dish with 10 mL of the sample or standard so that the elements were incorporated directly
into a 0.34 mm thick polymer film once dried. The LODs were 1 ng mL-1 (Ag) to 5 µg mL-1
(Cd) when using a series of “differently linear” calibration curves. A sample preparation time
of 90 minutes for the curing and drying of the polymer is a limitation on the utility of this
method for the moment and work on improvements continues.
2.5.5 X-ray fluorescence spectrometry.
A big advantage that XRFS has over other atomic spectrometry techniques is the availability
of portable hand-held analysers which allow measurements in the field to be undertaken. Use
of a suitable preconcentration method allowed some metals to be detected in water samples.
The Purolite® S930 resin was used150 to determine Cu, Fe, Mn, Ni, Pb and Zn concentrations
in river and groundwater samples. The method LOD was 5-18 µg L-1 and the precision <15%
RSD (n=10). The results were lower than those obtained using ICP-MS, probably because ICPMS measured elements within fine suspended particles as well as dissolved elements. Solid
phase extraction disks with iminodiacetate functional groups were investigated 151 as a means
of preconcentrating Cd, Cu, Fe, Hg, Mn, Pb and Zn from water samples. Elemental recoveries
from 50 ml spiked water samples were between 89% (Cu) and 110% (Hg) and the resultant
method LODs were between 3.2 (Pb) and 9.4 (Fe) µg L-1.
At the other end of the portability scale, a sensitive TXRFS method was developed152 at
the Shanghai synchrotron facility. Using a 100 s read time, the LODs were 0.03 (Zn) to 0.11
(Cr) pg for a 10 µL sample deposited as a 100 µm diameter spot size on a conditioned Si wafer.
Results for waters spiked with 100 and 500 µg L-1 Co, Cr, Cu, Mn, and Ni agreed within 10%
of results obtained by ICP-MS.
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3

Analysis of soils, plants and related materials

3.1

Review papers

Notable element-specific reviews were that on fractionation and speciation analysis of Mn34
(2016) (113 references) in numerous matrices, including soils, sediments and plants and that
on sources, distribution and analytical methods for the determination of Tl153 (129 references).
Two review articles concerning the determination of radionuclides were of interest.
The first154 (109 references) focussed on the fission products

135

Cs,

137

Cs and

90

Sr, with

particular reference to analyses using AMS, ICP-MS and TIMS. The second155 (155 references)
provided a comprehensive overview of the status of radiochemical analysis in Nordic countries.
Other notable reviews discussed: the use of elemental and molecular mass spectrometry
in rhizosphere research156 (118 references); techniques and strategies for quantifying and
mapping chemical elements in single cells157 (103 references); methods for separation and
characterisation of environmental NPs and sub-µm particles158 (97 references); and progress
and challenges in the application of (predominantly atomic-spectrometry-based) analytical
techniques in archaeological soil analysis159 (81 references).

3.2

Reference materials

Useful supplementary information on popular CRMs has been published since our last Update.
Concentrations of 49 elements – including 21 not characterised by NIST – were reported160 for
SRMs 2709a (San Joaquin soil), 2710a (Montana I soil), 2711a (Montana II soil), 2586 and
2587 (both trace elements in soil - containing Pb from paint). Another study161 measured 46
elements in five RMs – one soil (NCS DC 77302/GBW 07410) and five sediments (Analytika
Metranal-1, IAEA-405, NRCC MESS-3, NCS DC 73309/GBW 07311 and NCS DC
75301/GBW 07314). A

99m

Tc activity concentration of 600±40 mBq kg-1 was determined162

for IAEA 315 (radionuclides in marine sediment) by ICP-MS. Two groups developed and
applied MC-ICP-MS methods to obtain new isotopic information on CRMs: workers in
Brazil163 reported 66Zn/64Zn values for NIST SRMs 2709 (San Joaquin soil), 1646a (estuarine
sediment) and 1573a (tomato leaves); while researchers in Canada and China164 provided
71

Ga/69Ga ratios in IGGE GSS-1 (soil), GSS-5 (soil) and GSD-13 (sediment), and in NRCC

PACS-2 (sediment).
Articles featuring the development of analytical procedures specifically for use in the
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certification of new CRMs included a detailed description165 of an ID-ICP-MS procedure that
contributed Cd, Cu, Hg, Pb and Zn mass fraction values for IAEA 458 (marine sediment). The
evaluation166 of CV-AAS and ICP-MS methods included application to four candidate INCT
CRMs, one of which was a sediment.

3.3

Sample preparation

3.3.1 Sample dissolution and extraction
A key challenge relating to the extraction of NPs from environmental media for analysis by spICP-MS is differentiation between the dissolved analyte and the analyte associated with the
NPs, especially when the dissolved concentration is high. A serial dilution method126
developed to overcome this used extracts of Ag NP-contaminated soil. The sample was first
analysed to determine the dissolved Ag concentration and then diluted so that only transient
signals from individual Ag NPs were recorded. The same research group assessed the utility of
an ion-exchange procedure167 to quantify dissolved Ag ions in soil extracts containing Ag NPs,
validating their results by comparison with those obtained with an ISE. They also
investigated168 the efficiency of a variety of reagents for extraction of Ag NPs from soils
amended with biosolids. Sonication in 2.5mM tetrasodium pyrophosphate at a soil:solution
ratio of 1:100 (m/v) followed by sedimentation to remove soil colloids gave the optimal
suspension for analysis by sp-ICP-MS, with minimal NP dissolution and agglomeration. A
CPE method169 was optimised for recovery of Au NPs with different surface coatings and size
that had been spiked into an agricultural soil extract. The original particle size distribution was
preserved when TX-114 with or without 2mM NaCl was used as extractant. Enzymatic
digestion with Macerozyme R-10 successfully recovered both CeO2 NPs170 and Pt NPs171 from
plants that had been grown hydroponically in NP-contaminated nutrient.
Several improved methods for radionuclides were reported. Researchers in Japan172
recommended CaF2/LaF3 co-precipitation followed by sequential application of three
commercial resins – TEVA, UTEVA, DGA – for removal of interfering elements in their
method for determination of Pu in soils and sediments by SF-ICP-MS. Members of the same
team developed a method173 for ultratrace determination of 241Am in soil and made a detailed
study174 of TRU and DGA resins for interference removal. Other authors175 reported an
improved version of their automated anion-exchange procedure for sequential separation of La,
Pb, Pu, Th and U and its application to tree ring samples. A novel multi-step procedure176 to
study the distribution of

99m

Tc in seaweed by ICP-MS separated the total content into eight
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fractions. The majority of Tc was found as TcO4- or in water-, acid- and alkali-soluble forms
(15%, 29%, 14% and 25% of the total content, respectively) with the remainder bound to
pigment (3%), algin (11%) and cellulose (3%). No Tc bound to water-soluble protein was
detected. Extraction procedures specifically designed for use with ICP-MS/MS included a
simple method177 for purification of soil digest prior to measurement of U and 236U/238U ratios
and a procedure178 for ultratrace determination of

135

Cs/137Cs in environmental samples at

global fallout levels. The latter procedure may have the potential to rival analysis using TIMS.
Losses due to venting during microwave-assisted extraction with hot mineral acids did
not always affect179 the accuracy of concentrations measured by ICP-AES or ICP-MS, even for
relatively volatile analytes such as As. The authors suggested that condensation promoted by
the temperature gradient between the bottom and top of the (tall) digestion vessels aided analyte
recovery. A MAE with aqua regia followed by addition of 0.1M NH4SCN prevented the loss
of I both during mineralisation and in the spray chamber when analysing biota (including
seaweed) by ICP-MS180. A hotplate digestion181 with HCl (2 h at 150 °C) avoided formation
of insoluble precipitates that led to inaccuracies when MAE with HCl-HNO3-HF was applied
to carbonate-rich sediment prior to analysis by ICP-MS.
The feasibility of microwave-induced combustion to digest soil with high inorganic
matter content for determination of halogens was demonstrated182 for the first time. A 100 mg
sample was mixed with 400 mg of microcrystalline cellulose to aid combustion, placed in a
quartz cell filled with 20 bar of O2 and ignited. The liberated halogens were trapped in 6 mL
of 100mM NH4OH solution. Following dilution, Cl and F were measured by IC and Br and I
by ICP-MS. Spike recoveries were 94-103%.
An ultrasound assisted extraction183 for measurement of I in food by ICP-AES involved
sonication of 0.1 g samples in 10 mL of deionised water for 5 minutes and gave a recovery of
98% for analysis of NIST SRM 1573a (tomato leaves). A UAE for soil184 using a deep eutectic
solvent (choline chloride/oxalic acid in a 1:2 molar ratio) was optimised by two-level full
factorial design using NIST SRM 2709 (San Joaquin soil). When sonication of 0.1 g test
samples for 10 minutes in 10 mL solvent was followed by a 5 minute period of further heating
in a block digestor at 120 °C, recoveries by ICP-AES were similar to certified and indicative
values for As, Cd, Mo, Sb, Se and V. Sonication in a mixture185 of 5mM 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid, 0.005M EDTA and 0.1M NaHCO3 for 7 minutes
gave performance similar to that obtained with 6 h conventional shaking in 0.05M EDTA
solution for determination of available Cd, Cu, Ni, Pb and Zn in sediment by FAAS. In another
sediment study186 sonication in 4M HCl and 0.75% (m/v) thiourea for 20 minutes were optimal
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for extraction of Hg, giving results close to target values for analysis of IRMM CRM BCR 320
R (channel sediment) and NIST SRM 2709a (San Joaquin soil) by CV-AAS.
Comparisons of extraction methods for soil and sediments included a study187 of the
effects of soil properties on the efficiency of extraction of roxarsone and its metabolites by
different reagents for determination by HPLC-ICP-MS. Soil pH, CEC and Fe content all
affected the extraction of As species but satisfactory performance was obtained with 9:1 (v/v)
0.1M NaH2PO4 + 0.1M H3PO4. To improve understanding of total P content in agricultural
runoff, a comparison188 was made of acid persulfate, USGS and alkaline persulfate methods
for measuring P in suspended sediment by ICP-AES. Use of the acid persulfate method was
recommended. Dilute HNO3 (0.75-1.0M) was189 more efficient than chelating agents for
extraction of 20 elements from NRCC CRM MESS-3 (marine sediment). However, whether
it could “provide a better assessment of potentially bioavailable metals” is open to debate since
the true bioavailable concentration was unknown. A valuable study190 used ID to compare the
selectivity of 0.43M HNO3, 0.43M CH3COOH, 0.05M Na2H2EDTA and 1M CaCl2 for
extraction of labile Cd, Cu, Ni, Pb and Zn from four soils with varying characteristics. Whilst
CH3COOH and CaCl2 failed to recover the labile pool quantitatively, HNO3 and EDTA
solubilised additional, non-labile analyte. It was suggested that a lower concentration of EDTA
might represent the optimal extractant for estimating the labile PTE fraction in soils.
Comparisons of methods for extraction of plants included a study191 on CRMs –
amongst them NIST SRM 1571 (orchard leaves) – that found MAE in 4 mL of HNO3 + 2 mL
of H2O2 gave best recoveries for the determination of Cu, Fe and Zn by FAAS. The extraction
of As species was studied192 using NRCCRM GBW 10049 (green onion) with determination
by HPLC-ICP-MS. Three common extraction methods (shaking at 90 °C in a water bath, UAE
and MAE) and three extractants (water, ammonium phosphate and HNO3) were assessed by
summing the concentrations of As species released and comparing the sum with the certified
total As concentration. Best recovery (94%) was obtained by MAE in 1% HNO3. A method 193
for measuring As, Cd, Cu, Ni, Pb and Zn in artichoke involved extraction of 0.5 g sample in
10 mL 25% HNO3 at room temperature with passage of ozone through the extractant, followed
by centrifugation to isolate the supernatant for analysis by AAS. Recoveries were similar to
those obtained using UAE, those for NIST SRM 1570a (spinach leaves) were 98-101%. The
same SRM featured in a comparison194 of dry ashing, hotplate digestion (5+1 HNO3: H2O2)
and MAE digestion (7+ 1 HNO3: H2O2). All of the procedures gave results close to target values
but the microwave procedure was the most accurate. Dry ashing at 480 °C followed by
dissolution of the ash in HNO3 gave recoveries superior to those obtained using hot acid
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digestion in 1:2 (v/v) HNO3 + H2O2 for the determination of REEs in plants by ICP-MS195.
Hotplate digestion196 with mixtures of HCl and HNO3 was however preferred to dry ashing for
extraction of Cu and Fe from orange peel and leaves for determination by FAAS. Four
digestion methods197 were compared for the determination of 19 elements in samples of wood
by ICP-AES and CV-AAS: MAE according to method EN 15290; wet digestion using USEPA
Method 3050B; and dry ashing (again according to EN 15290), both with and without a
subsequent LiBO2 fusion. Through analysis of IRMM CRM BCR 100 (beech leaves) and BCR
62 (olive leaves) it was shown that wet digestion was the most fit for purpose, giving results
close to certified values. Wet digestion also allowed a relatively large sample mass (5 g) to be
taken in order to have analyte concentrations above LOD values.
Studies involving DGT and related devices for estimating the available fraction of
analytes in soil and sediments included a comparison198 of high resolution (precipitated
zirconia and ferrihydrite) and conventional (ferrihydrite slurry) gels for measurement and
mapping of W in soils and sediments by LA-ICP-MS. All gave comparable W concentrations
but the high resolution approach was better at identifying hotspots. A novel sampling device
that incorporated a strong basic anion-exchange resin was developed and tested by a research
group in Austria for the ICP-MS determination199 and MC-ICP-MS isotopic analysis200 of
labile sulfate in soil. A further innovation201 from the same group was the combination of DGT
and a planar optode for pH sensing in the same device. Detailed images of pH and trace element
distribution in soil around a plant root were obtained using LA-ICP-MS for elemental
information and a ratiometric method to map the pH-sensitive luminophore, 2′,7′-dichloro5(6)-N-octadecyl-carboxamidofluorescein. Black-and-white photographic film146 was used to
obtain a high-resolution 2D map of 34S in sediment pore waters by LA-MC-ICP-MS. The
advantages of this substrate over those commonly used in DGT devices are that it is readily
available and requires minimal preparation before deployment.
In bioaccessibility testing, a dynamic version of the unified bioaccessibility test202 was
successfully developed and coupled with ICP-AES for on-line determination of Cu, Fe and Mn
in soybeans.
An eight-step sequential extraction protocol for fractionation of V in soil203 was
proposed to overcome poor recoveries obtained using previous methods. A five-step procedure
for the extraction of As from soils and sediments204 was updated and shown, by spike recovery
tests, to preserve AsIII and AsV speciation during extraction. A variant205 on the ultrasound
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assisted version of the BCR protocol mentioned in last year’s Update1 was shown to be
applicable to Cd, Ni and Pb.
3.3.2 Preconcentration procedures
Numerous preconcentration procedures for specific analytes have been reported.
Methods for the analysis of soils, plants or related materials, or those developed for other
sample matrices that used soil or plant CRMs for validation, are summarised in Tables 4 to 6.
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Table 4.

Preconcentration methods involving coprecipitation used in the analysis of soils, plants and related materials

Analyte(s)

Matrix

Coprecipitating agent

Detector

LOD (g L-1)

Ag

Plant, water

FAAS

1.60

Cd, Pb

Tea, tobacco,
water

1,6-diamino-4-(4-chlorophenyl)-2oxo-1,2-dihydropyridine-3,5dicarbonitrile
3-(4-tert-butylphenyl)-5-phenyl-4-(2hydroxy-5-methoxybenzylamino) 4H-1,2,4-triazole

FAAS

2.0 for Pb, 0.2 for
Cd

CRMs or other
validation
NKK CRMs 916
and 920 (Al alloy)

Reference

HPS CRM SA-C
(sandy soil C)

207

206
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Table 5.

Preconcentration methods involving liquid-phase microextraction used in the analysis of soils, plants and related materials

Analyte(s)

Sample
matrix

Method

Reagent(s)

Detector

Ag, Cd

Nuts,
vegetables

UA-CPE

FAAS

As

Sediment,
soil, water

MILAALLME

3,7-diamino-2,8- dimethyl-5phenyl-phenaziniumchlorid,
poly(ethyleneglycol-mono-pnonylphenylether)
magnetic ionic liquid 1-butyl-3methylimidazolium tetrachloroferrate

Cd

Sediment,
water

UADLLME

Cd

Herbs

Cd, Cu

LOD (g L1
) (unless
otherwise
stated)
0.02 for Ag,
0.9 for Cd

ETAAS

0.029 for
AsIII

5-(4-dimethylaminobenzylidene)
Rhodanine

FAAS

0.23

SFODME

1-(2-pyridylazo)-2-naphthol

ETAAS

0.0052

Tea, water

DLLME

FAAS

0.69 for Cd,
2.0 for Cu

Co

Spinach,
water

DLLME

ETAAS

0.02

Cr

Soil

LLME

N,N′-bis(2-hydroxy-5-bromobenzyl)1,2 diaminopropane, carbon
tetrachloride
thiocyanate, cetylpyridinium
chloride, acetone, carbon
tetrachloride
methyltrioctylammonium chloride,
xylene

FAAS,
ETAAS

Hg

Coal, rock,
soil

LLME

2 mg kg-1
(FAAS), 25
g kg-1
(ETAAS)
0.0005

exchangeable water-polar organic
solvent system

CV-AAS

CRMs or other validation

Reference

NIST SRM 1573a (tomato
leaves) and SRM 1643e (trace
elements in waters)

208

NRCCRM GBW 080231
(seawater), 08605 (water),
07402 (soil), 070008 (soil),
07309 (sediment)
AR APS 1071 (drinking water),
RTC 016 (freshwater sediment
3), NIST SRM 1566b (oyster
tissue), SRM 1573a (tomato
leaves)
NIST SRM 1573a (tomato
leaves)
NRCC SLRS-5 (river water),
NIST SRM 1573a (tomato
leaves)
NWRI CRM-TMDW (drinking
water)

209

210

211

212

213

RTC CRM041-30G Chromium
VI–Soil

214

NIST SRMs 1633b (coal fly
ash), 2711 (Montana soil),

215
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Mn, Sn, Zn

Food of plant
origin

UA-CPE

Mo

Various
foodstuffs

VASFODME

Ni

Alloy,
effluent, soil
Food,
sediment,
soil, water

CPE

Pb

Pd
REEs

Food, soil,
water
Moss, plant,
water

VADLLME

DLLME
LLE

2-(3,4-dihydroxyphenyl)-3,5,7trihydroxy-4H-chromen-4-one,
cetyltrimethylammonium bromide
4-amino-3-hydroxy-1naphthalenesulfonic acid, 1undecanol
N,N-bis(salicylaldehyde)
ethylenediamine
2-hydroxypyridine-3-carboxylic
acid, carbon tetrachloride

2-mercaptobenzimidazole,
chloroform
3-ethylaminobut-2-enoic acid
phenylamide

FAAS
ETAAS

0.34 for Mn,
0.70 for Sn,
0.15 for Zn
0.010

FAAS

0.15

FAAS

8.3

FAAS
ICP-MS

NRCCRM GBW 07309
(stream sediment)
NIST SRMs 1548a (typical
diet), 2385 (slurried spinach)

216

NIST SRM 1568a (rice flour),
577b (bovine liver), NRCCRM
GBW 07605 (tea)
Spike recovery

217

219

8.0

NWRI TMDA 64.2 (water),
TMDA 53.3 (water), SPSWW2 (wastewater), NRCCRM
GBW 07425 (soil), IRMM
BCR146R (sewage sludge),
HR-1 (harbour sediment) and
NCS DC 73349 (bush branches
and leaves
GEOSTATS GPP-10 (ore)

0.00020.0037

NCS DC 73348 (bush branches
and leaves)

221

218

220
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Table 6.

Preconcentration methods involving solid phase extraction used in the analysis of soils, plants and related materials

Analyte(s)

Matrix

Substrate

As species

Tea leaves
and infusions

TiO2 nanotubes

As, Cd, Cr,
Pb

Rice

Dispersion of
MWCNTs

Au, Pd

Anodic
slime,
electronic
waste, gold
ore, soil,
water
Road
sediment

Amberlite XAD1180

N-(4-methylphenyl)-2{224acetyl}hydrazine

FAAS

0.29 for Au,
0.19 for Pd

Activated carbon

3,4-dihydroxycinnamic acid

ICP-AES

0.12 for Au,
0.18 for Pd,
0.32 for Pt

MWCNTs

polyvinylpyridine

TS-FFAAS

0.036

Amberlite XAD-2

3,4-dihydroxybenzoic acid

FAAS

Amberlite XAD1180

2-mercaptobenzothiazole

FAAS

Au, Pd, Pt

Cd
Cd

Cd, Pb

Chocolate,
cigarettes,
herb, water
Cigarettes,
coriander,
lettuce,
sediment
Water

Substrate coating/ modifying
agent or analyte complexing
agent
SFODME + SPE

Detector

LOD (g L-1)

CRMs or other
validation

Reference

ETV-ICPMS

0.000046 for
AsIII, 0.000072
for Asv
5.0 for As, 0.6
for Cd, 10 for
Cr,
2.1 for Pb

NRCCRM GBW
07605 (tea leaves)

222

NRCCRM rice
CRMs GBW10010,
GBW10043,
GBW10044,
GBW10045
RTC CRM SA-C
(sandy soil C)

223

NRCCRM GBW
07291 (PGE for
geochemical
analysis)
NRCC DORM-3
(fish protein)

225

0.49

NIST SRM 16461(estuarine sediment)

227

0.35 for Cd,
5.0 for Pb

NIST RM 8704
(Buffalo River
sediment)

228

ICP-MS

224

226
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Cd, Pb, Zn

Various
foodstuffs,
water

Polyhydroxybutyrate
diethanol amine
polymer

Cd, Pb, Zn

Vegetables,
water

Cd, Zn

Fertiliser,
water
Fish, tomato
leaves, water

Aminofunctionalised
hollow core
mesoporous shell
silica spheres
Amberlite XAD-2

Cu

Cu
Cu

Walnuts,
water
Plants, water

Amberlite XAD-4

DDC

Cu, Fe, Mn

Blood, hair,
honey,
spinach,
water

Cu, Ni, Zn

Water

Ion-imprinted
polymer gel

Cu, Pb

Spice, street
dust, water

Carbon nanospheres

3.47 for Pb,
1.39 for Cd,
0.43 for Zn

ICP-MS

0.004 for Cd,
0.021 for Pb,
0.007 for Zn

FAAS

0.63 for Cd,
0.38 for Zn
0.56

2-(5-bromo-2-pyridylazo)-5diethylaminophenol
N-p-anisidine-3,5-di-tertbutylsalicylaldimine

HR-CSFAAS

0.23

1-(2-pyridylazo)-2-naphthol

SQTFAAS
ICP-AES
FAAS

0.06 for Cu,
0.37 for Fe,
0.49 for Mn

ICP-AES

0.54 for Cu,
0.62 for Ni,
0.58 for Zn
0.30 for Cu,
1.8 for Pb

Amberlite CG-120
Ion-imprinted
polymer
Graphene oxide

FAAS

1-phenyl-3-(2thienylmethyl)thiourea

ionic liquid

FAAS

0.29

NIST SRM 1515
(apple leaves), IAEA
336 (lichen),
NRCCRM GBW
07605 (tea)
NIST RM 8433 (corn
bran)

229

NIST SRM 1573a
(tomato leaves)
NIST SRM 1573a
(tomato leaves),
IAEA 407 (fish
tissue)
NIST SRM 1570a
(spinach leaves)
Spike recovery

231

NWRI TMRAIN-95
(spiked rainwater),
NRCC SLRS-4 (river
water), NIST SRM
1640a (spring water)
NRCCRM GBW
08301 (river
sediment)
LGC 6016 (estuarine
water), NIST RM
8704 (Buffalo River
sediment) and IRMM
BCR 482 (lichen)

235

230

232

233

234

236

237

45

Ga, In, Tl

FAAS

4.1 for Ga, 1.5
for In, 1.2 for
Tl

Spike recovery

238

Dispersion of TiO2
NP

CV-AAS

0.004

239

SQTFAAS
FAAS

0.22

1.5 for Ce,
0.9 for Eu, 0.5
for Gd, 0.3 for
Yb
0.00016 for
Tb, 0.00085
for Gd

NRCC DOLT-2
(dogfish liver), IAEA
085 (human hair),
NIST SRM 2709
(San Joaquin soil),
SRM 2711 (Montana
soil) and SRM 2704
(Buffalo River
sediment)
NIST SRM 1570a
(spinach leaves)
IRMM BCR 482
(lichen), NWRI
TMDA 70 (lake
water), NIST RM
8704 (Buffalo River
sediment)
NCS GBW 07602
(bush branch and
leaves)
NRCCRM GBW
07301 (stream
sediment)
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Hg

Liquid
crystal
displays,
sediment,
water
water

Amino silica gel

2-hydroxy-5-(2hydroxybenzylideneamino)
benzoic acid

Mn

Walnut

Amberlite CG-120

Pb

Apple, lentil,
street dust,
vegetables,
water

NiCo2O4
microspheres

REEs

Water

Carbon nanofibres

1-phenyl-3-methyl-4-benzoyl-5pyrazone

ICP-MS

REEs

Blood, water

Gold NPs on
poly(glycidyl
methacrylateethylene
dimethacrylate)

mercaptosuccinic acid

ICP-MS

5.9

240

241

242
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3.4

Instrumental analysis

3.4.1 Atomic absorption spectrometry
A plethora of articles describing HR-CS-ETAAS methods included a review244 (74 references)
of 20 years research on the determination of S. In the analysis of liquid samples, a method 245
for the determination of Er in sediment digests used La as a chemical modifier, whilst a
procedure246 for measuring Cd and Pb in pharmaceuticals was also applied successfully to
NIST SRMs 1515 (apple leaves) and 1547 (peach leaves), giving average recoveries of 98%
for Cd and 92% for Pb. Methods proposed for the direct analysis of solid samples included
measurement of: Co, Mo, Ni and V in soils247; Cd and Cr in yerba mate248; and Cd, Cr and Cu
in vegetables including eggplant, peppers, potato and tomato249.
An interesting trend is the increasing use of molecular species as the basis for elemental
analysis by HR-CS-ETMAS, either alone or together with HR-CS-ETAAS. In a method250 for
direct analysis, soils (up to 0.25 mg) were pyrolysed at 800 °C, and then Cd determined at an
atomisation temperature of 1700 °C, and Cr and Fe (as atomic species) and Al (as AlH) at 2600
°C. Results were in agreement with certified values for NIST SRM 2710a (Montana I Soil)
according to a t-test at 95% CI. Two SS-HR-CS-ETMAS methods for determination of F, one
for analysis of solid samples of baby food251and the other for 1% (w/v) slurries of flour252, gave
recoveries within the uncertainty of the certified value for the NCS CRM DC73349 (bush
branches and leaves). In both methods F was determined at 606.440 nm as the CaF molecular
species, formed following addition of 10 L of a 4 mg mL-1 Ca solution to the sample in the
furnace.

Even isotopic information has been obtained with this approach. A study253

successfully distinguished Ca79Br and Ca81Br on the basis of their electronic transitions and
then used solid sampling, platform vaporisation and Pd-NP matrix modifier to determine Br
concentration in NIST SRM 1573a (tomato leaves). The poor recoveries (<8% of the certified
value) obtained with conventional calibration were attributed to Cl interference. However,
when ID was used for calibration the result (1390±70 g g-1, n=5) was close to the certified
value of 1300 g g-1.

3.4.2 Atomic emission spectrometry
Giersz et al.136 coupled PVG with conventional pneumatic nebulisation and a programmable
temperature spray chamber to achieve simultaneous determination of Hg (as the cold vapour)
and non-vapour forming elements (Cu, Fe and Mn) in waters and sediments. The Hg LOD of

47

0.090 g L-1 was two orders of magnitude better than that obtained using conventional ICPAES (23 g L-1). Performance for the other analytes was unaffected.
Turner et al.254 studied interference from Fe in the determination of B in highly
weathered tropical forest soils by ICP-AES. They recommended use of the less sensitive
208.957 nm line when measuring B in Mehlich-III extracts and soil digests.
Interest has continued in alternative optical emission sources for atomic spectrometry.
A novel flowing liquid anode APGD gave255 superior performance – an average 20-fold
improvement in LODs – than the more frequently studied flowing liquid cathode APGD for
determination of Ag, Cd, Hg, Pb, Tl and Zn. Spike recoveries from tea leaves ranged from
98.9% for Hg to 102% for Ag. In a prototype microanalytical system256, 10 L of soil digest
was vaporised on a Rh coil and the vapour introduced into a CCP for measurement of Ag, As,
Cd, Cu, Hg, Pb, Sb, Sn and Zn using a low-resolution microspectrometer. Results and LODs
were similar to those obtained with ICP-AES but the new system had the advantages of
markedly lower capital and running costs.

3.4.3 Atomic fluorescence spectrometry
A new strategy for the generation of volatile species based on solution anode GD was used as
an alternative to chemical reducing agents or electrochemical HG in the determination of Cd
and Zn by AFS257. A microplasma was used as the cathode and a conventional Pt foil as the
anode to generate CdH2 and ZnH2 at the plasma-liquid interface. Under optimised conditions
(supporting electrolyte HCl at pH 3.2, discharge current 10 mA, Ar flow rate 300 mL min-1 and
sample flow rate 2.5 mL min-1) the LODs were 0.003 g L-1 for Cd and 0.3 g L-1 for Zn.
Results almost identical to certified values were obtained for analysis of NRCCRM GBW
07311 (sediment), GBW 07401 (soil) and GBW 10045 (rice).
The first room temperature chelate vapour generation method for determination of Zn
involved258 continuous on-line mixing of sample (acidified to and 0.4% (m/v)
Na-DDC solutions followed by immediate sparging of the volatile zinc chelate from solution,
using a stream of Ar gas, for determination by AFS.
Two on-line automated FI-HG-AFS methods were optimised by a research group in
Brazil. The first259 was used for the sequential determination of As, Sb and Se in peanuts and
the second260 for the determination and speciation of Sb in soils.

3.4.4 Inductively coupled plasma mass spectrometry
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A review article261 (209 references) on MS imaging techniques applicable to plants focussed
primarily on molecular analysis but LA-ICP-MS was also considered. Another article262 (306
references) provided a comprehensive overview of the capability of ICP-MS to support nuclear
decommissioning activities, covering environmental applications as well as industrial samples.
Applications of LA-ICP-MS in forensic science were also reviewed263 (30 references).
Three types of pellet were compared264 for determination of 30 elements in soil and
sediment by LA-ICP-MS: original sample; sample mixed with boric acid; and sample mixed
with hexane, dried at 50 °C, then mixed with DCM and dried again. Treatment with organic
solvents was recommended as results for IAES CRM Soil-5 were within 10% of target values.
Several studies focused on trace element mapping in plants by LA-ICP-MS. Imaging of
As, Cd, Cr, Cu, H, Mn, Ni, Pb and Zn in individual grains of rye and wheat 265 was facilitated
by use of a novel though time-consuming serial polishing strategy to expose layers of the
sample for analysis. The new open source software package LA-iMageS266 was used for rapid
processing and visualisation of LA-ICP-MS data as part of a method267 for imaging Cd, Cu, Fe
and Mn in sunflower seeds that had been cultivated in soil spiked with different concentrations
of Cd. A combination268 of LA-ICP-MS and TOF-SIMS imaging revealed that Gd and Y were
primarily located at the epidermis in roots of Zea Mays. It was suggested that formation of
precipitates under physiological conditions limited uptake and transport of the REEs.
In an interesting article58, an atmospheric pressure pulsed rf discharge was proposed
as a means to ablate soils and other non-conducting solid for analysis by ICP-MS. Linear
calibration graphs were based on analysis of a series of NRCCRM soil CRMs. Although
quantitative analysis of unknowns was not demonstrated, the approach shows promise as an
inexpensive alternative to LA-ICP-MS.
Methods for the measurement of isotope ratios by MC-ICP-MS included a procedure28
for Cr that used a single AG1-X8 column to remove matrix elements and achieved an analyte
recovery of >93% from CRM digests. The method was suitable for 53Cr/54Cr determination in
lichens and mosses and has potential for studying environmental contamination arising from
stainless steel manufacture. A single column of Bio-Rad AG-MP-1M was used269 to isolate Cd
(recovery >95%) for measurement of 114Cd/110Cd ratio in plants.
Interference reduction in ICP-MS/MS has received attention. Machado et al.270
successfully determined Pt and Rh in sediments as 195Pt16O+ and 103Rh16O+ by introducing 0.3
mL min-1 O2 into the reaction cell. At the same time, 112Cd+, 106Pd+ and 120Sn+ were determined
as their atomic ions. Virgilio et al.271 used 0.5 mL min-1 O2 to measure 75As16O+ and 51V16O+,
along with
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Cr+, 60Ni+,

112

Cd+ and

208

Pb+, in NIST SRM 1573a (tomato leaves). Recoveries
49

were 85-113%. Researchers in China272recommended use of O2 reaction gas for determination
of As and Se in plant CRMs because results obtained were more consistent with certified values
than when H2 or He were used in collision mode. Beryllium was preferred to Li and Rh as IS
for the determination of B in plants using ICP-MS/MS with O2 reaction gas273. Recoveries from
NIST SRMs 1515 (apple leaves) and 1573a (tomato leaves) were 90-108%.
Analytical methods featuring chromatographic separation coupled with ICP-MS
included a HPLC-ICP-MS method274 for Sb speciation in plants, which was applied to ryegrass
grown hydroponically under controlled conditions. Uptake of trimethylantimony by roots and
subsequent translocation to shoots was demonstrated conclusively for the first time. A powerful
combination of elemental and molecular MS techniques275 including HILIC-ICP-MS and SECICP-MS was used to identify more than 50 metal complexes in xylem and embryo sac liquid
of pea plants. Also reported were HPLC-ICP-MS methods for the speciation of mercury276 and
tin277 in sediments and for the determination of AsIII and AsV in iron-rich precipitates
originating from acid mine drainage278. A modified CE-ICP-MS interface279 improved
sensitivity 2-5 fold for As speciation analysis in Solanum lyratum extracts. An interesting
study142 demonstrated the feasibility of determining C along with other analytes (Al, Fe, Mn,
P and Si) in both synthetic and natural fine particulate organic matter in water and soil extracts
by asymmetric flow FFF-ICP-MS.
The novel coupling of an ETV unit and tungsten coil trap with ICP-MS was used to
determine Cd and Zn in wheat280. Up to 20 mg of solid sample was ashed in a sampling boat
and then heated in a porous carbon vapouriser to release the analytes for capture on the coil.
Results for corn, rice and wheat CRMs were close to certified values. LODs were 0.01 g kg1

for Cd and 0.1 g kg-1 for Zn.
The combination of multi-element analysis by sp-ICP-TOF-MS with advanced

chemometrics represented281 a potentially significant advance for discriminating between
engineered NPs and naturally occurring nanoscale particulates in soil.

3.4.5 Laser induced breakdown spectroscopy
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An overview282 (147 references) of recent development and applications of LIBS in agriculture
included the analysis of soils and plants. A critical historical summary283 (57 references) of the
use of LIBS to measure soil C content placed particular emphasis on soil organic carbon.
Interest continued in the development of LIBS methods for soil analysis. Two research
groups used soil as a test substrate to demonstrate new approaches for analysis of particulate
matter. The first284 employed double-sided foam tape to trap particles from a stream of argon
gas, while the second285 mixed 2 mg of sample with 2 mg of Si grease and presented it to a
TEA CO2 laser as a thin layer smeared on a Ni subtarget. Labutin et al.286 showed that
generation of synthetic spectra by thermodynamic modelling could aid determination of REEs
in rocks and soils by highlighting potential spectral overlaps in advance. A research team in
China287 optimised a LIBS-LIF method to eliminate spectral interferences in the determination
of Pb in soil altogether. Pressed pellets of soil CRMs were irradiated with a Nd:YAG laser in
the normal way then, after an optimal delay time of 14 s, a second laser at 283.31 nm (resonant
with the E0E2 transition of the Pb atom) was fired through the sample plasma. This enhanced
the Pb signal markedly, increased sensitivity and improved the LOD from 24 to 0.6 g g-1.
Another interesting article288 showed that the

235

U isotopic abundance could be estimated

through application of appropriate decomposition algorithms to LIBS spectra of mixtures
containing NIST SRM 2710a (Montana I soil) and up to 8.6% (w/w)

235

U-enriched U3O8.

Applications in nuclear forensics were envisaged.
The application of LIBS to the analysis of plants included the successful
determination289 of Pb in soft biological materials with high water content, specifically carrots
and mango leaf, for which use of a ps rather than a ns laser was necessary to increase the power
density delivered to the sample. A method290 for the determination of Ba, Fe, Mg, Mn and Sr
in powdered samples of blue-green algae could be performed in air at atmospheric pressure
using a TEA CO2 laser and non-gated detection. Workers in Beijing showed that LIBS could
be used to profile the Ca content in endosperm, embryo and epidermis of a single grain of corn
under laboratory conditions291 and that elemental maps could be obtained from living plants in
the field using their portable LipsImag system292. Both 2D and 3D maps of chlorpyrifos on
leaves of sprayed maize plants were generated by a multi-variable regression model based on
the emission lines of Cl and P.
The combination of multivariate chemometric methods and LIBS has been used to
classify soils. One procedure293 was based on LS-SVM and the emission lines of Al, Ca, Fe,
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K, Mg, Na and Si. Another294 (in Chinese with English abstract) used PCA and Al, Ca, Fe, Mg,
Si and Ti. Tobacco mosaic virus was detected295 in a procedure involving PLS-DA.
Remote detection296 of Cd, Cr, Ni and Pb in NIST SRMs 2710a (Montana I soil) and
2586 (trace elements in soil – containing Pb from paint) at a distance of up to 6 m was achieved
by stand-off LIBS following careful optimisation of measurement parameters including gate
width, gate delay and laser pulse energy. Other workers297 demonstrated remote LIBS detection
of Al, Ca and Mg in soil from a distance of 15 m during commissioning of a truck-based mobile
laser spectroscopy laboratory. Approaches demonstrated under laboratory conditions, but with
clear potential for eventual deployment in stand-off mode, included a procedure298 to
discriminate between weeds and crops based on the use of plasma temperature and a method299
to detect drought stress in plants based on relative concentrations of Ca, Fe, K and Na.

3.4.6 X-ray spectrometry
An overview300 (102 references) of the use of synchrotron-based XRF mapping and
XAS to study interactions between engineered NPs and plants considered primarily the
methodological aspects.
Improvements in pXRFS were achieved by using either soil CRMs301 or solid
mixtures302 of organic (plant) and inorganic (soil and sediment) CRMs as calibrants. Use of
pXRFS analysis of till for geochemical exploration was investigated by Sarala303 who
compared three instruments – two handheld and one truck-mounted system – for analysis of
samples from Finland, and Hall et al.304 who used a single handheld instrument for analysis of
archived samples from sites close to mineral deposits in Canada. Although the concentrations
of some pathfinder elements were below the LODs, both groups concluded that pXRFS was
fit-for-purpose. A useful method305 for measuring P, an indicator of human activities, in
archaeological soils was also reported. Dao306 showed that normalising the intensity of the PK line to that of the Ag-K line was an effective way to compensate for variations in plant
moisture content in the determination of P in maize leaves. This meant that results could be
expressed on a dry weight basis.
Proximal sensing using pXRFS continued to be of interest. A method307 for in situ
estimation of pH in frozen and permafrost-affected soils proved successful in field trials at five
sites in northern Alaska. Models308 based on pXRFS and VisNIR DRS data could be used to
predict total C and N contents in organic-rich soils containing up to ca. 50% C. Combining
information from MIR,

pXRF and VisNIR spectroscopies through the use of a model
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averaging technique was recommended309 for best prediction of soil geochemical properties
based on a study of 322 samples from the Irish National Soil Database Archive.
The preparation of thin specimens in a TXRFS method310 for the determination of Br
in soil involved suspension of 20 mg soil in 1% Triton X-110, addition of Rh as IS and
homogenisation. Finally, a 10 L aliquot was dried onto a quartz sample holder. The LOD was
3.7 mg kg-1 and the recoveries for analysis of 12 soil and sediment CRMs were 89-133%.
A TXRFS method for the analysis of plants311 was developed by the determination of
Ca, K, Mn, and S in leaves of Arabidopsis thaliana following digestion of 0.3 mg samples in
150 L HNO3. More recently, it was demonstrated312 that sample digestion was unnecessary
prior to analysis of vegetal foodstuffs by TXRFS. In a procedure similar to that already cited
in this Update for determination of Br in soil, the sample (20 mg) was suspended in deionised
water and Ga added as IS before drying onto a quartz holder. Methods for trace element
mapping in wheat grains313 and carrots314 by XRFS were described. Although the resolution
of benchtop instruments is poorer than that achievable with synchrotron-based methods, the
advantages in terms of cost and accessibility are clear.

4

Analysis of geological materials

4.1

Reference materials and data quality

Precise and accurate geochemical analyses require well-characterised RMs for use as calibrants
and QC materials. This section describes new RMs that have recently become available, as
well as research to provide additional elemental or isotopic information for existing RMs. Some
RMs developed specifically for isotope analysis by SIMS are discussed in section 4.3.5.
There are few certified values available for Au and PGEs in ferromanganese nodule
RMs, despite the fact that Mn- and Fe-rich materials are of great economic interest. In a
study315on the ferromanganese nodule RM USGS NOD-A-1, Au, Ir, Pd, Pt and Ru were
preconcentrated using anion-exchange following acid digestion and their concentrations
determined by ICP-MS. The suitability of the Fe- and Mn-rich natural nodule RMs GSJ JMn1, USGS NOD-P-1 and NOD-A-1, and BGR FeMn-1 for trace element determinations in
microanalytical research was assessed by analysing pressed powder pellets by LA-ICP-MS
using fs and ns LA systems316. The pellets exhibited heterogeneities on the µm-scale for several
elements at spot sizes of <40 µm. In contrast, the synthetic USGS RM FeMnOx-1, was shown
to be homogeneous for spot sizes 8-10 µm and so gave low RSD values of <10% for all
elements measured, confirming its suitability as a future calibration material.
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Mass fractions of Br, Cl, F and I in USGS geological glass RMs BHVO-2G, BIR-1G,
BRC-2G, GSD-1G and GSE-1G, and NIST SRMs 610 and 612 (trace elements in glass) were
determined by a variety of techniques317. The relatively high halogen contents of glasses GSD1G and GSE-1G made them well suited for the calibration of Br, Cl and I in microanalytical
studies of silicate glasses, and melt and fluid inclusions by EPMA and LA-ICP-MS.
Molybdenum is an element of increasing interest in magmatic and hydrothermal
geology, in planetary sciences and for tracking environmental pollution. The Mo mass fractions
and isotopic composition of 24 international geological RMs encompassing a wide range of
compositions (i.e. coral, igneous and sedimentary rocks, manganese nodules, ferromanganese
crusts and molybdenite) were determined by ID MC-ICP-MS using a
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Mo-100Mo double-

spike318. The Mo isotopic composition of USGS RMs BCR-2 (basalt), SCo-1 (shale) and SGR1b (shale) were reported for the first time in a study which used MC-ICP-MS analysis after
purification of Mo by ion-exchange chromatography319.
Zinc isotopes are important tracers of hydrothermal systems relevant in ore genesis
studies, identification of sources of contamination in soils and aerosols, monitoring palaeo-pH
and studies of the origin and evolution of the solar system. Chen et al.320 reported highprecision Zn isotope data (better than ±0.06‰ δ66Zn, 2SD) for 17 rock RMs with a range of
compositions, including the first published Zn isotope data for USGS RMs GSP-1
(grandodiorite), GSP-2 (grandodiorite) and RGM-1 (rhyolite). Determination of δ66Zn values
(n=98) in NIST SRM 683 (metal nuggets) by MC-ICP-MS proved the homogeneity of this RM
and so demonstrated its suitability as an isotopic CRM for Zn. Araujo et al.163 presented the
first Zn isotope ratio measurements for environmental NIST SRMs 2709 (soil) and 1646a
(estuarine sediment) as well as δ66Zn data for USGS rock RMs AGV-2 (andesite), BCR-2
(basalt) and BHVO-2 (basalt).
There is a trend to publish isotope ratio data for some of the more popular USGS RMs
originally characterised for their trace element compositions. Thus, the determination of the Ca
isotope compositions of 16 USGS RMs extended321 the range of geological materials analysed
and provided the first Ca isotope data for three sedimentary RMs and one carbonatite RM.
Kimura et al.322 observed heterogeneities in B and Li isotope ratios for USGS GSD-1G
(synthetic basalt glass) when ablating spot sizes of <100 µm by LA-ICP-MS. The first
230

Th/232Th values for CRPG RM BE-N (nephelinite) and USGS RM BIR-1 (Icelandic basalt)

were published in a study323 of Th isotopic compositions in silicate RMs using a two-step
isolation protocol and MC-ICP-MS measurements. The authors also reported
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Th/232Th

values for USGS RMs BHVO-2 (basalt) and AGV-2 (andesite).
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Well-characterised reference solutions are a cornerstone of reliable and traceable
measurements. The isotopic composition of two new Cu isotope standard solutions developed
by Feng et al.324 was determined in three different laboratories using MC-ICP-MS. The
National Institute of Metrology, China325 prepared and certified one natural and 10 synthetic
Se solutions with a wide range of Se isotope ratios, for calibration and quality control of
chemical and MS procedures. A new standard solution326 for the Zn isotope community,
intended as a replacement for the current reference standard solution JMC-Lyon Zn, was
calibrated against existing Zn reference solutions.
New microanalytical RMs included MUL-ZnS-1, a sulfide RM327 prepared by sintering
a powdered (Zn,Fe)S matrix doped with several elements (Ag, As, Cd, Co, Cr, Cu, Ga, Ge, In,
Mn, Mo, Ni, Pb, Sb, Se, Sn and Tl). This RM was intended primarily for the matrix-matched
calibration of LA-ICP-MS measurements of sphalerites but could also be applied to other
sulfides. Chew et al.328 proposed a protocol for developing natural apatite mineral RMs. Gem
quality crystals of Durango apatite were analysed by LA-ICP-MS and solution ICP-MS and
potential interferences examined in detail. The authors claimed that this protocol could easily
be modified to characterise other natural minerals as potential microanalytical RMs. CruzUribe et al.329 showed that the ca.100 µm wide rims of quartz grains from the Bishop Tuff
quartz (California, USA) had homogeneous Ti mass fractions of ca. 41 µg g-1 and that they
could be used to calibrate Ti-in-quartz thermometry measurements by LA-ICP-MS. Not only
did this provide a matrix-matched RM, but it was possible to use 48Ti, the most abundant Ti
isotope, because there was no interference of 48Ca on 48Ti due to the absence of Ca in quartz.
For the quantification of Br abundances in natural materials, a set of 21 Br-doped glasses330
were prepared from natural volcanic rocks and characterised by INAA. These were used to
compare the figures of merit of three micro-analytical techniques (LA-ICP-MS, SIMS and
SRXRFS): SRXRF gave the best accuracy and precision (10% for Br contents ≥10 µg g-1 Br)
with an LOD of <1 µg g-1 Br, with SIMS not far behind. In contrast, the precision and accuracy
for LA-ICP-MS were relatively poor (ca. 20% for 100s to 1000s µg g-1 Br). Roberts et al.331
characterised a calcite RM (WC-1, 254.4 ± 6.4 Ma, marine calcite cement, Guadalupe
Mountains, Texas) for the LA-ICP-MS U-Pb dating of carbonates and advocated its use as the
principal RM for U-Pb normalisation. This RM could be used reliably despite its variable
common Pb content, because its isotopic composition fell on a mixing line between initial and
radiogenic Pb.
Most available zircon RMs are younger than 1000 Ma so a careful evaluation of a
potential zircon RM for U-Pb geochronology of the Archean is of particular note332. Uranium55

Pb data obtained on the Stillwater AN2 zircon (Montana, USA) by ID-TIMS, CA-TIMS and
LA-ICP-MS yielded indistinguishable concordia and a weighted mean 207Pb/206Pb age of 2710
Ma. The LA-ICP-MS results demonstrated homogeneity within grain and across multiple
grains of Stillwater AN2 zircon on the scale of tens to hundreds of µm. This new RM plugs an
important gap in U-Pb geochronology. Nasdala et al.333 advocated zircon M127-A as a new
zircon RM for SIMS U-Pb geochronology as well as isotopic analysis of Hf, O and, potentially,
Li. A mean concordia age of 524.37 Ma was determined from TIMS analyses made in several
laboratories. Zircon M127-A was homogeneous in terms of its chemical and isotopic
composition (δ18O 8.26±0.06‰ (2s),
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Hf/177Hf 0.282396 ± 0.000004 (2s), and δ7Li -

0.6±0.9‰ (2s)) and had a remarkably concordant U–Pb isotopic system. This made it
particularly suitable for studies that aim to use the same sample mounts for the determination
of O (SIMS), Li (SIMS) or Hf isotopes (LA-ICP-MS). A gem-quality zircon megacryst334 from
Sri Lanka, named LGC-1, analysed extensively by a variety of techniques, was homogeneous
with respect to its He, Th and U distributions and so was considered as a suitable grain for in
situ (U-Th)/He dating. However, the authors emphasised the need for developing more such
RMs because of the limited material available. This would also be true for most natural mineral
RMs.
Increasing interest in in situ measurement of sulfur isotope ratios in a variety of
minerals prompted the development of a suite of S isotope RMs (pyrite, chalcopyrite, pyrrhotite
and pentlandite) relevant to magmatic, magmatic-hydrothermal and hydrothermal ore
systems335. The new sulfide RMs were characterised for their chemical (EPMA) and isotopic
(SIMS) compositions and provided appropriate matrix-matched RMs for the samples under
investigation. The first scapolite RM (CB1) for in situ S isotope analysis using SIMS was
characterised using LA-ICP-MS, EPMA, SIMS and bulk fluorination gas source IRMS336.
Results of four SIMS analytical sessions demonstrated that the megacryst was isotopically
homogeneous (reproducibility of δ34S values was 0.40‰ (2SD), n=244) and that the
crystallographic orientation did not affect the analysis. The δ34S values in a chalcopyrite glass
RM, YN411-m, intended for in situ S isotope ratio measurements, were determined by GS-MS
and solution MC-ICP-MS337. The homogeneity was evaluated by replicate analyses by fs LAMC-ICP-MS, which gave an external precision of 0.28‰. It was concluded that, for the
analysis of a natural chalcopyrite prepared as a pressed powder pellet, YN411-m was better
suited as a bracketing RM than a non-matrix-matched pressed pellet made from RM IAEA-S1 (silver sulfide).
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In an excellent publication338, new protocols for the determination of U-(Th-)Pb ages,
as defined by the LA-ICP-MS geochronology international community, included a workflow
defining the appropriate propagation of uncertainties. This is not only important for reporting
U-Pb data but other analytical data as well. New radiogenic ratios presented for commonlyused zircon RMs, based on ID-TIMS measurements, were considered more suitable for LAICP-MS calibrations than an age-equivalent ratio calculated from a published age, which can
introduce inaccuracies if only one age (207Pb/206Pb, 206Pb/238U, 207Pb/235U or 208Pb/232Th date,
or the concordia age) was assumed to be the correct age of the reference zircon.
Recommendations on how to present data and new data reporting standards were provided with
the aim of improving the peer-review process when such data are submitted for publication.
Accurate information on isotope abundances and atomic weights, which can vary in
natural materials because of physical and chemical processes, is of great importance for mass
spectrometric analysis. Therefore, an IUPAC Technical Report339 providing isotopic
abundances, delta values and atomic weights with the upper and lower boundaries for 12
elements (B, Br, C, Cl, H, Li, Mg, N, O, S, Si, and Tl) is welcome.
4.2

Sample preparation, dissolution, separation and preconcentration

A new digestion method340 for REE ores using short-wavelength IR radiation to accelerate acid
digestion was able to dissolve iron oxide and silicate matrices within 8 minutes using only
phosphoric acid. No additional treatment with HClO4 and HF was necessary. Digests of three
ore CRMs containing large amounts of REEs with different mineralogies were successfully
analysed by MIP-AES and DRC-ICP-MS with high and reproducible recovery rates of
ca.100% for REEs, Th and U. A sequential four-step (HCl, NaOH, aqua regia and HF)
digestion procedure341, designed for the analysis of carbon-rich rocks, was tested on six shale
RMs. It provided better recoveries of moderately volatile elements associated with humic
substances during the first two extraction steps compared to traditional protocols using aqua
regia and HF. The supernatant of each digestion step was analysed by ICP-MS to obtain
information on the partitioning of elements between mineral phases. To achieve the rapid and
total dissolution of carbonate-rich sediments, Durand et al.181 treated samples with
concentrated HCl prior to microwave digestion with HCl-HNO3-HF. As a consequence, only
2 mL HF was required to digest 200 mg of sediment, up to three times less than in previous
studies; the formation of an insoluble Ca-F precipitate was negligible. A novel technique to
digest silicates by alkali fusion using NaOH flakes as flux was developed by Sikdar and Rai342
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in order to avoid the use of HF. The entire digestion procedure was carried out in a single
Teflon vial to minimise contamination and loss of Si. Recoveries were 99.5±2.4% (1SD).
Subsequently, purified Si and Mg were extracted from a single aliquot of natural sample using
two-step cation-exchange chromatography. The robustness of the protocol was assessed by
determining δ26Mg and δ30Si in seven USGS rock powder RMs by MC-ICP-MS.
Preconcentration and separation protocols can be required in the determination of trace
elements by ICP-MS when the sample matrix might otherwise contaminate or physically
damage the instrument. Strnad et al.343 reported two relatively simple methods for the
extraction of Au from complex matrices using a mixture of HBr, HClO4, HI and aqua regia.
These extracts could be analysed by ICP-MS without any further preconcentration or
separation. Although the procedures were developed primarily for the determination of Au in
electronic waste, they were also applicable to the analysis of geological materials. The accuracy
achieved for nine geological RMs was better than ±10% in most cases, with a precision of <5%
RSD (n=5). Possible pitfalls such as nugget effects, spectral interferences and memory effects
were evaluated. No significant interferences were observed on 197Au. Dubenskiy et al.344 tested
the efficiencies of six new hypercrosslinked polystyrene sorbents for the simultaneous
quantitative extraction of Au, Pd, Pt and Ru as their chlorocomplexes from rock digests
following NiS fire assay pretreatment. The sorbant Stirosorb-514 in TBA, with 1M HCl in
ethanol as the eluent, was the most effective reversible sorption system for the preconcentration
of PGEs prior to ICP-MS measurement.
Several recent studies discussed new or improved chromatographic separation
schemes for isotope ratio measurements. Li et al.345 based a rapid tandem-column separation
procedure for the separation of Hf, Nd, Pb and Sr from silicate matrices on the enhanced
elemental selectivity permitted by the Sr Spec and TODGA Spec resins. The procedure offered
a significant improvement in separation efficiency and a reduction in cross-contamination
compared to conventional four column protocols. It took ca. 8 h to process a batch of 25
samples, including column setup, cleaning and preconditioning. The robustness of the method
was verified by determining the isotopic compositions of Nd, Pb and Sr (by TIMS) and of Hf
(by MC-ICP-MS) in eight silicate rock RMs with a wide range of matrices. A SPE procedure346
was developed for the preconcentration of 28 elements (Ba, C, Co, Cr, Cu, Li, Ni, Rb, REEs,
Sr and Zn) present at very low concentrations in magnetite and pyrite prior to their
determination by HR-ICP-MS. Following sample decomposition in a mixture of 6 M HCl and
8 M HNO3, two groups of elements were separated from the iron matrix using anion-exchange
resin AG1-X8 and TRUspec ion-exchange resin. Recoveries were 100±5% and the procedural
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blanks low. The CCRMP RM FER-2 (iron formation) was used for validation. A three-step
ion-exchange method347 for the separation and purification of B from clay sediments was
published in Chinese. In the first step, cation-exchange resin AG 50W-X8 was used to remove
Al, Fe and the REEs, to prevent the formation of insoluble hydroxides that can absorb B in
highly alkaline solutions. In subsequent steps, B was separated on Amberlite IRA 743 and
purified on a mixed anion- and cation-exchange column. Recoveries were >90% with no
obvious fractionation of B isotopes. To perform very precise determinations of Nd isotope
ratios in geological samples, Kagami and Yokoyama348 developed a three-step column
chemistry procedure involving cation-exchange chromatography for separating major elements
from REEs, oxidative extraction chromatography to remove Ce and final purification of Nd
using Eichrom Ln Spec resin . High recoveries (>91%) and effective separation of Nd from Ce
and Sm (Cd/Nd <1.2x10-5 and Sm/Nd < 5.2 x 10-6) were achieved. Small extraction
chromatographic columns (alone or in tandem) were used349 to separate 11 elements involved
in six radiogenic isotope systems from a rock digest prior to isotope ratio measurements by
MC-ICP-MS or TIMS. Commercially available extraction resins, together with a resin
prepared in-house for the separation of Rb, provided typical recoveries of 85-95% with
procedural blanks of 10-100 pg. A simplified scheme for the separation of Hf, Nd, Pb and Sr
only was also proposed.
Alkali fusion used for the dissolution of single zircon grains for (U-Th-Sm)/He
thermochronometry had350 several advantages over previously used methods. Not only was it
twice as fast but it avoided the use of HF, thereby making it unnecessary to remove the grains
from the metal microvials, as usually required to avoid contamination by co-dissolution of the
vial material. A mixture of B(OH)3 and LiBO2 was added to the sample in a Pt crucible and
fused at 990 °C for 2 h. After dissolution in HNO3, Sm, Th and U were measured by ICP-MS.
The (U-Th-Sm)/He ages of two reference zircons were in good agreement with reported ages
and the precision was comparable to that of traditional dissolution procedures.
Chemical abrasion of zircons is a procedure which involves sequential annealing and
leaching, and is commonly used to remove parts of the zircon grain that have experienced loss
of Pb, thereby improving the precision and accuracy of U-Pb dating. Following a detailed
evaluation351, optimal conditions for CA were annealing at 900 °C for 48 h and leaching in a
Parr digestion vessel at 190 °C in conc. HF for 15 h. The application of CA to U-Pb dating of
zircons by SIMS rather than by LA-ICP-MS is relatively uncommon. In a recent SIMS study352
of the application of CA to zircons of late Eocene age, CA-treated grains yielded older
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Pb/238U ages than untreated grains. These differences in measured ages did not correlate
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however with trace element concentrations. Chemical abrasion appeared to improve the
accuracy of the age determinations while the precision remained the same. Although the
treatment could potentially have affected the secondary ion sputtering rates and so result in
biased ages, as observed for LA-ICP-MS analysis, ion microprobe pit depths were in fact
identical for both CA and non-CA reference zircons so no loss had occurred.
Fusion techniques are often used to produce homogeneous glass beads for bulk rock
analysis by LA-ICP-MS. Zhang et al.353 advocated a novel flux-free fusion technique in which
a high-energy IR laser was used to prepare glasses from pressed powder pellets. Although this
method apparently worked well for felsic and zircon-bearing rock powders rocks, unfortunately
the authors compared their LA-ICP-MS data for glasses with results from XRFS analysis of
the original pressed powder pellets but not with glasses prepared by other fusion techniques
such as Ir-strip fusion354,355. The reported precision and accuracy of LA-ICP-MS measurements
on the glass beads were better than those obtained from pressed powder pellets but were not as
good as the figures of merit achievable by other flux-free methods. In addition, there remained
issues of a longer analysis time due to the need to prepare pressed pellets, loss of volatile
elements and a much larger sample mass requirement. However, if no Ir-strip heating device
is available, this technique would provide suitable material for whole rock analysis by LA-ICPMS, thus avoiding the need for time-consuming sample dissolution. The technique of Bao et
al.356 involving a flux-free fusion in boron nitride vessels followed by rapid acid digestion was
especially applicable to high-SiO2 rocks containing refractory minerals such as zircon and
rutile. The optimum conditions were heating for 1 minute only at 1400 or 1600 °C for extrusive
and intrusive rocks, respectively. Fusion was followed by a rapid HF-HNO3 digestion of the
glasses in capped Savilex screwtop beakers on a hotplate. This procedure was eight times faster
than methods using high-pressure PTFE digestion bombs. Element concentrations determined
by ICP-MS for ten RMs with SiO2 contents between 44.6 and 73 wt% were in good agreement
(<±10%) with reference values for most elements, including volatile elements such as Cs and
Pb. Another fusion method357 (paper in Chinese), specifically for the preparation of sulfide
materials prior to the determination of major and trace elements by LA-ICP-MS and XRFS,
employed HNO3 to pre-oxidise the samples to avoid damaging the Pt crucibles. The addition
of GeO2 prevented breakage of the glass beads, which were homogeneous (<5.6 % (1 RSD) by
XRFS and <3% (1 RSD) by LA-ICP-MS) in their major element composition.
An alternative approach to the preparation of samples for bulk rock analysis by LAICP-MS is the preparation of nanoparticulate pressed powder pellets. To evaluate this
methodology, six rock RM powders were further pulverised by wet milling and pressed into
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pellets using microcrystalline cellulose as a binder358. Analysis of the pellets by LA-ICP-MS
using a 193 nm excimer laser gave a measurement repeatability as low as 0.5–2% (1s, n=6)
using a spot size of 120 µm, demonstrating the pellets were homogeneous at this scale. Blank
contributions were negligible for most elements and polyatomic interferences caused by the
organic binder were insignificant. One advantage of this method was the ability to measure
elements such as As, B, Bi, Li, Sb and Tl, which are not always accessible with other methods
of sample preparation.
4.3

Instrumental analysis

4.3.1 Review papers
A series of review papers on the analysis of non-traditional stable isotopes was published in a
volume of Reviews in Mineralogy and Geochemistry. The first paper359 (157 references)
provided an overview on the δ notation and guidelines for the selection of RMs, as well as an
introduction to the relevant isotope systems. The volume included reviews of: the isotope
geochemistry of chlorine360 (186 references), cobalt and zinc361 (267 references), chromium362
(193 references), germanium363 (233 references), lithium364 (306 references), magnesium365
(234 references), molybdenum366 (249 references), nickel367 (134 references) and silicon368
(206 references). In addition, isotope systematics of iron369 (489 references); recent
developments in Hg stable isotope analysis370 (87 references); in situ analysis of non-traditional
stable isotopes by SIMS and LA-ICP-MS, using Mg isotopes in olivines and silicate glasses as
examples371 (142 references); Se isotopes as biogeochemical proxies372 (158 references); the
isotopic fractionation of thalium373 (157 references) and uranium374 (223 references) were
covered.
An excellent review375 (44 references) of the determination of Th by mass spectrometric
techniques detailed the advantages and pitfalls associated with the measurement of Th isotope
ratios by a range of techniques, including TIMS, ICP-MS and SIMS. Problems of contributions
to the blank and the poor ionisation efficiency of Th were discussed and the need for CRMs
with certified 230Th/232Th isotope ratios was highlighted.
A brief history376 of the development of laser ablation ICP-MS was presented in an
issue of Elements (vol 12, number 5, 2016) dedicated to a wide range of applications of this
technique to the Earth sciences. Other reviews of interest in this issue included articles on
elemental analysis of igneous systems377 (30 references), advances in isotope ratio
determinations378 (29 references) and the role of ICP-MS in palaeoclimate research379 (31
references). An overview (150 references) of the principles of LA-ICP-MS analysis of solid
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inorganic materials by Shazzo and Karpov380 emphasised the problems arising from elemental
fractionation. A paper381 in Czech (104 references) focused on the principles of LA-ICP-MS
instrumentation and its application to geochemistry, parameters influencing the ablation
process, quantification strategies, limitations of the technique and the use of RMs. Bruand et
al.382 (53 references) highlighted how the trace element and isotopic composition of apatite can
provide important insights into the petrogenesis and provenance of igneous rocks. Recent
advances383 (169 references) in the application of LA-ICP-MS to magmatic-hydrothermal ores
to determine the trace element composition of minerals included appropriate methodology,
RMs, new mineral matrices, analytical uncertainties and future applications.
The application of LA-ICP-MS to the analysis of fluid inclusions to derive information
on fluid-rock interactions and ore deposit formation, as well as tracking evolution of fluids
along fluid pathways, was summarised by Wagner et al.384 (30 references). To obtain absolute
elemental concentrations in fluid inclusions, microanalytical measurements (by LA-ICP-MS)
are usually interpreted in relation to microthermometric observations. Steele-MacInnis et al.385
(83 references) assessed the use of such data to obtain robust results for the composition of
low- to intermediate-salinity chlorine-dominated inclusions.
4.3.2 Atomic absorption and atomic emission spectrometry
Volzhenin et al.386 evaluated two-stage probe atomisation for the determination of Au and Pd
in geological samples by electrothermal AAS. Digestion of ores in HNO3-HCl (1+3) using an
autoclave microwave system yielded a suitable suspension for analysis. Optimisation of the
atomisation programme, the position of the probe and the argon flow rate resulted in LODs of
0.01 and 0.04 µg/g (10-6 wt%) for Au and Pd, respectively. The sensitivity and precision of the
determination245 of Er in sediments and rocks by high-resolution continuum source ETAAS
were improved by addition of lanthanum as a chemical modifier. The characteristic mass, LOD
and LOQ of 29 pg, 0.71 µg L-1 and 2.4 µg L-1, respectively, compared favourably with those
obtained using other ETAAS methods.
The use of decrepitation to release the contents of fluid inclusions for analysis was first
developed more than three decades ago and before the advent of LA-ICP-MS. In a reappraisal
of the technique, Piperov et al.387 devised a system in which a simple ‘decrepitator’ was
inserted between the nebuliser and the plasma torch of an ICP-AES instrument. The
performance of this system was compared with conventional crush-leach or decrepitation leach
methods of preparation, as well as analysis by LA-ICP-MS. The decrepitation ICP-AES
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technique was able to provide relatively rapid preliminary information at low cost and was
particularly useful for sample materials that were not amenable to analysis by LA-ICP-MS.
Bachari et al.388 examined the effects of spectral interferences on the ICP-AES
determination of U concentrations in phosphate ore. Results from three different acid digestion
procedures confirmed that the acid used was one of the most important influences on the choice
of emission line for measurement. Spectral interferences affecting the accurate
determination389 of Rh in molybdenum and copper concentrates by ICP-AES were investigated
using two different ICP-AES systems. Quantitative databases for the type and magnitude of
spectral interferences in the presence of Al, Ca, Cu, Fe, Mg, Mo and Ti were obtained for both
a radial viewing 40.68 MHz ICP with a high resolution spectrometer and an axial viewing
27.12 MHz ICP with a medium resolution spectrometer.
4.3.3 Laser-induced breakdown spectroscopy and related techniques
The potential of LIBS for the determination of La and Y in soils and rocks was evaluated286
using thermodynamic modelling of the LIBS spectra to estimate the technique’s sensitivity.
The experimental LODs for La and Y were 6 µg g-1, sufficiently lower than their abundances
in the Earth’s crust to be of value. The LOD was close to that predicted by theory for La but an
order of magnitude higher than the theoretical LOD of 0.4 µg g-1 for Y. This discrepancy
appeared to be a consequence of theoretical extrapolation to low concentrations without
considering all the possible spectral interferences. A detailed assessment390 of the most suitable
experimental conditions for the routine analysis of shale samples by LIBS was made using a
Nd:YAG laser operating at 1064 nm in air. The LODs of 27.4, 28.5, 5.6 and 6.5 µg g-1 for Cr,
Ni, Sr and V, respectively, illustrated the potential of LIBS in shale gas exploration and
production, although a matrix effect was still observed due to the complex composition of these
materials. An interesting approach391, with the aim of obtaining radiometric age data from
future one-way space missions, involved the development of an isochron-based in situ K-Ar
dating method based on a combination of LIBS and quadrupole MS analyses of rocks after
sampling by LA. Potassium abundances were determined by LIBS, while those of the different
Ar isotopes were measured by quadrupole MS. Spot-by-spot measurements allowed the
construction of an isochron from a single rock sample. The LIBS-MS method was validated by
analysing mineral and rock samples with known ages and K content. The results indicated that
absolute ages for rocks with K concentrations of ca. 1 wt% could be determined with an
uncertainty of 10-20%.
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A very large suite of LIBS spectra of rock samples392 – 1356 spectra from 452
geological samples – was used to compare the accuracy of different models for prediction of
elemental compositions. In general, the accuracy of the predicted values for Al, Ca, Co, Cr, Fe,
K, Mg, Mn, Na, Ni, Si, Ti and Zn was much better for multivariate analysis using PLS than for
univariate analysis, especially when based on single emission lines. This conclusion was not
surprising given the wide range of geological matrices involved. The ChemCam team 393 used
a ‘sub-model’ method with PLSR to improve the accuracy of quantitative LIBS analysis of
geological materials on the Mars Science Laboratory rover. The method was conceptually
simple but did require a substantial number of RMs to provide the training set of data. Dyar et
al.394 presented an excellent compilation of methods for baseline removal from LIBS spectra.
Results from different approaches demonstrated the complexity of this issue and indicated that
sophisticated types of multivariate analysis, with optimisation of adjustable parameters, were
always necessary to improve prediction accuracy. Aguilera and Aragón395 proposed a new
approach to quantitative analysis by LIBS, designated as CSigma-LIBS, where conventional
calibration for each element using a range of RMs was replaced with a procedure based on
CSigma graphs. These graphs were constructed to include reference lines of an emitting species
with well-known transition probabilities, together with lines for the elements of interest, both
in the same ionisation state. Two glasses of known composition, prepared from mixtures of
pure compounds, were used for calibration. This technique was applied to the determination of
mass fractions of Al, Ca, Fe, Mg, Mn, Si, Ti and V of geological RMs prepared as fused glass
beads. The average precision was 3.4% for concentrations >0.1 wt%, with good agreement
with the certified values for the four rock RMs analysed. The main drawbacks were the need
to prepare fused glass beads, which removed the versatility and speed of the LIBS technique,
and the dilution involved, thereby preventing the determination of trace elements.
There is increasing interest in high resolution geochemical characterisation of
materials by LIBS. Lefebvre et al.396 demonstrated that LIBS was capable of providing semiquantitative geochemical signatures of multi-layered, sub-mm thick coatings on a rock surface.
The test sample was a basaltic rock with sub-mm Ca-Mg-Fe-Si rich mineral coatings. The
authors considered the method suitable for fine-scale 3D LIBS analysis of coatings on Martian
rocks.
An innovative approach397 of double-pulse LIBS coupled with a petrographic, optical
microscope was used to analyse thin sections of iron meteorite samples directly in air rather
than in a controlled atmosphere. Qualitative and quantitative analysis by calibration-free LIBS
and one-point calibration LIBS methods, respectively, provided results in good agreement with
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data from ICP-MS and SEM analyses. Double-pulse LIBS398, combined with multivariate
statistics, was also used to generate a map of the spatial distribution of U in sandstone-hosted
U ores. The lateral resolution was limited to 100 µm. Unfortunately, there was no comparison
of the LIBS results with other in situ techniques such as EPMA or LA-ICP-MS.
A well-documented study399 on the application of handheld LIBS instrumentation to
geological materials included an excellent review of the operational principles of LIBS and
portable instrumentation in general, and its possible application to geochemical fingerprinting
and provenance determination. Samples including carbonates, silicates, oxide minerals and
native gold were analysed using a commercially available, handheld LIBS instrument under
simulated field conditions. Connors et al.400 evaluated the performance of one specific
commercially-available handheld LIBS instrument for the analysis of geological materials. All
the samples were tested after pressing into thin cakes with a 6-ton press and data reported using
traditional peak ratio calibrations. This research indicated a significant potential for qualitative
analysis and elemental mapping. Because of its high sensitivity, LIBS has the capability to
measure elements such as Ba, Be and Li which cannot be measured by pXRFS. However, more
work was necessary to implement PCA and PLS model generation software for fully
quantitative analysis.
4.3.4 Inductively coupled plasma mass spectrometry
4.3.4.1 Instrumentation Maoyong et al.401 demonstrated how the sensitivity of a
multicollector ICP-MS instrument could be improved by using different combinations of
sample and skimmer cones with different orifice diameters and geometries. Tests conducted
while measuring B isotope ratios in a reference solution suggested that sensitivity could be
enhanced by using sample cones with larger orifices and skimmer cones with trumpet-shaped
entrances and exits. Richter et al.402 highlighted the importance of testing the linearity of the
ion counting system in MC-ICP-MS. Another consideration was the accurate determination of
the dead time of the system. For both operations, the authors provided a detailed static
measurement procedure based on CRMs from the IRMM-072 series of U isotope reference
solutions.
4.3.4.2 Trace element determinations by solution-based ICP-MS Incomplete sample
digestion, isobaric interference and instrumental drift can be problems for the unwary in the
determination of trace element abundances in geological samples by ICP-MS. Chen et al.403
developed some cost-effective practical procedures to address these issues. For example, they
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demonstrated that the fluoride complexes formed during high-pressure digestion could be
readily redissolved if the digestion were carried out at 190 °C for 2 h using 50 mg of sample.
The measurement protocol involved an off-line procedure for making isobaric interference
corrections and drift corrections based on repeated measurements of a QC solution, and was
validated by the analysis of five USGS rock RMs. Although the authors claimed that their
methodology saved over 60% of the time normally taken for analysis, such procedures have
been in use in many laboratories since the early days of ICP-MS. A reference method165 to
determine Cd, Cu, Hg, Pb and Zn mass fractions in marine sediments based on ID-ICP-MS
used a multiple spiking approach to reduce the number of analytical steps. Isotope ratio data
were acquired by quadrupole ICP-MS and SF-ICP-MS instruments, both run in two different
measurement modes. The consistency of the results obtained confirmed that quadrupole ICPMS can be the method of choice if the mass fractions of the elements of interest are sufficiently
high to obtain good counting statistics. The procedure was successfully applied to the
characterisation of IAEA-458 (marine sediment) candidate RM, achieving an uncertainty target
of 1.5-3.0% (k=2) and SI traceable values. The ability of ICP-MS/MS instrumentation to
minimise polyatomic interferences for accurate and precise REE determinations in geological
matrices was demonstrated404 by analysing samples following three different digestion
methods: open vessel acid digestion, microwave digestion and alkaline fusion. An assessment
of the analytical performance of the ICP-MS/MS system against MIP-AES, ICP-AES and
quadrupole ICP-MS concluded that ICP-MS/MS yielded the best figures of merit.
Spectral interferences have an impact on the accuracy and precision of trace element
and isotope ratio measurements by ICP-MS. A detailed study405 investigated the formation of
doubly charged alkaline earth-argon ions (MAr2+, e.g.
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Sr40Ar2+) in the ICP, which can

potentially interfere with isotopes of analyte elements, e.g. 63Cu+. The relative abundances of
the various MAr2+, M2+ and MAr+ ions agreed with assumed properties of the ICP and the ion
extraction process in ICP-MS. An exception was the relatively low abundance of MgAr2+,
which was assumed to result from collision-induced dissociation during the ion extraction
process. The same authors406 looked at the abundance of doubly charged polyatomic Ar
interferences in ICP-MS spectra and how they affect ultratrace analyses and isotope ratio
measurements. Changing ICP parameters, such as raising carrier gas flow or lowering gas
temperatures, increased the abundance of the doubly charged molecular ions significantly.
4.3.4.3 Trace element determinations by laser ablation ICP-MS An interesting contribution407
highlighted the complexity of oxide production in LA-ICP-MS compared to that in solution
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ICP-MS. Although the total amount of oxygen in the ICP was significantly lower in LA-ICPMS, the contribution of oxygen from the ablated material influenced the oxide production rate
(OPR) for some elements. For example, the OPR was four times higher for Al, Si and W when
a silicate was ablated compared to a metal because of the much higher oxygen content of
silicates. In particular, the OPRs for Hf and Th were highly dependent on the minerals analysed.
Thus, Th OPRs varied between 0.09 and 0.2% depending on the mineral ablated, whereas those
for U were much more consistent (0.058-0.063%), with the exception of uraninite.
The high spatial resolution of LA-ICP-MS analysis, one of the major advantages of this
technique since it permits elemental and isotopic mapping and depth profiling, was exploited408
to resolve chemical variations in daily growth bands of Miocene and modern giant clams. A
rotating rectangular aperture was used to maximise the spatial resolution of line scans across
the sample surface. Data were acquired using laser spots of 4 × 50 µm at a scan speed of 1.5
µm s-1 and a 15 Hz repetition rate. No signal smoothing device was used. Six masses were
monitored. Results obtained by LA-ICP-MS at a spatial resolution of 4 µm in this study were
comparable to data obtained in other laboratories by nanoSIMS at a resolution of 2 µm. In
another application of in situ multi-element 2D imaging by LA-ICP-MS, single pyrite grains409
were mapped for nine elements to obtain information on the redox conditions existing during
pyrite formation. Raimondo et al.410 presented a technique for the routine acquisition of 2D
trace element maps of garnet minerals at high spatial resolution. They also developed an
extension to the XMapTools software package for rapid processing of the LA-ICP-MS data in
order to visualise and interpret compositional zoning patterns. The elemental maps obtained
were used to identify the mechanisms controlling geochemical mobility in garnet. The
distributions of Au, Hg, Se and Te in reduction spheroids (cm-scale pale spheroids in an
otherwise red rock) from continental red bed successions, measured by LA-ICP-MS,
revealed411 increased concentrations of Te towards the core. This showed that Te is mobile and
can be concentrated in such low temperature sedimentary environments, probably controlled
by a process such as microbiological activity. Petrelli et al.412 examined the potential of a LAQ-ICP-MS system for high resolution trace element analysis of volcanic glasses from ash
particles using laser beam sizes of 5 to 15 µm. They concluded that, for most geological
applications, a measurement precision of 15% for concentrations >1.7 µg g-1 and an accuracy
of <15%, obtained using 42Ca as the IS and with an 8 µm spot size, was acceptable.
Warburton et al.413 tested the reliability of depth profiling to obtain high resolution trace
element data for otolith microchemistry. The technique could yield accurate data if important
factors such as tailing effects, elemental fractionation and spot size were considered carefully.
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A combination of SIMS U-Pb and elemental LA-ICP-MS depth profiling techniques for
acquiring maps of unpolished zircon grains provided414 information on zircon recrystallisation,
rim development and mineral-fluid interactions.
4.3.4.4 Isotope ratio determinations Recent advances in the measurement of isotope ratios
have mainly involved the use of MC-ICP-MS, although quadrupole ICP-MS or SF-ICP-MS
featured in some applications. Table 7 provides a summary of some of the more significant
developments in the determination of the isotopic signatures of different isotope systems in
geological and environmental materials over the current review period.
Essential reading for anyone new to geological applications of LA-ICP-MS is an issue
of Elements (volume 12, number 5, 2016, see also section 4.3.1) which consists of a series of
review articles, including one378 (29 references) on the state-of-the-art in isotope ratio
determinations by LA-MC-ICP-MS, written by some of the leading practitioners in the field.
They highlighted developments in instrumentation and methodology that provided rapid and
cost-effective isotopic analysis with considerable flexibility compared to other microanalytical
techniques. The ability to acquire isotope maps and depth profiles was seen to be a particular
advantage in geoscientific research such as the elucidation of zonation patterns. Continuing
challenges such as matrix effects, uncertainty assessment, suitability of RMs and interferences
were considered, as well as new hardware advances, such as ICP instruments coupled to TOF
analysers.
The application of ICP-MS/MS to the LA analysis of geological materials is particularly
advantageous for in situ Rb-Sr and K-Ca dating. Holgmalm et al.415 evaluated N2O and SF6 as
reaction gases in preference to O2 for separating 87Sr from 87Rb in the reaction cell. The main
reaction products were SrO+ with N2O and SrF+ with SF6; Rb does not react with either gas.
Sensitivity was improved by a factor of ca. 10 with N2O and ca. 8 for SF6 compared to when
O2 was used. The same precisions for isotopic ratios and Rb–Sr ages could be obtained with
spot sizes of 50 and 80 µm. Furthermore, when SF6 was mixed with H2, it was possible to
measure 40Ca+ free from 40K+ and 40Ar+ interferences, thereby enabling simultaneous K–Ca and
Rb-Sr dating of high-K and low-Ca minerals, such as micas. Ohata et al.416 investigated the
potential of ICP-MS/MS for reducing or eliminating polyatomic
interferences on

35

Cl and

37

16

O18O1H and

36

Ar1H

Cl, respectively, during Cl isotope ratio measurements. The Cl

isotope ratios were an order of magnitude more precise when measured using a mixture of H 2
and O2 as reaction gas than when no reaction gas was used. In the concentration range 1-10 mg
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kg-1, the sensitivity and precision (0.2-0.5% RSD) obtained using H2 as reaction gas were
similar to those obtained using SF-ICP-MS.
Double-spike methods, commonly utilised for the measurement of radiogenic isotope
systems by TIMS for many years, are now being more widely adopted by the MC-ICP-MS
community. The double-spike technique normally requires the measurement of four isotopes
of the element of interest, but Coath et al.417 demonstrated that it was possible to apply doublespiking to elements with three isotopes, e.g. K, Mg and Si. Precisions and accuracies of around
0.01‰ were obtained for Mg and Si isotopic abundances measured by MC-ICP-MS but, in
contrast, the low abundance of 40K and the presence of the 40Ar isobar made K ill-suited to this
technique. A new protocol418 used a 180W-183W double spike for the MC-ICP-MS determination
of the stable W isotope composition of geological RM, steel, iron meteorite and chondrite
samples. An important aspect of this procedure was the efficient chemical separation of Hf
from W involving a three-stage anion exchange chromatography prior to measurement to avoid
isobaric interferences from highly abundant

180

Hf (ca. 35%) on the low abundance

180

W (ca.

0.12%). Isobaric dilution analysis (IBDA) was proposed as a novel calibration tool for longlived radionuclides419. In contrast to IDA, the spike is not an isotope of the target element but
of another element that shares an isobaric isotope and has similar chemical properties, thus
potentially providing a cheaper alternative to conventional IDA. The principle was
demonstrated by analysis of a mixture of Dy and Gd standard solutions by single collector SFICP-MS. These elements have isobaric isotopes at m/z 160. The resulting ratio of m/z 157 to
m/z 160 differed by only 0.01‰ from the same ratio determined by IDA. The concept was
subsequently applied to the determination of 99Tc in a contrast agent.
The importance of accurate correction of mass-dependent fractionation during Pb
isotope measurements was highlighted420 in a MC-ICP-MS study of lavas, from islands in
French Polynesia, previously characterised by TIMS for their Hf-Nd-Pb-Sr signatures. The Pb
isotope ratios obtained by MC-ICP-MS were significantly different from TIMS literature data
and had a much smaller spread. This discrepancy resulted from an improved mass fractionation
correction procedure applied in MC-ICP-MS analysis, in which a Tl-doped solution was added
to all the sample solutions in a SSB approach. Regional variations in the Pb isotope data seen
in previous TIMS studies disappeared when the new MC-ICP-MS data were plotted, thus
necessitating a revised geological interpretation of the origin of the lavas. Using silicate glasses
as samples, Dai et al.421 employed the LA split-stream (LASS) technique with MC-ICP-MS
and quadrupole ICP-MS analyses to obtain in situ major and trace element concentration data
and Pb isotope ratio data simultaneously from a single laser spot. Operation of an excimer ArF
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LA system at a repetition rate of 15-20 Hz and a spot size of 160 µm gave precisions of 0.17%,
0.074%, 6.7%, 3.0% and 4.3% for
206

208

Pb/206Pb,

207

Pb/206Pb,

208

Pb/204Pb,

207

Pb/204Pb and

Pb/204Pb, respectively, for samples with Pb contents >20 μg g-1. A gas-exchange device

used422 in the measurement of Pb isotopes in ore samples by MC-ICP-MS removed Hg vapour
from sample aerosol particles produced by LA of mercury-rich sulfides. The device reduced
the interference of 204Hg on 204Pb without affecting the Pb signal intensity, thereby improving
the within-run precision, external reproducibility and accuracy of the measurements. As noted
by other researchers, matrix effects occurred when silicate RMs were used for external
standardisation in the analysis of sulfide samples so matrix-matched calibration was necessary.
The USGS RM MASS-1 (synthetic polymetal sulfide) and a natural sphalerite Sph-HYLM
were demonstrated to be suitable for this purpose.
In the field of LA-ICP-MS U-Pb zircon geochronology, an interesting contribution423
demonstrated the capabilities of a detector system equipped with 16 FCs, 4 EMs and two Daly
detectors for the simultaneous detection of 206Pb and 207Pb. The Daly detectors featured better
long-term gain stability compared to a conventional EM during 10 h runs monitoring
135

Ba/138Ba and

136

Ba/138Ba. The wide dynamic range of the Daly detectors (100 to 107 cps)

overlapped by several orders of magnitude that of a FC (104 to 1010 cps), making crosscalibration between the detectors possible. The 207Pb/206Pb ratio for the zircon 91500 RM was
measured on the Daly detectors with an analytical precision of ca. 5% (n=15) and a relative
deviation from the literature value of -0.04%. This instrument configuration was particularly
advantageous for the analysis of young zircons and small sample masses. In another LA-MCICP-MS zircon study424, a multiple ion counting system equipped with six full-size EMs was
used to detect simultaneously the ion signals from
238

202

Hg,

204

(Hg+Pb),

206

Pb,

207

Pb,

208

Pb and

U and so achieve high-precision U-Pb isotope ratio measurements at improved spatial

resolution. The U-Pb age of 336.31.9 Ma obtained for the Plešovice zircon (Czech Republic)
using a LA spot size of 25 µm and ablation duration of 2.5 s was more precise than that of
340.33.5 Ma achieved by single collector SF-ICP-MS under the same ablation conditions. To
take full advantage of the instrumental setup, 1 s ablations were adopted. These produced
craters with depths of <1 µm and diameters of 25 µm so, unsurprisingly, the resultant U-Pb age
of 339.56.7 Ma for Plešovice was significantly less precise but still comparable to the age
obtained using conventional ablation with single collector ICP-MS. Marillo-Sialer et al.425
considered radiation-induced structural defects, trace element composition, colour and
crystallographic orientation as possible causes of variation in ablation behaviour between
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different zircon matrices that might bias U-Pb ages as determined by LA-MC-ICP-MS.
Crystallographic orientation and colour had a negligible effect compared to the combined
influences of radiation damage and cation substitution in some zircon samples. Thermal
annealing at temperatures >1000 °C resulted in much more uniform ablation behaviour
between different zircon matrices, thereby improving accuracy of U-Pb age determinations
significantly.
Guillong et al.426 applied a new

230

Th/238U disequilibrium method to obtain age

determinations of young zircons (10-300 ka) using single collector LA-SF-ICP-MS. Special
attention was paid to the correction of polyatomic oxide interferences on m/z 228 and 230, to
abundance sensitivity correction for the tail of the intense

232

Th signal on

230

Th and to

corrections for mass bias and the relative sensitivity of Th and U. A robust procedure for the
determination of the LODs, especially that for 230Th, was applied. The method was validated
by analysing well-characterised zircons RMs (91500, AusZ-7, Temora2, GJ-1, OD-3, FCT and
Plešovice) and samples previously analysed by SIMS. The Th-U ages derived by LA-SF-ICPMS and their precision (ca. 1%) were comparable with SIMS data for these zircons.
The application of uranium-Pb geochronology to other accessory minerals, such as
apatite, is also possible. When Thompson et al.427 used LA with quadrupole ICP-MS to
determine the U-Pb ages of several apatite RMs, there was a systematic bias of up to 3%
compared to data obtained by IDMS. This bias was attributed to elemental fractionation at the
ablation site. Because accurate U-Pb age determinations in apatite are compromised by variable
amounts of common Pb incorporated into the crystal during growth, Wohlgemuth-Ueberasser
et al.428 used LA-ICP-MS to determine the Pb isotopic composition in a coexisting mineral in
order to estimate the initial Pb isotopic composition of apatite. The resulting age information
was deemed to be accurate and precise using plagioclase for the common Pb corrections, rather
than K-feldspar which is normally used for this purpose. The U-Pb dating of hematite (α-Fe2O3)
can provide valuable information on the formation of ore deposits, but relies on the availability
of matrix-matched calibration materials for LA-ICP-MS analysis. To address this problem429,
a U-Pb solution in 2% HNO3 with known isotopic ratios was aspirated and mixed in the
nebuliser with the aerosol produced by ablating a pure synthetic hematite sample. Apart from
dispensing with the need for a isotopically homogeneous natural hematite RM, this approach
meant that the concentration and isotope ratios of the solution could be adjusted to match those
of the unknown samples, making the method efficient for dating hematite samples containing
low (ca.10 µg g-1) to high (>1 wt%) U concentrations. An empirical study430 of allanite U-Pb
geochronology using 193 nm LA-ICP-MS examined the use of NIST SRM 610 (trace elements
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in glass) for calibration purposes to overcome the lack of homogeneous matrix-matched
materials. Although such an approach has been attempted before with mixed results, optimised
laser operating conditions of 25 s ablations at 1 J cm-2, 3 Hz and a 45 µm crater produced
negligible time-dependent Pb/U and Pb/Th fractionation. The results of this study were
promoted as a guide for the LA-ICP-MS community towards matrix-independent U-Th-Pb
geochronology for a wide variety of major and accessory minerals.
Molybdenum isotope variations in magmatic rocks were the focus of a detailed
review431 (229 references), which included an overview of separation techniques using anionicexchange resins and analytical methods mainly involving MC-ICP-MS combined with doublespike methods. Willbold et al.432 developed a new low-volume, single-pass chromatographic
technique for the separation of Mo from silicate and Fe-rich metal matrices prior to MC-ICPMS analysis. The procedure, which used a combination of a strong anionic-exchange resin with
a loading solution of a mixture of HCl and ascorbic acid, was said to be ideal for treating silicate
samples with low Mo contents, such as basalts and andesites. An improved methodology433 for
the calibration of Mo isotope ratio measurements by MC-ICP-MS employed NIST SRM 987
(Sr isotope standard) to correct for instrumental mass discrimination using a regression model.
The novelty of the method was the use of controlled changes in the magnitude of instrumental
mass discrimination, achieved by small incremental changes in plasma rf power, to define the
relationship between isotope ratios of the analyte (Mo) and the IS (Sr).
The influence of LA parameters on the isotope fractionation of B and Li was explored322
using 193 nm ns and 266 nm fs laser systems coupled to a MC-ICP-MS instrument and crater
diameters of 30-200 µm. Higher repetition rates and larger spot sizes increased the fractionation
of lighter isotopes by up to 8‰ for δ11B and δ7Li. This was primarily caused by mass loading
effects in the ICP, although thermal fractionation at the LA site was also a contributory factor.
Thermal effects are usually smaller with fs laser system but, in this study, the shape of the fs
laser craters was not very reproducible, resulting in a larger bias compared to the ns LA results.
Reproducible ablation of basalts and reference glasses could be achieved by maintaining a
constant spot size, a repetition rate of 5 Hz and an energy density of 20 J cm-2. A novel
correction for ablation volume resulted in repeatability and laboratory bias better than 1‰ for
both δ11B and δ7Li.
The influence of different inorganic acids on B isotope measurements by MC-ICP-MS
was studied434 using B solutions containing HCl, HNO3 and HF at concentrations up to 0.2M.
In general, the acids enhanced the B signal intensities and reduced the isotopic mass bias
compared to the same B concentration in water. The use of HNO3 was recommended since it
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yielded similar signal intensities as HCl but did not require rigorous acidity matching to avoid
mass bias and was less hazardous than HF, which gave the highest signal intensities. Previous
studies have observed differences in MC-ICP-MS and NTIMS measurements of δ11B in marine
carbonates. This was investigated435 using a suite of 18 samples, comprising inorganic calcite
grown under controlled pH conditions and planktonic foraminifera of Quaternary age. The
NTIMS results were 0.5-2.5‰ higher than those from MC-ICP-MS but the cause for this offset
remained unclear and could not be attributed to varying B/Ca ratio in NTIMS or the increased
sample processing necessary for MC-ICP-MS. However, measurements of inorganic calcites
precipitated from parent solutions of varying pH confirmed that both techniques showed the
same relationship of pH to calcite δ11B within uncertainty, indicating that relative δ11B changes
generated from NTIMS and MC-ICP-MS measurements were comparable.
An innovative analytical method144 involving on-line separation of Sr from the sample
matrix by IC prior to MC-ICP-MS analysis provided high throughput, robust and sensitive online measurements of 87Sr/86Sr ratios with minimum contamination in complex natural samples
including carbonate and silicate rocks. The precision of 0.003% (2σ) was only 2-3 times worse
than could be obtained by labour- and time-intensive off-line TIMS or MC-ICP-MS techniques.
A thorough investigation436 of potential Ca- and P-based interferences, which could have a
significant influence on Sr isotope ratio measurements in bioapatite and calcium carbonate
matrices by LA-ICP-MS, underlined the complex nature of such analysis. Correction of
instrumental isotopic fractionation was identified as the biggest challenge. Accurate Sr isotope
ratios could be obtained provided adequate corrections for interferences and instrumental
isotopic fractionation were incorporated into the analytical protocol and consideration was
given to the resulting expanded uncertainties, which might limit the use of LA-MC-ICP-MS
depending on the particular application. Another contribution437 on

87

Sr/86Sr ratios

measurements by LA-MC-ICP-MS focused on the analysis of fossil teeth. The major
polyatomic interference at mass 87 was

40

Ar31P16O rather than

40

Ca31P16O and could

significantly bias results towards higher values compared to TIMS analyses, especially for
samples with low Sr mass fractions. Tuning the instrument to low oxide production rates
reduced the offset between TIMS and LA-MC-ICP-MS 87Sr/86Sr ratios from 0.00266 obtained
without special tuning to an absolute mean difference of 0.00003 (n=21).
A method438 for high precision measurements of Os isotopes by MC-ICP-MS and
NTIMS, incorporating a
187

Os/188Os and

186

188

Os-190Os double spike, permitted simultaneous measurement of

Os/188Os ratios as well as the stable Os isotope composition expressed as

δ190Os. Relative to the IAG DROsS Os isotope RM, the internal precision was 0.01-0.02‰ for
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δ190Os and <40 ppm for

187

Os/188Os and

186

Os/188Os for both techniques. This study reported

the first stable Os isotope compositions for four geological RMs: Durham University in-house
RM GP-13 (Iherzolite) and CRPG RMs UB-N (serpentinite), CHR-Bkg (chromitite) and CHRPt+ (chromitite). The Os ratios were the same within the analytical uncertainty and so provided
a preliminary δ190Os value of +0.130±0.032‰ (2SD; n=4) for the Earth’s upper mantle. Ultrafine sulfide powder pellets and fused beads, used as calibrants for in situ measurements of Os
isotope ratios in sulfides by LA-MC-ICP-MS, were prepared439 from CNRCG RMs
GBW07268 (chalcopyrite) and GBW07267 (pyrite) doped with standard solutions of Ir, Os,
and Rh. The homogeneity of the powder pellets for

187

Os/188Os and 187Re/185Re was assessed

by line scans and spot analyses. Greater phase separation was detected in the chalcopyrite fused
beads than in the pyrite ones. Using the pressed pellets as matrix-matched RMs and applying
a modified method to calculate mass fractionation coefficients, data for 187Os/188Os in sulfides
were within 0.5% of the reference values for samples with 187Re/188Os <0.6.
To date, very few measurements have been made of the isotopic composition of Ga in
geological samples. Zhang et al.164 developed a three-column ion-exchange chromatography
method for the determination of Ga isotopes by MC-ICP-MS in a range of geological materials.
One anion-exchange AG MP-1M column and two cation-exchange AG 50W-X8 columns were
employed in the purification scheme. The SSB technique corrected for instrument mass bias
using Cu as the IS. The bracketing standard was a 200 ng g-1 solution of NIST SRM 994 (Ga
metal) and the IS was prepared from NIST SRM 3114 (copper solution). The long-term
reproducibility for δ71Ga was 0.04‰ (2SD). Interestingly, Kato et al.440 described a similar
three-step ion-exchange chromatography protocol to separate Ga from rock samples prior to
the determination of their Ga isotopic composition by MC-ICP-MS. Initially, matrix elements
were removed on anion-exchange resin AG MP1, then Fe was separated from Ga on AG 50WX12 and finally Ba was separated using a similar elution protocol to step 1 but with much
smaller volumes. Analysis of a range of mafic rocks from geological settings yielded almost
identical δ71Ga values of 0.00±0.06 (2SD) relative to a commercial ICP Ga standard solution.
This was interpreted as the best estimate for the Ga isotopic composition of the bulk silicate
Earth. External reproducibility was 0.05‰ based on replicate measurements of basalts USGS
BHVO-2 and BCR-2. However, in this study, all the δ71Ga data were calculated relative to a
commercial ICP Ga standard solution and not NIST SRM 994. Consequently, the δ71Ga values
for USGS RMs BCR-2 and BHVO-2 (basalts) differed greatly from those reported by Zhang
et al.164. A two-stage purification method for the determination of Ga isotope ratios by MCICP-MS was based441 on columns containing AG 1-X4 and Ln-Spec resins. The reproducibility
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of the MC-ICP-MS analyses was better than 0.05‰ (2SD). Some of the measurements were
performed in the IPGP laboratories in Paris where the protocol of Kato et al.440 was developed,
so similarities in some of the methodology is not surprising. Although it is likely that the large
spread of -0.05‰ to +0.74‰ in δ71Ga values for BHVO-2 reported from these three studies
can be explained by differences in correction strategies and the RMs employed, there is
insufficient information to be certain. Unfortunately, none of the publications offered
information on how well the 71Ga/69Ga ratios measured for the bracketing RMs agreed with
certified or published data. What is clear is the Ga isotope community needs to address the
issue of an internationally recognised delta zero for this system with some urgency!
Particle size distributions in aerosols produced during fs and ns LA were found to have
a significant influence on the accuracy of stable Fe isotope ratio measurements by LA-MCICP-MS442. The ablation characteristics of the ns laser (193 nm) varied according to the
substrate and laser fluence and resulted in variable particle morphology, particle size
distributions and Fe isotope fractionations, with possible non-stoichiometric sampling of
different natural Fe minerals, including magnetite (Fe3O4), siderite (FeCO3), pyrrhotite (Fe4S5),
and pyrite (FeS2). In contrast, fs LA (266 nm) produced more consistent ablation as these
dependencies were minimised. It was concluded that fs LA was superior to ns LA because of
the more uniform particle size distributions and stoichiometric sampling. The advantages and
disadvantages of cold plasma conditions443 for Fe isotopic analysis by MC-ICP-MS were
evaluated under wet and dry aerosol conditions and different instrument cone configurations.
When standard interface cones were in place, changing from a hot to a cold plasma reduced Fe
instrumental mass discrimination but with a high-efficiency jet interface mass discrimination
was about the same under both plasma conditions. A cold plasma combined with pneumatic
nebulisation (wet plasma) suppressed the spectral interferences 40Ar16O+ and 40Ar14N+ but not
40

Ar16O1H+. Analysis of several geological RMs, including USGS PCC-1 (peridotite) and

BHVO-2G (basalt) and CRPG IF-G (iron formation), demonstrated that accurate

56

Fe/54Fe

measurements could be achieved in low resolution mode using a cold plasma and standard
interface.
In an investigation of factors affecting instrumental mass bias when measuring Si stable
isotopes by MC-ICP-MS under dry plasma conditions, Oelze et al.444 discovered that the
addition of Mg was very beneficial. Not only did the addition of Mg reduce variations in mass
bias but it also increased Si ion intensities. In addition, variations in Mg and Si concentrations
and HCl molarity between samples and the bracketing standards were tolerated to a much
greater degree without affecting the instrumental mass bias. Two approaches for the
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simultaneous in situ determination of the elemental composition and stable Si isotope ratios of
geological samples were evaluated445. The first used LASS with MC-ICP-MS and quadrupole
ICP-MS detection and the second one employed direct observation of the emission profile of
an MC-ICP-MS plasma. A fs LA system provided the sample aerosol to both setups.
International geological RMs were used to evaluate both methods, which provided accurate
δ30Si data with an uncertainty of better than 0.23‰ (2SD). The LASS method was considered
to be superior for the measurement of element concentrations down to the µg g-1 level because
of its higher sensitivity and the ability to determine trace as well as major element
concentrations.
Discrepancies in δ26Mg data obtained by different laboratories for the San Carlos
Olivine prompted a thorough investigation of the homogeneity of this material446. Analytical
artefacts (e.g. levels of matrix removal, low Mg yields of column chemistry, mismatch of Mg
concentrations and acid molarity) and changes in δ26Mg values of standard solutions during
long-term storage were responsible for the differences rather than any heterogeneity in the Mg
isotopic composition of the olivine. The new δ26Mg data were homogeneous to within 0.03‰
and therefore consistent with the narrow range of δ26Mg values of mantle olivine worldwide.
Thus it was confirmed that San Carlos Olivine is a suitable RM for Mg isotope analysis.
4.3.5 Thermal ionisation mass spectrometry
It is now widely accepted that the accuracy of TIMS measurements can be improved by
modifications in the configuration of the detection system. Quemet et al.447 demonstrated that
the increased sensitivity achieved by using either Faraday cups (FCs) coupled to a 10 12 Ω
resistors, rather than the commonly used 1011 Ω resistors, or EMs for

235

U and

234

U

measurements reduced the U quantity required from 250 ng to 100 ng for 235U/238U and from
50 ng to 3 ng for

234

U/238U. A useful synthesis of the findings from this study provided the

range of sample masses for which a target accuracy could be achieved with different detector
configurations. Wotzlaw et al.448 used 1013 Ω resistors to obtain precise and accurate
measurement of U abundances in zircons by ID using the UO2 isotopologues at masses 265,
267, 270 and 272 and with an improved correction for isobaric interferences from minor UO2
isotopologues. The different data collection routines compared included dynamic peak hopping
on a secondary EM and static multicollection. Single U-Pb dates were determined with
uncertainties of <0.2‰ and the corresponding weighted mean dates with uncertainties of
<0.1‰.
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The deterioration of FCs449 caused by strong ion beams is an issue when making highprecision isotope ratio measurements by TIMS. A comparison of the long-term fluctuations
and reproducibility of Nd isotope ratios measurements acquired over 8 months in three different
modes (static, dynamic and multistatic) revealed that static methods yielded high-precision data
only when all the FCs were relatively new. Data from the multistatic method were more
sensitive to deterioration of the FCs than those from the dynamic method, which therefore was
most effective in minimising FC degradation. Li et al.450 developed a method for Cr isotope
ratio measurements based on an improved two-column chemical separation procedure and
addition of a highly sensitive Nb2O5 emitter to enhance the Cr ionisation efficiency. The 10fold increase in sensitivity provided by the Nb2O5 emitter allowed the amount of sample on the
filament to be reduced from 200 ng to 5 ng. In addition, the use of W filaments instead of the
more commonly used Re filaments reduced costs significantly. The isotopic fractionation of
Ca during column chemistry followed an exponential law451. The more Ca that was eluted, the
lower the δ44Ca/40Ca value of the eluate became. Instrumental fractionation deviated from an
exponential law when mixing of sample reservoirs on the filaments occurred. A model for
checking the behaviour and degree of instrumental fractionation was proposed as a quick check
on the TIMS data quality. Fukami et al.452 reported an optimised analytical protocol for precise
isotope ratio measurements of sub-ng amounts of Pb by total evaporation TIMS. Parameters
examined included different ionisation activators, quantity of activator, width of the sample on
the filament, various filament heating regimes and data reduction strategies. The method was
suitable for use with a

204

Pb-207Pb double spike, which is an advantage for laboratories that

have difficulty in sourcing 202Pb-205Pb spike solutions.
Vollstaedt et al.453 investigated the potential and limitations of Se isotope ratio
measurement with state-of-the-art TIMS instrumentation in static mode. The NTIMS analysis
provided better precision than HG-ICP-MS with fewer isobaric interferences, which can be a
big drawback in the measurement of Se by ICP-MS, but Se memory effects accumulated during
analysis and could not be removed sufficiently by cleaning techniques. This led to the
degradation of precision for δ80Se/78Se over time. The authors concluded that if these memory
problems could be solved, the accuracy and precision of NTIMS analysis of Se isotope ratios
would be superior to those by HG-ICP-MS.
Additional contributions to high-precision isotope ratio determinations by TIMS are included
in Table 7.
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Table 7

Methods used in the determination of isotope ratios in geological materials by ICP-MS and TIMS
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Matrix
Geological RMs
(silicates,
carbonates,
barites)

Sample treatment
Two methods of preparation: (a) for MC-ICP-MS,
addition of 130Ba–135Ba double spike before cationexchange procedure on Dowex 50W-X8.Total
procedure blanks <0.9 ng; (b) for TIMS, digests
mixed with 132Ba-136Ba enriched double spike, cationexchange chromatography on AG 50-X8 resin.
High pressure/temperature acid digestion using an
UltraCLAVE system and a one pass, single column
matrix separation on AG 1-X8 anion-exchange resin.

Technique
MC-ICPMS, TIMS

Analysis and figures of merit
Ba isotope data for 12 geological RMs by MCICP-MS and TIMS, reported relative to NIST
SRM 310a (Ba solution). For both techniques,
intermediate measurement precision (2SD) better
than ±0.054‰ in δ137Ba/134Ba.

Reference

MC-ICPMS

28

Silicate rock
RMs

Li-free glass, prepared from SiO2, MgO, Al2O3, CaO,
FeO, TiO2 and Na2O powders, used as a wash
sample. Eight RMs and wash sample mounted in
epoxy resin for ablation with 193 nm excimer laser.

LA-ICPMS

Iron meteorites
and chondrites

Silicates digested in HF-HNO3 and Fe meteorites in
HCl. Mo purified using two-stage anion-exchange
chromatography on AG 1-X8 resin. Total analytical
blank 0.9±0.3 ng, yield 50-65%.

NTIMS

Measurements using 9 FCs in dynamic mode.
Reproducibility over several months was 0.11‰
(2SD). NIST SRM 979 (Cr solution) used as δzero standard.
In situ measurements optimised for signal
intensity and isotope ratio stability. SSB approach
using USGS glass RM BCR-2G (basalt). Li-free
glass ablated as a wash sample to reduce Li
memory effect between each sample.
Re double filaments with La(NO3)2 added as an
electron emitter. Mo isotopes measured as MoO3on 9 FCs in a single line static method. In situ
oxide correction made using 100Mo18O16O2- and
92
Mo17O16O2- measured on FCs equipped with
1012Ω resistors.
100
SSB and Mo–97Mo double-spike methods of
correcting for mass fractionation compared.
Results consistent, within error, but double spike
method preferred for samples with <0.5 µg g-1
Mo. Analytical precision better than ±0.04‰
amu-1 for 101 to 103 ng g-1 Mo.
Nd isotopes measured in static low-resolution
mode with FCs with 1011 Ω resistors; 140Ce and
147
Sm monitored using FCs with 1012 Ω resistors
to correct for isobaric interferences. SBB
approach using GSJ RM JNdi-1 (Nd oxide).

Chromites

Rock RMs and
standard
solutions

100

Mo–97Mo double-spike added before stepwise
digestion methods according to lithology.
Purification by anion/cation-exchange resin doublecolumn procedure using AG 1-X8 (100–200 mesh)
and AG 50W-X8 (200–400 mesh).

MC-ICPMS

Rock RMs and
synthetic Nd
RMs

Rock powders digested with HF–HNO3; final
solution in HCl. 4 column separation of Nd using: (a)
AG 50W-X8 200–400 mesh resin (b) Ln-spec 50–
100 mm resin, (c) Ln-spec 25–50 mm resin, (d) AG
50W-X8 200–400 mesh resin. Nd recovery was
>99%.

MC-ICPMS

454

455

456

457

458
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Iron meteorites

Iron meteorites
and chondritic
metal

Chromitites, OsIr-Ru alloy
grains and
meteorites

Geological RMs,
chromitites

Solid RMs

After leaching in HCl, samples dissolved in HNO3HCl. Pd purified in a two column anion-exchange
procedure using AG 1-X8 resin, with an intermediate
evaporation step, to remove Ru, before loading onto
the second anion-exchange column. Total yield from
both columns was generally >50%. Procedural blanks
were <1.2 ng g-1 Pd.
Dissolution in reverse aqua regia (3+1 HNO3 and
HCl). After Os extraction using solvent extraction
with CCl4, Re purified in 2 column procedure using
cation-exchange resin AG 50W-X8 followed by
anion-exchange on AG 1-X8 resin. Final solutions
spiked with NIST SRM 3163 (W standard).
Chromitites and Os-Ir-Ru alloys digested by the
Carius tube technique, meteorite digested with HCl.
Purification using a two-step column chemistry with
AG 50W-X8 cation-exchange resin and AG 1-X8
anion-exchange resin. Ru further purified by
microdistillation.
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Ru–101Ru double spike added prior to sample
digestion in Carius tubes. Purification of Ru by
cation-chromatography on AG 50W-X8 resin
followed by distillation of Ru as volatile oxides.
Total recovery of Ru from column chemistry was
>95%.Total procedural blank was 41±17 pg Ru
(1SD).
Isotopic RMs IAEA-S-1 (solid Ag2S), IAEA-S-2
(solid Ag2S) and IAEA-S-4 (pure S) dissolved by
microwave-assisted digestion in HNO3 and H2O2.

MC-ICPMS

MC-ICPMS

NTIMS

MC-ICPMS

SF-ICPMS, Q-ICPMS, ICPMS/MS,
MC-ICPMS

All Pd isotopes measured simultaneously on FCs
fitted with 1011 Ω resistors, while also monitoring
101
Ru and 111Cd on FCs with 1012 Ω resistors.
Instrumental mass fractionation correction via
SSB. External reproducibility (2SD) was 1.29 for
ε102Pd, 0.22 for ε104Pd, 0.11 for ε106Pd and 0.27
for ε110Pd .
All Re isotopic ratios measured on an instrument
equipped with 9 FCs and 1011 Ω resistors. Mass
fractionation corrected by normalising to
186
W/184W = 0.927672 using the exponential law.
Precision of δ187Re values was ±0.02‰ (2SE).
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Samples loaded onto single Pt filaments and
coated with activator solution of NaOH-Ba(OH)2.
Ru isotopes measured as trioxides (RuO3−) in a
static method on 7 FCs. Corrections for possible
interferences from Ba, Mo, Pd and Zr were not
necessary. External reproducibility for
100
Ru/101Ru ±6.4 ppm (2SD)
Addition of N2 to the sample gases minimised
oxide formation. Simultaneous collection in a
single cycle using FCs connected to amplifers
with 1011 Ω resistors for Ru isotopes and 1012 Ω
resistors for Mo and Pd isotopes. External
reproducibility of 0.05‰ for δ102Ru/99Ru (2SD).
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Evaluation of 34S/32S measurements on different
single collector ICP-MS instruments and by MCICP-MS using different instrumental isotopic
fractionation corrections. Combined uncertainties
0.3-0.5% for Q-ICP-MS, 0.08% for SF-ICP-MS,
0.26% for ICP-MS/MS and 0.02% for MC-ICPMS in edge mass resolution mode.
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Pyrite

Pyrite and silver sulfide RMs were embedded
separately in epoxy resin on glass slides and polished
to obtain flat surfaces.

LA-MCICP-MS

Igneous and
sedimentary
rocks

Silicate rocks decomposed with HF-HClO4-HNO3,
dolomitic sample leached with 6M HCl. Separation
of Sm from other REEs achieved by four-step cationexchange column chromatography procedure using
AG 50W-X8 resin. Sm yield >97%, total chemical
blank of Sm <20 pg.

TIMS

Cassiterite

Cassiterite powders mixed with KCN and reduced in
a muffle furnace at 900 °C. One half of the Sn beads
produced was dissolved in HCl, diluted and spiked
with Sb. The other half was embedded in epoxy resin
for LA.
Ta standard solution prepared from high purity Ta
metal purchased from the Ames laboratory, USA. Ta
metal and commercially-available standard solutions
were used throughout this study.

MC-ICPMS, fs LAMC-ICPMS

Synthetic glass RMs were prepared from Ca–Mg–
Al–Si oxides to mimic composition of Ti–Al rich
pyroxene commonly found in Ca-Al-rich inclusions
in chrondites. Glass then powdered and doped with
varying amounts of pure oxide powders of Ca, Cr and
V, before re-melting and quenching to produce
glasses for correction of potential isobaric
interferences and matrix effects. These were mounted
with an undoped glass in epoxy and polished.

LA-MCICP-MS

Standard
solutions

Ca–Al-rich
inclusions in
Allende CV3
chondrite

MC-ICPMS

Study of S isotope fractionation behaviour in
pyrite during LA with 193 nm ArF excimer
system. SEM and TEM used to characterise
debris formed during LA. SSB approach with
matrix-matched pyrite RM recommended with
high raster velocity to reduce fractionation.
Comparison of unspiked and samples spiked
with150Sm-154Sm. Samples loaded on Re triple
filaments together with 0.5 µl of 2M H3PO4.
Isobaric interferences of Nd+ on 144Sm, 148Sm, and
150
Sm corrected using the Nd natural isotope
ratios. Interference of Gd+ on 152Sm and 154Sm
was negligible.
Comparison of Sn isotope ratios measured by
solution and fs LA MC-ICP-MS. In-house RMs
defined for SSB, with a pure Sn rod used as the
bracketing standard for LA and an Sb solution for
mass bias correction.
Comparison of data from two different collector
setups ,involving FCs with 1010 Ω, 1011 Ω, 1012 Ω,
and 1013 Ω resistors in different combinations.
External mass bias correction using Yb spiked
into Ta solutions. Isobaric interferences
corrections based on 180Hf/178Hf = 1.2863 and
180
W/183W = 0.008304. External reproducibility
was ±4ε for 180Ta/181Ta (2SD).
Measurements by MC-ICP-MS in medium
resolution in multi-dynamic mode on FCs in two
peak jumping steps. Correction of instrumental
and natural mass-dependent fractionation using
SSB and internal normalisation to 49Ti/47Ti =
0.749766. Isobaric interferences from Ca, Cr and
V corrected using the synthetic glasses. External
reproducibility (2SD) was ±0.4, ±0.5 and ±1.8 for
ε46Ti, ε48Ti and ε50Ti, respectively.
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V-rich minerals
and basalt RMs

(a) For in situ analyses, samples mounted in epoxy in
separate holding rings. (b) For solution MC-ICP-MS,
various digestion schemes depending on starting
material. After drying, all samples were treated with
HCl. Three column purification to remove, stepwise,
Fe, Ti+Zr+Hf, and then the remaining matrix
elements.

fs LA-MCICP-MS,
MC-ICPMS

W solutions and
iron meteorites

Commercial W standard solutions measured without
any pretreatment. Method said to be applicable to
analysis of iron meteorites but no details given.

NTIMS

Metal alloys

NIST SRM 129c (Fe-Ni steel) digested in HNO3HCl, dried and fluxed in concentrated HCl, dried and
redesolved in HCl-HF. Purification of W two-column
procedure using AG 1-X8 anion-exchange resin.
Total chemical yields 60-80%, full procedural blank
0.26±0.15 ng.

MC-ICPMS

In situ analyses of stable V isotopes using a 194
nm fs LA system. Solution of Fe standard IRMM014 aspirated into ablation aerosol for
instrumental mass bias monitoring by measuring
57
Fe/56Fe; δ51V values determined relative to V
metal via SSB. LA and solution data agreed well
with each other, typically within 0.1‰ units.
Average precision of 0.1‰ (2SD) for δ51V for
solution MC-ICP-MS and <0.33‰ (2SD) by fs
LA-MC-ICP-MS.
Solutions loaded onto single Re filaments with
activator solution containing 5 µg of La and Gd in
5% HNO3. Oxide corrections made using
86 16
W O218O− and 187Re16O218O− measured on 2
FCs equipped with 1012Ω resistors. Long-term
reproducibilities (2SD) for 182W/184W and
183
W/184W better than 5.7 ppm and 6.6 ppm,
respectively.
178
Hf, 181Ta and 188Os monitored to correct
isobaric interferences on 180W, 184W and 186W.
Instrumental mass bias corrected via SSB with
NIST SRM 3163 (W solution). External
reproducibility (2SD) for ε180W was ±0.49 and
±0.48 using 186W/184W and 186W/183W,
respectively, better by a factor of ca. 2.4
compared to previous studies. External precisions
(2SD) for other W isotope ratios < ±0.08.
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4.3.6 Secondary ion mass spectrometry
Trace element measurements were performed472 across the interface of synthetic zircons and
their co-existing silicate melt by nanoSIMS to determine zircon/melt partition coefficients.
Because of heterogeneities in zircon’s chemical composition at the sub-µm to µm scale, an
analytical technique with very high spatial resolution, such as nanoSIMS, was required. Results
for Ce, Ho, Lu, P, Sm, Ti and Y indicated a much smaller variation in zircon/melt partition
coefficients than previously published. This was thought to be due to the lower spatial
resolution of the analytical techniques used previously, which were unable to resolve zones of
variable elemental composition within the zircon grain. The nanoSIMS methodology was also
applicable to the determination of elemental distributions in other zoned minerals. Nitrogen
was determined in melt inclusions in silicate glasses473 by SIMS to obtain information on the
release of volatile elements through volcanic eruptions. A novel aspect of this procedure was
the use of ion implants of basaltic and rhyolitic glasses for N calibrations. The water content in
the inclusions significantly affected the ion yields of 14N+ and 14N16O- as well as the background
intensities of

12 +

C and

14

N+. In the application of Ti-in-zircon thermometry to very old

zircons474, higher Ti values were obtained when using LA-ICP-MS than when using SIMS.
Plots of the Ti/Zr intensity ratio against time or depth showed an increase in the ratio with depth
for these zircons, suggesting that the elevated Ti contents were an artefact of downhole
fractionation in LA-ICP-MS.
The relative sensitivity factors (RSFs) of REEs determined in the nanoSIMS analysis
of zircon, apatite and NIST SRM 610 (trace elements in glass) varied475 considerably so it was
concluded that absolute concentrations of REEs could only be determined using calibrations
based on matrix-matched RMs. Steele et al.476 highlighted the difficulty in making accurate
Cr/Mn measurements in carbonate minerals by SIMS because of matrix effects. The Cr/Mn
RSFs for a range of carbonate phases implanted with Cr varied systematically with the
chemical composition of the different carbonate minerals. An empirical correction scheme was
therefore proposed.
The increasing importance of stable isotope analysis by SIMS is reflected in the number
of newly-developed isotope RMs for SIMS analysis. Such RMs are vital because matrixmatched calibrations are essential for this technique. In addition to zircon M127-A333 (see
section 4.1), gem-quality apatites were evaluated as potential oxygen RMs
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. A suite of

carbonate RMs was developed for the calibration of oxygen and carbon isotope
measurements478,479. Two quartz samples, UNIL-Q1 (Torres del Paine Intrusion, Chile) and
BGI-Q1 (Shandong province, China), previously characterised as RMs for trace element
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analysis by Audetat et al.480, were proposed481 as suitable RMs for SIMS analysis. The SIMS
measurement precisions were <0.41 ‰ (2SD) for UNIL-Q1 and <0.48‰ (2SD) for BGI-Q1.
Reference δ18O values were determined by CO2 laser fluorination. Monazite RMs are scarce.
Three monazites482, from Brazil, Madagascar and Namibia, were considered to be potential
RMs for O isotope analysis because of their homogeneous chemical and oxygen isotope
composition. Uncertainties for the SIMS measurements were in the range of 0.3 to 0.4‰ (2SD);
δ18O values by laser fluorination were also available. To widen the applicability of SIMS
oxygen isotope analysis to solid solution minerals, the homogeneity of two new pyroxene RMs
(augite NRM-AG-1 and enstatite NRM-EN-2) was evaluated483. As these materials showed no
bias caused by crystallographic orientation and were homogeneous at a scale of 20 µm, they
were considered to be suitable RMs for SIMS δ18O analysis.
Instrumental mass fractionation (IMF) during the measurement of stable isotopes by
SIMS occurs at several stages of the analysis and is strongly influenced by the major element
composition of the target material. To correct for these matrix effects, Fabrega et al.484
developed a predictive surface response methodology, based on multivariate statistics, and
applied it to the measurement of δ18O in plagioclase, K-feldspar and quartz. The great
advantage of SIMS for research into carbon sequestration is its ability to analyse very small
sample volumes. For example, in situ δ13C and δ18O measurements could be made485 on single
carbonate crystallites as small as 3-10 µm in width with sub per-mil (‰) precision and
accuracy. The study focused on characterising the mineralogy and isotopic fingerprinting of
underground rock formations prior to CO2-injection and made predictions regarding the δ13C
values of carbonate mineral cements that may form in response to long-term storage of CO2.
The oxygen isotope composition of coal and kerogen samples486 was determined by SIMS on
organic matter residues isolated from a quartz matrix. The procedure included a method of
filtering out δ18O data from the oxygen-bearing micro-inclusions of various mineral phases
present in the impure OM. In order to constrain the effect of δ37Cl values derived from primary
magmas, olivine-hosted melt inclusions were targeted for Cl isotope analyses. Data from
different volcanic arc settings were obtained487 using an experimental setup designed
specifically for the analysis of glasses containing >900 µg g-1 Cl. Two FCs were used instead
of an EM to improve the measurement precision; total uncertainties were 0.4‰ (2SD).
Observed variations in instrumental mass fractionation were mainly caused by the presence of
Al2O3, K2O and SiO2.
Sharpe and Fayek488 demonstrated that the mass bias for U-Pb isotope ratio
measurements in uraninite increased with increasing Pb content. A three-point calibration
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curve, based on uraninite RMs with different Pb concentrations, facilitated the accurate
determination of U-Pb ratios. Alternatively, mass bias correction could be achieved by using a
uraninite RM with a Pb content similar to that of the unknown samples. Bastnaesite is a major
economic REE mineral in which the incorporation of Th is favoured relative to that of U. A
comparison of ages gained by U-Pb dating of zircons and Th-Pb dating of bastnaesite
provided489 information on intrusion of the host magma and the mineralisation ages of REE
deposits in the Himalayan Mianning-Dechang REE belt. Monazite RW-1 was characterised490
as a RM for SIMS U-Pb and Th-Pb isotope analyses.
A novel SIMS scanning ion-imaging technique was developed491 to investigate µmscale U-Pb systematics in a lunar zircon with a complex internal structure. The spatial
resolution was improved by a factor of four compared to traditional SIMS analyses, facilitating
the analysis of features of the zircon that could not be accessed by traditional SIMS
methodology.
4.3.7 Other mass spectrometric techniques
A contribution492 on halogen determination by noble gas mass spectrometry of terrestrial and
extraterrestrial materials provided detailed information on analytical protocols and data
reduction procedures. The use of RMs to determine halogen abundances was preferred to direct
calculation based on neutron flux determinations. Recommendations on the most suitable RMs
were given.
A novel approach for measuring

14

C, using a combination of LA sampling with

accelerator mass spectrometry (AMS), provided flexible and time-resolved acquisition of 14C
profiles in carbonates493. The considerable advantages over conventional gas measurements
offered by the LA-AMS technique included the speed of analysis (because no time-consuming
sample preparation was required), low sample consumption and higher spatial resolution.
Depending on the measurement mode, typical precisions of 1-5% combined with a spatial
resolution of 100 µm were obtained for speleothems and a variety of terrestrial and marine
carbonates.
A new resonance ionisation mass spectrometer494, known as the Chicago instrument
for laser ionisation (CHILI), was developed specifically to measure isotopic ratios in small
samples such as interstellar dust at high spatial resolution and high sensitivity. This RIMS
instrument was capable of determining all the stable isotopes of Fe and Ni simultaneously in
presolar SiC grains when a special timing scheme for the ionisation lasers was used to separate
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the Fe and Ni isotopes in the TOF spectrum. The lateral resolution was 0.8 µm: the ultimate
goal was to achieve 10 nm resolution with 30-40% useful yield.
Two studies applied isotope ratio mass spectrometry (IRMS) to the determination of
clumped isotopes in carbonates. Schauer et al.495 showed that the choice of

17

O correction

strategy could have a large effect on the accuracy of Δ47 values. Differences as large as 0.1‰
obtained in an inter-laboratory comparison were thought to have their origins in the

17

O

correction strategies applied. Wang et al.496 systematically evaluated the effectiveness of a
PorapakTM Q absorbent trap (PQT) for purifying CO2. Comparison of the Δ47 values obtained
from different experiments showed that a setup with CO2 passing through the PQT driven by
liquid N2 and high vacuum pumping gave the most promising results, because it saved time
without compromising the extraction efficiency. An elemental analyser (EA) equipped with
purge-and-trap technology and interfaced to an IRMS instrument was used to perform highprecision S isotope measurements in bioapatite497. These determinations are normally limited
by the low S content of such samples but results from this study demonstrated the capacity of
this analytical methodology to discriminate between marine, freshwater and terrestrial
environments based on δ34S values from modern and fossil vertebrate bioapatite containing as
little as 0.14-1.19 wt% S. This methodology has potential for characterising the living
environment of an extinct vertebrate purely from its fossilised bones and teeth. The redox
conditions for the extraction of N from an organic-rich RM prior to measurement by EA IRMS
were investigated as these were known to affect the accuracy and precision of δ15N data498.
Injection of more than 20 mL O2 into the reaction tube resulted in improved combustion and
better N-yields than when CuO or V2O5 was added.
The ultimate aim of Hoegg et al.499 in combining a liquid sampling-atmospheric
pressure glow discharge (LS-APGD) microplasma ion source with an Orbitrap mass analyser
was to produce an IRMS instrument capable of being deployed in the field. Their current
system had minimal mass bias for

235

U/238U, better than that obtained with beam-type mass

analysers, and a dynamic range of 4 orders of magnitude. The precision obtained with this
system500 was ca. 0.1% RSD for U isotope ratio measurements but poorer (1-3% RSD) for low
abundance species.
4.3.8 X-ray spectrometry
4.3.8.1 Laboratory-based XRFS An uncommon but elegant method to quantify sulfur species
by WDXRFS, utilising satellite intensities, has recently experienced a revival for ore deposit
research. Following the use of about 100 synthetic samples with different concentration ratios
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of sulfides and sulfates to test two alternative WDXRFS strategies501, the peak height approach
was recommended to determine sulfate/sulfide ratios quantitatively. Similarly, sulfide ore
samples prepared as pressed powder pellets were analysed using the ratios of K-series line
intensities for quantification502,503.
Younis et al.504 used only two RMs to establish WDXRFS calibrations for elements of
interest. The dilution factor in a fusion bead technique was varied to generate a wide range of
concentrations from each RM. Calibration lines for major elements, including Al, Ca, Fe, Mg,
Mn, Na, Si and Ti, were constructed from fused beads which had Li2B4O7 flux : sample ratios
of 2 to 54. As a result, RMs with matrices similar to those of the samples to be analysed could
be selected. This approach was validated by analysing several USGS geological RMs with
different matrices.
Elemental variations in drill cores can be assessed by the fast and nondestructive
technique XRFS core-scanning. Six GSJ geological RMs were analysed to determine the
influence of exposure times and choice of X-ray tube505. Increasing the counting time had only
a minor effect on the accuracy of measurements. Thus, caution was required when interpreting
data for elements present at low concentrations or low sensitivities, e.g. Al, even when the
counting times were long and scanning counts reasonably high. Based on linear regression lines
and correlation coefficients of 17 elements with different exposure times and X-ray tubes, the
use of a Mo X-ray tube rather than a Cr one was recommended for all XRFS-scanning
experiments. Interstitial water can give rise to serious matrix effects during XRFS corescanning so a new polynomial correction for water content was implemented506 for two
existing calibration methods. This removed the influence of changes in water content in long
sediment sequences.
Combining optical imaging and XRFS analysis had507 the aim of determining whether
images of rock surfaces could be used to predict the elements present in a sample. The ultimate
goal would be the remote characterisation of inaccessible underground mine voids. The
machine learning algorithm developed was able to predict the elemental composition with a
high degree of accuracy. However, the success of this approach was likely to depend on the
suite of minerals present and the ability of expert geologists to identify minerals through visual
inspection.
4.3.8.2 Portable XRFS Portable XRFS instruments have revolutionised the lives of exploration
geochemists over the last few years. Therefore it is disappointing that a review paper508 on
handheld XRFS technology (admittedly written by space scientists) referenced none of the
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recent thorough examinations of such instrumentation by practicing geochemists. Fortunately
previous ASUs, e.g. the Environmental1 and XRFS5 Updates, provide better coverage. Another
deficiency of the review was that most of the rocks tested were fine-grained basaltic rocks. Key
factors affecting data quality were correctly identified as the calibration protocols employed
and the degree of sample preparation. Similar conclusions were made in a study509 on the use
of pXRFS instruments for mapping lithological units and areas of hydrothermal alteration in
New Zealand. Results from pXRFS analyses of untreated geothermal drill cuttings were
compared with laboratory XRFS data. Steiner et al.510 demonstrated that the current generation
of pXRFS instruments can yield accurate data as long as great attention is paid to the method
of calibration. They developed material-specific calibrations for the determination of major,
minor and trace elements in a range of geological materials using minimal sample preparation.
A research group in Canada511 compared portable XRFS data with those obtained using INAA,
ICP-MS and EPMA to evaluate the overall suitability of pXRFS for provenance studies on
obsidian stone tools. Whereas trace element concentrations for Rb, Sr and Zr were in good
agreement with INAA and ICP-MS data, there was poorer agreement for Ga, Mn and Zn
concentrations determined by pXRFS.
Portable XRFS instruments are valuable for informing rapid decision-making. The fast
determination of the concentration of Cu and contaminants in Cu ore slurry allowed 512 the
slurry composition to be modified, if necessary, before entering a high-capacity smelter,
thereby improving the smelting and refining process. Quantitative high-density data for drilled
igneous rocks were obtained513 on-board a ship during an IODP expedition in order to improve
the selection of samples for further analysis and provide key information for drilling operations.
A combination of pXRFS and benchtop SEM was used514 in the field to characterise the
igneous stratigraphy in a drill core and its relationship to Cu-Pd mineralisation. The
geochemical data were used to inform the sampling strategy and increase the efficiency of
mineral exploration. Mineralogical and geochemical characterisation of drill fines from a
borehole by a combined pXRFS and portable XRD approach enabled geologists to identify
different lithologies during drilling and modify their strategy as necessary515. In this context, a
comparison516 of pXRFS measurements on unprepared cores and their equivalent powders
showed that data quality was not compromised if an average of multiple measurements of
different points on the intact sample were taken. Between three and seven measurements were
recommended for a significant improvement in precision.
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4.4

Data reduction software

Together with sample preparation and the actual measurement strategies, data reduction is a
very important stage in yielding reliable and accurate data from different analytical techniques.
For this purpose, laboratories often apply either commercially-available software or in-house
data reduction strategies via spreadsheets.
Various algorithms and software packages for handling isotopic data have been made
available to the scientific community, including ET_Redux517, a free open-source software for
U-Pb geochronology using LA-ICP-MS data. An excellent description was provided of the
principles of LA-ICP-MS data handling, statistical analysis of the data and uncertainty
propagation, as well as the underlying algorithms. The new software was developed as a part
of a collaborative effort to aid the compilation, comparison and archiving of data from different
laboratories. A novel modelling procedure518, coded in R, has been made available for the
analysis of U-Pb datasets that contain discordant analyses, often the case when analysing
detrital zircons. A new R-based software package519, IsotopeHf, was developed for handling
data from Lu-Hf ID analyses by MC-ICP-MS.
For elemental analysis, an R script program520 called TERMITE provided very fast data
reduction of trace element measurements obtained by the LA-ICP-MS of samples such as
carbonates with a homogeneous matrix. The underlying calculations were described in detail.
A Matlab-based program521, AERYN, improved the reliability of element distribution maps
acquired by techniques such as EPMA and LA-ICP-MS. A new Matlab algorithm522 was
developed to quantify K, Th and U from natural gamma radiation spectra generated on-board
ships. The performance of this algorithm was demonstrated by comparing results with those
obtained using shore-based ICP-MS, ICP-AES and WDXRFS techniques.
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Glossary of terms

2D

two-dimensional

3D

three-dimensional

AAS

atomic absorption spectrometry

AES

atomic emission spectrometry

AFS

atomic fluorescence spectrometry

AMS

accelerator mass spectrometry

APDG

atmospheric pressure glow discharge

AR

Alpha Resources Inc. (USA)

ASU

Atomic Spectrometry Update

BCR

Community Bureau of Reference (of the European Community) now
IRMM

C18

octadecyl bonded silica

CA

chemical abrasion

CCP

capacitively coupled plasma

CCRMP

Canadian Certfied Reference Materials Project

CE

capillary electrophoresis

CNRCG

China National Research Centre for Geoanalysis

CPE

cloud point extraction

CRDS

cavity ring-down spectroscopy

CRM

certified reference material

CRPG

Centre de Recherches Pétrographiques et Géochimiques (France)

CS

continuum source

CV

cold vapour

DA

discriminant analysis

DCM

dichlormethane

DDC

diethyldithiocarbamate

DGT

diffusion gradient in thin films

DLLME

dispersive liquid liquid microextraction

DMA

dimethylarsenic acid

DME

dispersive microextraction

DOC

dissolved organic carbon

DRC

dynamic reaction cell
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DRS

diffuse reflectance spectrometry

EDS

energy dispersive X-ray spectroscopy

EDTA

ethyldiaminetetraacetic acid

EDXRFS

energy dispersive X-ray fluorescence spectrometry

EM

electron multiplier

EN

European Committee for Standardisation

EPA

Environmental Protection Agency (USA)

EPMA

electron probe microanalysis

ERM

European Reference Material

ETAAS

electrothermal atomic absorption spectrometry

ETMAS

electrothermal molecular absorption spectrometry

ETV

electrothermal vaporisation

FAAS

flame atomic absorption spectrometry

FC

faraday cup

FFF

field flow fractionation

FI

flow injection

fs

femtosecond

FTIR

Fourier transform infrared

GBW

CRMs of the National Research Centre for Certified Reference
Materials (China)

GC

gas chromatography

GD

glow discharge

GEOSTATS

Geostats Pty Ltd (Australia)

GLS

gas liquid separator

GSB

CRMs of the Institute for Environmental Reference Materials (of
Ministry of Environmental Protection, China)

GSJ

Geological Survey of Japan

GS-MS

gas source mass spectrometry

HG

hydride generation

HILIC

hydrophobic interaction liquid chromatography

HPLC

high performance liquid chromatography

HPS

High Purity Standards (USA)

HR

high resolution

IAEA

International Atomic Energy Agency
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IAG

International Association of Geoanalysts

IC

ion chromatography

ICP

inductively coupled plasma

ICP-AES

inductively coupled plasma atomic emission spectrometry

ICP-MS

inductively coupled plasma mass spectrometry

ICP-MS/MS

inductively coupled plasma mass spectrometry with a quadrupole-cellquadrupole design

id

internal diameter

ID

isotope dilution

IDA

isotope dilution analysis

IGGE

Institute of Geochemical and Geochemical Exploration (China)

INAA

instrumental neutron activation analysis

INCT

Institute of Nuclear Chemistry and Technology (Poland)

IMS

Ion mobility spectrometry

IODP

International Ocean Discovery Program

IPGP

Institute de Physigque du Globe de Paris (France)

IRMM

Institute for Reference Materials and Measurements

IRMS

isotope ratio mass spectrometry

IS

internal standard

IUPAC

International Union of Pure and Applied Chemistry

LA

laser ablation

LASS

laser ablation split stream

LGC

Laboratory of the Government Chemist (UK)

LIBS

laser induced breakdown spectroscopy

LIF

laser induced fluorescence

LLE

liquid liquid extraction

LLME

liquid liquid microextraction

LOD

limit of detection

LOQ

limit of quantification

MAE

microwave assisted extraction

MC

multicollector

MIL

magnetic ion liquid

MIP

microwave induced plasma

MIR

mid infra red
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MMA

monomethylarsenic acid

MP

microwave plasma

MRI

magnetic resonance imaging

MS

mass spectrometry

MWCNT

multiwalled carbon nanotube

m/z

mass to charge ratio

NBL

New Brunswick Laboratories (USA)

NCS

National Analysis Centre for Iron and Steel (China)

Nd:YAG

neodymium doped:yttrium aluminum garnet

NEXAFS

near edge X-ray absorption fine structure

NIOSH

National Institute of Occupational Safety and Health

NIR

near infrared

NIST

National Institute of Standards and Technology (USA)

NKK

Nippon Keikinzoku Kogyo (Japan)

NMIA

National Measurement Institute of Australia

NP

nanoparticle

NRCC

National Research Council (of Canada)

NRCCRM

National Research Centre for Certified Reference Materials (China)

ns

nanosecond

NTIMS

negative thermal ionisation mass spectrometry

NWRI

National Water Research Institute (Canada)

PGE

platinum group element

PLS

partial least squares

PLSR

partial least squares regression

PM2.5

particulate matter (with an aerodynamic diameter of up to 2.5 µm)

PM10

particulate matter (with an aerodynamic diameter of up to 10 µm)

ppm

parts per million

PTE

potentially toxic element

PTFE

poly(tetrafluoroethylene)

PVG

photochemical vapour generation

pXRFS

portable x-ray fluorescence spectrometry

QC

quality control

REE

rare earth element

RIMS

resonance ionisation mas spectrometry
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RM

reference material

rpm

revolutions per minute

RSD

relative standard deviation

RTC

RT Corporation (now Sigma-Aldrich RTC) (USA)

SBME

stir bar microextraction

SD

standard deviation

SEC

size exclusion chromatography

SEM

scanning electron microscopy

SF

sector field

SFODME

solidification of a floating organic droplet microextraction

SI

Système international (d'unités) (International System of Units)

SIMS

secondary ion mass spectrometry

SMPS

scanning mobility particle sizer

sp

single particle

SPE

solid phase extraction

SQT

slotted quartz tube

SPS

Spectrapure Standards (Norway)

SR

synchrotron radiation

SRM

standard reference material (of NIST)

SSB

sample-standard bracketing

SVM

support vector machine

SXRFS

synchrotron X-ray fluorescence spectrometry

TBA

tributylamine

TEA

transverse excited atmospheric

TEM

transmission electron microscopy

TEOM

tapered element oscillating microbalance

TIMS

thermal ionisation mass spectrometry

TLC

thin layer chromatography

TOF

time of flight

TXRFS

total reflection X-ray fluorescence spectrometry

UAE

ultrasonic extraction

USGS

United States Geological Survey

USN

ultrasonic nebulisation

UV

ultra violet
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VALLME

vortex assisted liquid liquid microextraction

VIS

visible

WDXRFS

wavelength dispersive X-ray fluorescence spectrometry

XRD

X-ray diffraction

XRF

X-ray fluorescence

XRFS

X-ray fluorescence spectrometry
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