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INTRODUCTION

The light-lithophile elements—Li, Be, and B (LLE)—provide 
important information about a broad range of geological and 
geochemical processes (e.g., Chaussidon and Libourel 1993; 
Domanik et al. 1993; Ottolini et al. 1993, 2004; Chaussidon and 
Jambon 1994; Chaussidon and Koeberl 1995; Hervig 1996; Lee-
man and Sisson 1996; Ryan et al. 1996; Brenan et al. 1998; Kent 
et al. 1999a, 1999b; Seitz and Woodland 2000; Kent and Rossman 
2002; Berlo et al. 2004; Marschall and Ludwig 2004, Scambel-
luri et al. 2004; Tiepolo et al. 2005, and many others). The LLE 
represent both a range in volatility, solubility in aqueous fl uids, 
and incompatibility during melting and crystal fractionation, and 
thus are particularly useful tracers for a range of terrestrial and 
extraterrestrial magmatic and hydrothermal environments.

In many terrestrial and extraterrestrial materials, the LLE are 
present in relatively low abundances—typically in the low µg/g to 
ng/g range—and thus, sensitive analytical techniques are required 
to determine their concentrations with appropriate precision 
and accuracy. In addition, it has proven advantageous in many 
cases to procure information at small spatial scales (10–100 µm) 
using microbeam-based analytical techniques—predominantly 
secondary ion mass spectrometry (SIMS) (e.g., Chaussidon and 

Libourel 1993; Domanik et al. 1993; Ottolini et al. 1993, 2004; 
Chaussidon and Jambon 1994; Chaussidon and Koeberl 1995; 
Hervig 1996; Brenan et al. 1998; Kent et al. 1999a, 1999b; Seitz 
and Woodland 2000; Kent and Rossman 2002; Marschall and 
Ludwig 2004). Analysis at these small scales allows investigation 
of LLE in restricted sample domains, such as within individual 
minerals or melt and mineral inclusions, as well as investigation 
of variations in LLE concentrations relating to mineral growth, 
solid-state diffusion, and other processes. Microanalysis also 
can be used to avoid areas of alteration, which is useful for 
studies of samples such as meteorites and submarine glasses 
where small regions of glass or minerals may remain unaltered 
and where inclusion of altered areas would signifi cantly bias the 
composition of bulk samples. SIMS techniques are capable of 
determining LLE contents down to the ng/g concentration range 
(e.g., Kent and Rossman 2002; Marschall and Ludwig 2004; Ot-
tolini et al. 2004) but also require relatively long analysis times 
(>10 min) and careful attention to reducing surface contamina-
tion—particularly for B (e.g., Shaw et al. 1988; Marschall and 
Ludwig 2004).

Herein, we report results from laser-ablation ICP-MS (LA-
ICP-MS) analysis of Li, Be, and B concentrations in silicate 
glasses. We discuss analytical protocols and other issues of 
note regarding measurement of LLE in silicate glasses, and 
present a comparison between a sector fi eld and a quadrupole * E-mail: adam.kent@geo.oregonstate.edu
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ABSTRACT

We report techniques for in-situ abundance measurements of the light-lithophile elements (LLE; Li, 
Be, and B) in silicate glasses by laser-ablation inductively coupled mass spectrometry (LA-ICP-MS), 
and compare the analytical performance of a sector fi eld and quadrupole mass analyzer for these mea-
surements. LA-ICP-MS is shown to be an effective means of determining LLE abundances at spatial 
scales between 25 and 100 µm. Detection limits depend on instrumental sensitivity and ablation rate, 
but can be in the low- to sub-ng/g range. Measured ion yields for 7Li, 9Be, and 11B ion, normalized to 
43Ca as an internal standard, remain largely constant during ablation, although 11B shows a relative 
increase once the ablation crater aspect ratio exceeds ~1. Surfi cial contamination, particularly of B, 
can be removed rapidly via a short pre-ablation (~20 pulses) immediately prior to analysis. The sector 
fi eld ICP-MS provided considerable improvements in analytical performance over the quadrupole mass 
analyzer, although longer magnet settling times result in greater duty cycle losses. Calculated detec-
tion limits for a given set of ablation conditions are 20–90 times lower, and useful yields (the ratio of 
atoms ablated to counts detected) are 20–75 times greater for the sector fi eld instrument. Analysis of 
reference glasses shows that LA-ICP-MS provides accurate measurements of Li, Be, and B contents 
in silicate glasses over a range of compositions (komatiite to rhyolite). LA-ICP-MS also offers similar 
accuracy and precision and marked improvements in sample throughput compared to secondary ion 
mass spectrometry (SIMS) analysis of LLE abundances, although SIMS has higher useful yield and 
thus provides better spatial resolution.
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mass analyzer for laser-ablation analyses. Overall, we show that 
LA-ICP-MS is capable of providing accurate measurements of 
LLE abundances in silicate glasses at the ng/g to µg/g level. 
In concert with other recent studies (e.g., Tiepolo et al. 2005), 
our study demonstrates that LA-ICP-MS offers advantages for 
analysis of LLE in many geologic materials, including rapid 
removal of surface contamination and acquisition of data, direct 
analysis of geologic solids with minimal sample preparation, and 
the ability to obtain information at spatial scales on the order 
of 10–100 µm.

METHODS

Analyses were conducted in the W.M. Keck Collaboratory for Plasma Mass 
Spectrometry at Oregon State University using a NewWave DUV 193nm ArF 
Excimer Laser with aperture-focused optics. Ablation was carried out in a He 
atmosphere, and He was used to sweep ablated particulate into the plasma torch 
(fl ow rate 0.75–0.85 L/min). Analyses reported herein used laser spots with diam-
eters of 25–100 µm and pulse frequencies of 4–15 Hz. Unless noted otherwise, 
analyses were conducted with the laser held stationary relative to the sample, and 
thus ablation produced a progressively deepening crater. Energy per pulse for this 
laser is ~12 J/cm2, typically resulting in removal of 0.1 µm of material per pulse 
when ablating a silicate glass.

Ablated materials were analyzed using either a VG PQ ExCell quadrupole ICP-
MS or a Thermo Elemental Axiom single collector magnetic sector fi eld ICP-MS. 
General conditions for analysis by these instruments are given in Table 1.

Sector fi eld LA-ICP-MS analysis
The slower magnet settling times (0.5 s) required for the Axiom sector fi eld 

ICP-MS instrument, relative to those (2 ms) for the quadrupole mass analyzer 
required a modifi cation of the analytical strategy normally used for laser-ablation 
ICP-MS analysis. Rather than a large multi-element mass table, analysis of LLE 
by the sector fi eld instrument involved a simple mass table containing 7Li, 9Be, 
and 11B together with 43Ca as an internal standard. Use of this mass range required 
changes in magnetic fi eld setting, rather than scanning using the electrostatic 
analyzer and, together with dwell times, resulted in a total duty cycle time of ~2.1 
s—substantially longer than typical for quadrupole ICP-MS analyses (~50 ms). 
Dwell times for each peak were 10 ms and three points were measured consecutively 
on the 7Li, 9Be, 11B peaks for a total dwell of 30 ms per peak per mass scan. This 
short mass table was used to minimize both the total length of the duty cycle (the 
time taken for all masses to be analyzed in a single sweep of magnetic fi eld) and 
the total range of magnetic fi eld required to analyze all masses in a given mass 
table. This protocol allowed us both to maximize the total amount of time spent 
monitoring analyte isotopes of interest as against duty cycle “deadtime”—that spent 
moving the magnet and waiting for it to settle, and to minimize the time between 
analysis of a given analyte isotope and the internal standard isotope. The latter 
is particularly important for the relatively unstable signals produced by LA-ICP-
MS because variation in signal intensity during the period between measuring an 
analyte ion and the internal standard isotope contributes directly to uncertainty in 
the measured ratio (Longerich et al. 1996a). Furthermore, for a given set of abla-
tion conditions, signal duration equates to spatial resolution during progressive 
ablation because the duty cycle deadtime represents time that sample material is 
being removed but not analyzed.

Each of the analyzed peaks was examined in high mass-resolving power 

(~5000) during analysis of BCR-2G glass to identify potential isobaric interfer-
ences. These include 27Al3+, 44Ca4+, 10BH+, 18O2+, and 22Ne2+. Although small peaks 
attributable to 27Al3+ (and to 40Ar4+ on 10B) were observed these were resolved suf-
fi ciently at the low mass-resolving power (~600) used to maximize transmission. 
Analyses also were corrected for background by direct subtraction of background 
count rates measured immediately prior to the analysis for 30 to 40 s. In general, 
backgrounds for 7Li, 9Be, and 11B were observed to be on the order of 3000–5000, 
20–60, and 2500–4000 counts per second, respectively. Ion-beam intensities that 
were not resolved from the background count rate plus six standard deviations 
(calculated from counting statistics) were considered to be below instrumental 
detection limits.

7Li, 9Be, and 11B ion beams were analyzed using an electron multiplier. For 
many materials analyzed, however, the intensity of 43Ca often exceeded the ~106 
counts/s limit for this detector, and thus all measurements of 43Ca were made with 
the Faraday cup. On this instrument, the change between electron multiplier and the 
Faraday cup is accomplished rapidly by use of electrostatic defl ection during each 
mass scan. Overall count rates of 43Ca measured on the Faraday cup varied between 
~5 × 105 and 6 × 106 counts/s, with an average background intensity of ~20,000 
counts/s. Prior to analysis, the response of the instrument was tuned by maximizing 
intensities for 7Li and 43Ca during continued ablation of NIST 612 glass. Given 
the long duty cycle, care was also taken to obtain the most stable signal possible, 
even if this required a slight compromise in overall sensitivity.

Quadrupole LA-ICP-MS analysis
Quadrupole LA-ICP-MS analyses were conducted using analytical conditions 

broadly similar to those given in Kent et al. (2004). To make direct comparisons to 
sector fi eld ICP-MS, a relatively simple mass table consisting of 7Li, 9Be, 11B, and 
43Ca was used with a dwell time 10 ms per mass peak, although a more normal mode 
of operation with this instrument would involve a larger mass table (e.g., Kent et 
al. 2004). The total duration of each complete mass scan was ~50 ms. Background 
counts were measured immediately prior to each analysis and subtracted directly 
from those measured during ablation. As with sector fi eld analyses, ion-beam in-
tensities that were within six standard deviations of the background count rate were 
considered to be below instrumental detection limits. All ion beams were measured 
using a dual-stage pulse counting and analog detector, although all measured signals 
were suffi ciently small to be measured in pulse-counting mode alone.

During tuning of the instrument prior to analysis, signals were optimized 
using the standard protocol for this instrument, which involves maximizing the 
signal strengths of 43Ca and 232Th while maintaining measured oxide production 
rates (measured as 232Th16O/232Th) below 2–2.5% during continued ablation of 
NIST 612 glass. Background intensities measured for 7Li, 9Be, 11B, and 43C were 
~6000–10,000, 20, 300, and 1000 counts/s, respectively. Note that the 7Li back-
ground for this instrument is anomalously high (e.g., Fig. 1) due to analysis of 
Li-rich solutions since installation.

RESULTS AND DISCUSSION

Measurement of LLE by laser ablation ICP-MS

In the following section, we fi rst discuss several topics com-
mon to the measurement of LLE concentrations by LA-ICP-MS 
regardless of ICP-MS instrumentation used. This includes cali-
brations and standards, surface contamination, and the behavior 
of Li, Be, and B during ablation. Following this, we compare 
results from the sector fi eld and quadrupole instruments.

Calibration and standards

The physics of laser ablation, particulate transport and ion-
ization with the ICP plasma, are not suffi ciently well known to 
enable calculation of elemental concentrations directly from 
measured ion-beam intensities (Russo et al. 2002). Instead, 
LA-ICP-MS analyses are typically quantifi ed by comparison 
to standard materials of known and similar bulk compositions 
(Perkins and Pearce 1995; Longerich et al. 1996a). Calibration 
is most commonly done by use of an internal standard isotope, 
generally a minor isotope of an element such as Si (29Si, 30Si) or 
Ca (43Ca, 44Ca) present in suffi cient quantities to measure inde-

TABLE 1.  Representative analytical conditions for sector fi eld and 
quadrupole ICP-MS instruments used for this study

 VG Axiom Magnetic  VG PQ ExCell
 Sector Field ICP-MS Quadrupole ICP-MS
Laser aerosol carrier gas  0.85 0.75
fl ow rate (L/min He) 
Nebulizer gas fl ow rate (L/min Ar) 0.90 0.90
Outer (cool) gas fl ow (L/min Ar) 14.00 13.00
Auxiliary gas fl ow (L/min Ar) 1.00 0.90
Vacuum Pressure (mbar) ~3 × 10–7 ~8 × 10–7

RF Power (W) 1220 1350 
Dwell time/mass/scan (ms) 3 × 10 10
Duty cycle time (ms) ~2120 ~50
Mass Table 7Li, 9Be, 11B, 43Ca 7Li, 9Be, 11B, 43Ca
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pendently with the electron microprobe or some other suitable 
technique, or if possible derived from known stoichiometric 
relations (Perkins and Pearce 1995). Measured intensities of the 
ion beams from the isotopes of interest are ratioed to the internal 
standard isotope, to produce normalized ion yields, and concen-
tration of an element in an unknown material can be calculated 
from the following relation 

CU
i = CU

S × (CR
i/CR

S)/(IR
ij/IR

S,k) × (IU
ij/IU

S,k) (1)

where:
CU

i = the concentration of trace element i in unknown mate-
rial U;

CU
S = the concentration of the internal standard element S in 

the unknown material U;
CR

i/ CR
S = the ratio of the known concentrations of trace element 

i to the internal standard element S in reference standard R;
IR

ij/IR
S,k = normalized ion yield for isotope j of trace element i 

and isotope k of the internal standard element S in the reference 
standard; and

IU
ij/IU

Sk = normalized ion yield for isotope j of trace element i 
and isotope k of the internal standard element S in the unknown 
material.

Use of an internal standard is preferred for LA-ICP-MS 
analysis because variations in absolute signal intensity related to 
instrumental tuning conditions, variations in ablated particulate 
transport and ionization, and the effi ciency of coupling between 
laser and the sample will not infl uence measured concentrations 
as long as the relative effi ciency of ablation and ionization of 
analyte and internal standard remain constant for both unknown 
and standard material. This approach is powerful, but also 
places several important limitations on trace-element analyses 
by LA-ICP-MS. The composition of the reference standards 
must be well known, and homogenous at the scale of analysis. 
Normalized ion yields during an ablation must either remain 
constant, or if differences exist, these must be consistent between 
reference standard and unknown. Finally, where variations exist 
between the bulk (matrix) composition of the reference standard 
and analyte, the relative effi ciency of ablation and ionization of 
trace elements and internal standard must remain the same for 
both materials.

For this study, measured intensities of 7Li, 9Be, and 11B have 
been converted to concentrations using 43Ca as an internal stan-
dard, the measured CaO contents of standards and unknowns, and 
following the method shown above. NIST 612 glass was used as 
a calibration standard and values for Li, Be, B, and CaO (Table 
2) for this material taken from Pearce et al. (1997). NIST 612 
has been well-characterized for a range of trace elements (e.g., 
Pearce et al. 1997; Eggins and Shelley 2002), and for Li and Be it 
is known to be homogenous to better than a few percent (Eggins 
and Shelley 2002). Some heterogeneity has been demonstrated 
for B (Eggins and Shelley 2002), in some cases greater than 10% 
relative, due to loss of volatile elements during glass production. 
Nevertheless, in the absence of more suitable materials, we 
have used the NIST 612 glass as our calibration standard. To 
minimize errors related to B heterogeneity, we have restricted 
analyses for calibration to areas located within the center of an 
individual wafer, and in regions shown to have homogeneous 
B concentrations by previous LA-ICP-MS analysis. This may 
introduce some systematic error, as the bulk B concentrations 
used for calibration presumably include B-depleted regions 
whereas the region used for our calibration does not. However, 
given the relatively restricted regions of B depletion observed 
in the NIST glasses (Eggins and Shelley 2002) this is likely to 
be minor and less signifi cant than other sources of uncertainty 
during analysis. We have also analyzed the MPI-DING, USGS 
BHVO-2G, and USGS BCR-2G silicate glass reference materials 
and use these analyses to evaluate the accuracy and precision of 
our analysis protocol.

Uncertainties in measured concentrations of trace elements 
in glasses by LA-ICP-MS and SIMS are often assessed based on 
the reproducibility of replicate glass analyses, which essentially 
refl ect how well the measured normalized ion yields can be rep-
licated. However, this calculation does not include signifi cant 

FIGURE 1. Behavior of Li, Be, and B during ablation of NIST 612 
glass, all data obtained using quadrupole ICP-MS. (a) 7Li, 9Be, 11B, 
and 43Ca counts vs. analysis time during a typical ablation sequence, 
consisting of 30 s background measurement, 40 s ablation, and 45 s 
washout time. (b) 43Ca normalized count rates of 7Li, 9Be, and 11B vs. 
estimated crater depth (calculated from an ablation rate of 0.1 µm/pulse) 
during 30 s ablation using an 80 µm spot and 5 Hz pulse rate. (c) 43Ca 
normalized count rates of 7Li, 9Be, and 11B vs. estimated crater depth 
during 60 s ablation using a 30 µm spot and 10 Hz pulse rate.
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additional uncertainties, such as variations in the composition of 
internal standard and the Li, Be, and B contents of the calibra-
tion standard, variations in the measured normalized ion yields 
in the calibration standard, and variability in concentrations of 
the internal standard element in the unknown matrix. These also 
must be considered when comparing calculated compositions to 
data from other laboratories and techniques. To this end, we have 
estimated the total uncertainty by propagating estimates of the 
uncertainties outlined above, through Equation 1. As expected, 
the total uncertainty in measured concentrations is greater than 
that calculated from replicate analyses alone (Tables 2 and 3), 
although in many cases, the uncertainty is still dominated by 
the uncertainty in replicate analyses. Calculated uncertainties 
for B measurements also are typically larger as they include a 
larger uncertainty in the composition of NIST 612 glass (Pearce 
et al. 1997).

Behavior of Li, Be, and B during ablation

Several studies also have shown that, under certain ablation 
conditions, differences in elemental behavior can lead to sig-
nifi cant element fractionation. In particular, during progressive 
ablation, condensation of the laser-induced plasma and changes 
in size distributions of the resulting particulate can fractionate 
elements with differing volatility (e.g., Longerich et al. 1996b; 
Eggins et al. 1998; Kuhn and Günther 2004). This effect may be 

minimized by use of UV wavelength ablation systems, such as 
the 193 nm ArF Excimer laser used herein, and by ablating in a 
He atmosphere (Eggins et al. 1998; Kuhn and Günther 2004), 
but may still be signifi cant under certain ablation conditions. 
Given that differences in volatility exist within the LLE, with 
B being volatile and Li and Be (and Ca) more refractory, and 
that anomalous ablation behavior has been previously reported 
for B (Longerich et al. 1996b), we have examined inter-element 
fractionation between LLE and Ca over a range of ablation 
conditions and bulk compositions.

Figure 1a shows the count rates of 7Li, 9Be, 11B, and 43Ca 
during a typical laser-ablation analysis of NIST 612 glass us-
ing an 80 µm spot and a 5 Hz pulse rate. Figure 1b shows the 
43Ca-normalized ion yields for 7Li, 9Be, and 11B over the same 
ablation against calculated ablation crater depth. These show 
no discernible change over a 30 s ablation period (producing a 
~15 µm deep crater), despite some decrease in measured signal 
intensity. This pattern was found to be typical of a wide range 
of ablation conditions; however, in situations where the aspect 
ratio of the ablation crater exceeded ~1, we observed an increase 
(up to ~20%) of the measured 11B/43Ca ratio. An example of this 
is given in Figure 1c for a 30 µm diameter spot. As the depth 
of the crater exceeds ~30 µm, the measured 11B/43Ca ratio starts 
to steadily increase. For this reason, ablation conditions for 
quantitative analyses reported herein were selected to produce 

TABLE 2. Concentrations of Li, Be, and B measured in this study for MPI-DING and USGS standard glasses by quadrupole LA-ICP-MS
 CaO* (wt%) ±2σ† Li (µg/g) ±2σobs‡ ±2σtotal § Be (µg/g) ±2σobs‡ ±2σtotal § B (µg/g) ±2σobs‡ ±2σtotal §
GOR132-G||  8.45 0.12 10.7 1.8 2.0 BDL   19.3 3.7 4.2
ML3B-G||  10.5 0.1 5.5 1.1 1.2 0.90 0.16 0.17 4.8 0.4 0.6
StHs6/80-G||  5.28 0.09 19.4 1.2 2.0 0.56 0.27 0.27 14.0 4.5 4.7
KL2-G||  10.9 0.2 6.2 0.4 0.6 0.47 0.51 0.51 4.3 0.5 0.6
GOR128-G||  6.24 0.12 14.4 4.4 4.5 BDL   29.4 1.0 3.1
ATHO-G||  1.7 0.03 32.2 1.9 3.2 3.2 0.7 0.8 6.7 1.1 1.3
BHVO-2G# 11.2 0.05 4.7 0.5 0.7 0.79 0.81 0.81 5.4 1.5 1.6
BCR-2G# 7.1 0.03 10.5 0.8 1.1 1.3 1.3 1.3 7.3 1.7 1.9
NIST 612** 11.93 0.44 41.5 2.9  37.7 2.4  34.7 3.2 
Notes: Concentrations given represent the average from 2–3 separate analyses. BDL = below detection limit. Values given in italics are within error of zero and are 
not considered detectable. Calculated concentrations are given only as information values.
* CaO contents used for normalization. 
† 2σ or 95% confi dence limits.
‡ 2σ calculated from replicate measurements of 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios each glass.
§ 2σ uncertainties including propagated uncertainties in the composition and measured 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios in NIST 612 calibration standard, the 
external reproducibility of replicate measurements of 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios and the CaO content of the reference glasses.
|| MPI-DING reference glasses (Jochum et al. 2006).
# USGS reference glasses. CaO contents for BCR-2G from Rocholl (1998) and for BHVO-2G from A.J.R. Kent unpublished data.
** Values for NIST 612 reference glass used for calibration. Data from Pearce et al. (1997).

TABLE 3. Concentrations of Li, Be and B measured in this study for MPI-DING and USGS standard glasses by sector fi eld LA-ICP-MS
 Li (µg/g) ±2σobs* ±2σtotal† Be (µg/g) ±2σobs* ±2σtotal† B (µg/g) ±2σobs* ±2σtotal†
GOR132-G ‡ 8.2 0.2 0.7 0.03 0.01 0.01 19.5 0.1 2.0
ML3B-G ‡ 4.3 0.2 0.4 0.77 0.24 0.25 3.0 0.2 0.4
StHs6/80-G ‡ 22.3 0.4 1.9 1.3 0.03 0.1 11.9 1.1 1.6
KL2-G ‡ 4.8 0.1 0.4 0.92 0.08 0.11 3.5 0.2 0.4
GOR128-G ‡ 8.3 0.2 0.7 0.04 0.03 0.03 22.2 0.7 2.4
ATHO-G ‡ 25.9 0.4 2.1 3.3 0.24 0.35 6.0 0.1 0.6
BHVO-2G § 3.9 0.4 0.5 1.1 0.2 0.2 4.6 0.6 0.7
BCR-2G § 8.6 0.6 0.9 2.2 0.3 0.3 5.6 0.8 0.9
Notes: Concentrations given represents the average from 3–5 separate analyses.
* 2σ calculated from replicate measurements of 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios each glass.
† 2σ uncertainties including propagated uncertainties in the composition and measured 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios in NIST 612 calibration standard, the 
external reproducibility of replicate measurements of 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios and the CaO content of the reference glasses.
‡ MPI-DING reference glasses (Jochum et al. 2006).
§ USGS reference glasses.
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craters with aspect ratios <1 during the ablation period. Analysis 
of reference standards shown in Table 2 and 3 were conducted 
using an 80 µm diameter laser spot and 3–5 Hz pulse rate.

Surface contamination

One important issue for analysis of LLE by any surface 
analysis technique is surface contamination, particularly for B 
(e.g., Shaw et al. 1988; Marschall and Ludwig 2004; Tiepolo et 
al. 2005). Boron is a widespread environmental contaminant and 
may also derive from sample preparation procedures, particularly 
from polishing compounds (Shaw et al. 1988) and from water 
and solvents used for cleaning. Boron is well known as a surface 
contaminant from SIMS analysis (e.g., Shaw et al. 1988; Kent et 
al. 1999a; Kent and Rossman 2002; Marschall and Ludwig 2004; 
Ottolini et al. 2004), and although careful sample preparation 
and surface cleaning can reduce surfi cial B, it is often diffi cult 
to remove completely. For this reason, SIMS analysis protocols 
often call for extensive cleaning of the surface by sputtering 
prior to analysis to remove B contamination. This can require 
sputtering times as long as ~30 min (Ottolini et al. 2004), and 
can thus add substantially to overall analysis times and reduce 
sample throughput. Laser ablation is a powerful surface cleaning 
technique as each laser pulse ablates on the order of 0.1 µm of 
material and can thus remove a layer of surface contamination 
within a few seconds. To assess the extent of B surface contami-
nation in our samples and to develop a protocol for analysis, we 
have analyzed semi-conductor grade silicon, and assumed that 
any detected B is derived from surface contamination. Prior to 
analysis, the silicon was set in epoxy and polished in the same 
manner that glass and mineral samples are routinely prepared 
for LA-ICP-MS analysis in this laboratory using grit paper and 
1 µm Al2O3, and thus, this experiment also tests the degree of 
contamination derived from our sample preparation method. 
After polishing, samples were rinsed in ethanol and then in 
ultrapure water in an ultrasonic bath for 5 min and then dried in 
air. Although more lengthy surface cleaning protocols are pos-
sible, this short and simple procedure was chosen to minimize 
sample preparation time.

Experiments involved ablation of a wafer cleaned by the 
above method as well as another where a smeared fi ngerprint was 
used to dirty the surface intentionally prior to analysis. Results 
are shown in Figure 2. For both experiments, an initial pre-abla-
tion step used a large laser spot (160 µm) and relatively small 
number of pulses (20) to remove ~2 µm of the sample surface. 
11B counts at the start of ablation rose immediately to ~75 000 
counts/s for the cleaned wafer and to 95 000 counts/s for the 
dirty wafer, and then dropped rapidly, attesting to signifi cant B 
contamination for both wafers. The rapid rate of signal decrease 
shown is consistent with rapid removal of surface-correlated B. 
Following a short pause (~15 s) to allow signal washout, analy-
ses were made using a smaller laser spot located concentrically 
within the pre-ablation crater. For the cleaned wafer, there was 
no detectable increase in B count rates above background during 
the second ablation, showing that our simple sample cleaning 
and the pre-ablation step reduces surface B to undetectable 
levels. For the dirty wafer experiment, a slight increase of a few 
hundred counts/s is apparent above background although, again, 
the pre-ablation step appears to have largely removed the surface 

contamination layer.
The success of this approach—even where samples are 

demonstrably dirty—attests to the effi cacy of laser ablation for 
cleaning sample surfaces. However, we note that pre-ablation 
cleaning did not work as well where the sample was translated 
beneath the laser to analyze along a line or raster pattern. In this 
case the movement along the analysis path continually exposed 
contaminated surface to the laser, resulting in signifi cant re-
deposition of surface contaminant B from the condensation of 
laser-induced plasma onto the pre-ablated surface. This proce-
dure led to further contamination that was signifi cant even after 
several successive analyses along the same track. Furthermore, 
during analysis along a raster path, ablation of contaminated 
surface material occurs continually, and it is not possible to use 
time-resolved signal intensities to recognize and/or remove data 
compromised by contamination. For these reasons LA-ICP-MS 
analyses were restricted to spot analyses for this study.

Comparison between sector fi eld and quadrupole LA-ICP-MS

Sensitivity, detection limits, and useful yield. A comparison 
of the sensitivity and calculated minimum detection limits mea-
sured by sector fi eld and quadrupole ICP-MS instruments for Li, 
Be, and B is shown in Figure 3. Measurements were made under 
identical ablation conditions (12 mJ/cm2 energy/pulse and 4 Hz 

FIGURE 2. Measured count rates for 11B during ablation of (a) a 
pre-cleaned silicon wafer and (b) a wafer that has been intentionally 
dirtied via a smeared fi ngerprint (see text for further details). Analytical 
protocol consists of an initial pre-analysis ablation stage using a large 
(160 µm diameter) laser spot, followed by 15 s for signal washout, and 
then ablation with a smaller spot (80 µm diameter) for analysis. Note 
that typical analysis protocol generally involves use of lower pulse rates 
for the analysis portion (3–5 Hz).
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pulse frequency) and at a range of laser spot diameters.
The advantage of using the sector fi eld ICP-MS is immediate-

ly apparent, with this instrument showing factors of 40–75 higher 
counts/s/ppm than for the quadrupole (Fig. 3a). This difference is 
somewhat larger than the factor of 20–40 increase in sensitivity 
observed between these two instruments using standard solutions. 
This may indicate that the sector fi eld instrument has relatively 
higher sensitivity at the light end of the mass spectrum than the 
quadrupole, but also may relate to differences in instrumental 
tuning with the sector fi eld instrument better optimized for light 
masses (see above). Background count rates also are generally 
greater for the sector fi eld instrument (apart from Li—see caption 
to Fig. 3); however, the large sensitivity increase still corresponds 
to substantial improvements in detection limits using the sec-
tor fi eld ICP-MS (Fig. 3b). Note that we also have calculated 
detection limits for 7Li using a more representative background 
of 300 counts/s, as well as the ~6000 counts/s background of the 
quadrupole used for this study. Detection limits for the sector 
fi eld instrument are in the 1–5 ppb range for Li and B at spot 
sizes greater than 50 µm diameter and in the 5–20 ppb range 
for Be. For the quadrupole ICP-MS detection limits for Li, Be, 
and B are in the ~1–0.1 ppm range at spot sizes greater than 50 
µm. The overall detection limits for the sector fi eld ICP-MS are 
between one and two orders of magnitude lower than those for 
the quadrupole at equivalent ablation conditions. Our calculated 
detection limits for sector fi eld analyses are somewhat better 
than those reported by Tiepolo et al. (2005) using a 40 µm spot 
and 213 or 266 nm Nd:YAG laser for ablation. Our results for 

quadrupole analyses are similar to those reported by Gao et al. 
(2002) and Kurosawa et al. (2002) (Fig. 3).

We note that relative differences between sensitivity between 
Li, Be, and B (in terms of counts/s/ppm) shown in Figure 3a are 
similar for both ICP-MS mass analyzers used, with Li having 
the highest, followed by B and then Be. This suggests that al-
though the sector fi eld geometry boosts overall transmission, the 
primary control over differences in sensitivity between Li, Be, 
and B remains in processes that occur during sample introduc-
tion and within the plasma and extraction system. Furthermore, 
both quadrupole and sector fi eld instruments show broadly 
similar changes in counts/s/ppm and detection limits as laser 
spot diameter increases, consistent with ablation rate being the 
primary control over signal to background ratio for a given ele-
ment and mass analyzer.

Another useful comparison for in-situ analysis techniques 
such as LA-ICP-MS is the useful yield, defi ned as the number 
of counts measured for a given isotope relative to the number 
of atoms of that isotope removed from the analyte per unit time 
(Hervig et al. 2006). Useful yield is particularly instructive for 
evaluating in-situ analysis techniques, such as LA-ICP-MS, 
as it factors in the amount of material that must be removed to 
generate a given number of counts, and thus provides a means to 
evaluate the spatial resolution required to obtain a given degree 
of precision. Figure 4 shows a comparison for the calculated 
useful yield for LA-ICP-MS analysis of LLE and 43Ca using both 
quadrupole and sector fi eld instruments, and also compares our 
results to recent data for SIMS analysis reported by Hervig et al. 

FIGURE 3. Measured count rates 
and calculated detection limits for LA-
ICP-MS analyses of Li, Be, and B using 
sector fi eld and quadrupole ICP-MS. (a) 
Measured count rates (in counts/s/ppm) 
for Li, Be, and B as a function of laser 
spot diameter measured in NIST 612 
and BCR-2G glasses. Count rates for Li 
and B have been corrected for isotopic 
abundance. (b) Calculated detection limits 
(using the method of Perkins and Pearce 
1995) in ppm (by weight). Calculations 
are based on measured intensities of 7Li, 
9Be, and 11B. Background count rates 
for 7Li, 9Be, and 11B were ~3000–5000, 
20–60, and 2500–4000 counts/s for the 
sector fi eld instrument and ~6000, 20, 
and 300 counts/s for the quadrupole. 
Note that the quadrupole instrument used 
in this study has a high Li background 
due to an unfortunate encounter with 
a lithium metaborate fl ux in 2001, and 
more representative detection limits 
(shown above as “Li adjusted”) also 
have been calculated using a background 
count rate of 300 counts/s. Reported 
detection limits form the studies of Gao 
et al. (2002), Kuosawa et al. (2002), and 
Tiepolo et al. (2005) are also shown for 
comparison in b.
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(2006). We have made these calculations using measured count 
rates during ablation of NIST 612 glass with an 80 µm diameter 
stationary laser spot at 5 Hz and using a representative value of 
0.1 µm of material removed per laser pulse. Useful yields for 
Li, Be, and B measured using the sector fi eld instrument are 
3 × 10–5, 2 × 10–6, and 9 × 10–6 (calculated without duty cycle 
considerations). These are factors of 213, 41, and 118 times 
greater than measured for the quadrupole instrument, consistent 
with the greater transmission of sector fi eld ICP-MS instruments 
(e.g., Niu and Houk 1996). We have also calculated useful yields 
taking into account losses during the duty cycle of the mass 
spectrometer (time during a mass scan spent not counting on 
the isotope of interest). For the sector fi eld instrument, these 
useful yields are about an order of magnitude less, refl ecting the 
relatively long settling time of the instrument used (see above). 
For the quadrupole, the decrease in useful yield with duty cycle 
losses is less, refl ecting the shorter settling times, although duty-
cycle-corrected useful yields for the sector fi eld instrument are 
still signifi cantly greater than for the quadrupole.

Analysis of standard glasses. We have analyzed a series of 
silicate reference glasses with well-characterized bulk composi-
tions to investigate accuracy and precision. All analyses were 
made using an 80 µm diameter laser spot and 3–5 Hz pulse 
frequency and followed the pre-ablation cleaning procedure 
outlined above. Reference glasses analyzed were the MPI-DING 
glasses (Jochum et al. 2000, 2006) and two glasses, BCR-2G 
and BHVO-2G prepared and distributed by the USGS. These 
glasses are all silicates, but show an appreciable range in bulk 
composition from komatiite and basalt to rhyolite (76 to 46 
wt% SiO2 and 11.4 to 1.6 wt% CaO; Rocholl 1998; Jochum et 
al. 2000, 2006). Results of our analyses are shown in Tables 
2 and 3, where we show average compositions and standard 
deviations (as 2σ) from 2–5 replicate measurements for each 

sample. We also give estimated total uncertainties derived from 
propagating all uncertainties through Equation 1, as described 
above, and the latter is the preferred uncertainty estimate for 
external comparisons. For Be analyses by quadrupole ICP-MS, 
the measured 9Be ion beams for GOR132-G and GOR128-G 
were not statistically detectable (i.e., less than six standard de-
viations above instrumental background). In addition for three 
other reference glasses, Be contents cannot be resolved from zero 
within uncertainty, and thus are also considered below detection 
limit, although the average calculated concentrations are given 
as information values (Table 2).

Figure 5 shows a comparison between the results of this study 
and the recommended or information values from a recent inter-
laboratory characterization of the MPI-DING glasses involving 
multiple bulk- and micro-analytical techniques (Jochum et al. 
2006). For the USGS glasses, we also compare our results to 
data published by Kelley et al. (2003) for solution ICP-MS 
analysis of these glasses. Data for B contents of these glasses 
were not available.

Laser-ablation analyses of these glasses by both sector fi eld 
and quadrupole instruments typically agree well within estimated 
uncertainties with the recommended or information values for 
the MPI-DING and USGS glasses over the range of concentra-
tions shown. One exception is the B concentration measured by 
quadrupole ICP-MS in glass GOR128-G, which is 24% higher 
than the reference value suggested by Jochum et al. (2006) 
although still within the total range reported by those authors 
(18.9–29 µg/g). For the USGS glass samples, our analyses are 
also within error of the Li and Be values reported by Kelley et 
al. (2003) except for Be in BCR-2G, which is about 30–50% 
lower as measured by both sector fi eld and quadrupole in this 
study. Overall, the excellent agreement between our analyses 
and other data suggests that the analytical protocol described 
herein is capable of measuring Li, Be, and B contents of silicate 
glasses accurately using laser ablation and both sector fi eld and 
quadrupole instruments. Furthermore, the agreement between 
our analyses of silicate glasses over a range of bulk composi-
tions suggests that the bulk composition of the analyte has little 
infl uence on the normalized ion yields of Li, Be, and B during 
LA-ICP-MS analysis, and thus, we believe that this technique 
also would be suitable for analysis of a range of silicate mineral 
compositions.

We have also compared our data for the MPI-DING glasses 
with results from the recent study of Tiepolo et al. (2005) on 
LLE analyses using sector fi eld LA-ICP-MS and 213 and 266 
nm Nd:YAG laser ablation (Fig. 6). In general, there is excellent 
agreement for Li and B suggesting that laser wavelength does not 
signifi cantly infl uence analytical accuracy. Beryllium contents 
measured in this study are systematically ~20% higher than 
those measured by Tiepolo et al. (2005). Tiepolo et al. (2005) 
also reported a similar difference between both their measured 
Be contents and the recommended values for MPI-DING glasses, 
and between laser ablation and SIMS measurements of Be con-
tents in a suite of amphiboles. Thus, although the source of this 
discrepancy remains unclear (Tiepolo et al. 2005), we do not 
believe that it is related to our analytical protocol.

The relative standard deviations of replicate analyses of 
7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios in reference glasses, 

FIGURE 4. Comparison of calculated useful yields for SIMS, and 
sector fi eld and quadrupole LA-ICP-MS analyses. Useful yield is defi ned 
as the number of counts measured for a given isotope relative to the 
number of atoms of that isotope removed from the analyte per unit time. 
SIMS data from two different instruments (ims-3f and ims-6f) are shown, 
with a secondary ion energy window of 95 ± 20 V. Data for SIMS are 
from Hervig et al. (2006) and are uncorrected for duty cycle losses. For 
LA-ICP-MS, we show data uncorrected for duty cycle losses for both 
sector fi eld and quadrupole instruments as well as corrected for a duty 
cycle of 4 masses (both) and 25 masses (quadrupole only).
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using both quadrupole and sector fi eld instruments, show a 
broadly inverse relation with concentration on the log-log plots 
shown in Figures 7a and 7b. For samples with the highest LLE 
concentrations, these errors may be as low as a few percent 
(Fig. 7), and overall the observed relationship is consistent with 
counting statistics as a major source of error in the measure-
ment of 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios. In general, the 
reproducibility of 7Li/43Ca, 9Be/43Ca, and 11B/43Ca ratios measured 
by the sector fi eld instrument are signifi cantly better than for 
the quadrupole (Figs. 7a and 7b), refl ecting the overall higher 

count rates recorded by this instrument. The standard deviations 
calculated from replicate analyses of normalized ion yields are 
also a factor of fi ve or more greater than those expected from 
counting statistics alone, suggesting that additional sources of 
uncertainty are also important. One likely additional source is 
short-term instability in ion beam signals, produced by variations 
in the plasma and/or during ablation. As each mass is measured 
serially during each mass scan, any change in signal intensity 
that occurs between the time of measurement of a trace-element 
isotope and the internal standard introduces additional error into 

FIGURE 5. Comparison of LLE contents of MPI-DING and USGS standard glasses measured by laser ablation using sector fi eld and quadrupole 
mass analyzers. Data are from Tables 2 and 3. Measured concentrations are compared to the recommended or information values for the MPI-
DING glasses from Jochum et al. (2006) and to data from USGS glasses from Kelley et al. (2003). Uncertainties in recommended values for the 
MPI-DING glasses are ±95% confi dence limits (Jochum et al. 2006). Figures a, b, and c show the comparison for Li, Be, and B for data obtained 
using the sector fi eld and d, e, and f quadrupole mass analyzers.
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the measurement of normalized ion yields. Despite this, we also 
note that longer magnet settling and duty cycle times for the 
sector fi eld instrument do not appear to result in signifi cantly 
greater uncertainties in normalized ion yields.

Total uncertainties calculated for each concentration measure-
ment also tend to be higher at lower concentrations (Figs. 7c 

and 7d), but become broadly constant at higher concentration, 
refl ecting relatively greater contributions from other sources of 
uncertainty, such as the composition of the calibration standard 
and concentrations of internal standard element, at higher count 
rates. For the calibration scheme we have used, with NIST 612 
glass, the minimum uncertainty that can be obtained (at two 
standard deviations) appears to be about ±10% (Fig. 7). This 
is largely dictated by uncertainty in the composition of NIST 
612, and could thus be improved by further characterization of 
this material.

In-situ LLE analysis by LA-ICP-MS and SIMS

Overall, we have shown that laser-ablation ICP-MS is an 
effective tool for determination of Li, Be, and B concentra-
tions in silicate materials, providing accurate measurements 
at concentrations in the low µg/g to ng/g range. Laser ablation 
provides a means to clean contamination from the sample surface 
rapidly and, provided ablation conditions are kept within certain 
limits, elemental fractionation during analysis can be kept to a 
minimum. There also appears to be no signifi cant matrix effect 
for the range of silicate glass compositions examined herein, sug-
gesting this protocol would also be suitable for silicate minerals. 
The higher sensitivity of the sector fi eld mass analyzer offers 
several advantages for laser-ablation analysis. Detection limits, 
calculated useful yields, and analytical precision are all shown to 
be considerably better using this instrument, although the slower 
magnet scan rates of the instrument used in this study do result 
in signifi cant duty cycle losses. In this respect, and although we 
have not performed these as part of this study, analysis by the 
faster-scanning quadrupole ICP-MS instruments allows incor-
poration of LLE analyses into larger multi-element mass tables, 
while maintaining short total scan times.

In comparison to SIMS, the other principle technique used 
for analysis of trace LLE abundances in solid materials, LA-
ICP-MS offers some advantages. Surface cleaning, which is 
often the primary control on analysis duration with SIMS and 
requires pre-rastering the sample surface with the ion beam for 
periods of 5–30 min (Kent and Rossman 2002; Marschall and 
Ludwig 2004; Ottolini et al. 2004) is signifi cantly faster using 
laser ablation, requiring only a few seconds, and cleaning of the 
sample prior to the analysis can be simplifi ed. Overall, sample 
throughput is also signifi cantly better for LA-ICP-MS as total 
analyses times are ~2 min, compared to ~10–30 min per spot 
for SIMS. In addition, the ability to use laser spot sizes that are 
signifi cantly larger (up to several hundred µm) than the primary 
ion beams used for SIMS analyses (general 20–50 µm) mean 
that larger sample volumes can be analyzed, resulting in lowered 
detection limits for LA-ICP-MS, providing that suffi cient mate-
rial is available for analysis. Large spot sizes can also be useful 
for rapid bulk characterization of fi nely zoned or intergrown 
materials. Conversely, SIMS has considerably higher useful yield 
(Fig. 4) than for LA-ICP-MS analysis, and thus, is superior for 
studies where the highest spatial resolution is required, and/or 
where the volume of sample material is restricted, such as in 
many mineral or melt inclusions. LA-ICP-MS analysis may be 
more suited to situations such as analysis of glasses and minerals 
where larger sample volumes may be used and where the lower 
detection limits and higher sample throughput are an advantage. 

FIGURE 6. Comparison of LLE contents of MPI-DING glasses 
measured by sector fi eld LA-ICP-MS in this study and in that of Tiepolo 
et al. (2005) for (a) Li, (b), Be, and (c) B. Separate symbols are used 
for the 213 nm and 266 nm wavelengths used by Tiepolo et al. (2005). 
Errors shown are 2 standard deviations and for the study of Tiepolo et al. 
(2005) are calculated from replicate analyses. For this study uncertainties 
represent those from replicate analysis together with propagated 
uncertainties in the composition of the internal standard element and 
calibration standard (see text).
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Finally, as both SIMS and LA-ICP-MS use similar approaches for 
converting normalized ion yields to elemental abundances (and 
both techniques also typically use the same reference materials 
for calibration standards), data obtained from the two approaches 
are generally highly comparable.
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