
Introduction
The elemental concentration of fluid 
inclusions in geological samples provides 
information about geological processes 
that lead to the formation of ores 
and minerals. Laser ablation-ICP-MS 
(LA-ICP-MS) is the preferred technique 

for measuring elemental concentrations in fluid inclusions due to its ability to 
precisely target and sample/ablate individual inclusions with a laser 1,2.

However, a limitation of LA-ICP-MS is that it is a sequential technique, meaning that 
one analyte (i.e. mass) is measured at a time – a function of quadrupole ICP-MS 
systems. Even though these measurements are rapid (on the order of milliseconds), 
information is often missed when the signal is short, unstable, and transient, as 
is the case for inclusions 3. Therefore, the data may not accurately represent the 
composition of the inclusion, especially in the case of small inclusions (< 20 µm), 
when elements are present at < 10 ppm 4, and/or when analyzing tiny daughter 
crystals, as is common with economically important metals 5. 

Although ICP-MS systems allowing simultaneous acquisition exist (i.e. 
multicollector (MC) ICP-MS and time-of-flight (TOF) ICP-MS), neither is suited for 
the routine analysis of fluid inclusions by LA-ICP-MS. In MC-ICP-MS, for example, 
the mass range is restricted, meaning that it cannot provide a complete elemental 
characterization of the fluid. While TOF-ICP-MS does not have any mass 
restrictions, data analysis and processing is not simple, especially for complex 
samples like fluid inclusions.
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Many of these limitations can be overcome with a quadrupole 
ICP-MS which moves quickly between masses, and, more 
importantly, has electronics with extremely short settling times 
as the quadrupole moves between masses while scanning. 
PerkinElmer’s NexION® is a quadrupole ICP-MS instrument 
which satisfies these criteria, as shown with respect to 
imaging by LA-ICP-MS 6.

This work discusses how the NexION ICP-MS improves the 
data quality for LA-ICP-MS analysis of fluid inclusions due to 
its unique electronics which allow for extremely short settling 
times when moving rapidly between masses. Since a detailed 
version of this work is published 7, only a brief description will 
be presented here.

Experimental
Samples and Sample Preparation

Two sets of well-documented fluid-inclusion samples from 
distinct ore-forming environments were studied:

1.  Low-salinity aqueous fluid inclusions from low-temperature, 
gold-bearing quartz veins from Tiefengletscher, Swiss Alps 8.

2.  High-salinity, multiphase brine inclusions from quartz-
wolframite veins associated with the Mole Granite 
magmatic-hydrothermal tin-tungsten deposit (Australia) 9. 

These fluid inclusions exist in quartz crystals. In this study, 
leftover chips from samples previously studied by LA-ICP-MS 
with a conventional quadrupole ICP-MS were analyzed, allowing 
a direct comparison of the results since the same laser setup 
and conditions were used in this work. The crystals were 
prepared as double-polished ≈ 300 μm-thick sections and cut  
in small chips (< 0.5 cm across).

Instrumental Parameters and Conditions

All analyses were performed with a prototype of the GeoLas 
Excimer Laser, equipped with a ComPex Pro 102F (Coherent 
Inc., Santa Clara, California, USA) ArF laser source (operating 
at 193 nm), coupled to a NexION ICP-MS. Both the laser and 
ICP-MS parameters are listed in Tables 1 and 2, respectively.

A small volume (< 6 cm3) glass ablation chamber constructed 
in-house was chosen for its fast washout. The advantage of 
using a small-volume ablation chamber is that although the 
duration of the aerosol produced from the inclusion ablation 
event is short, the concentration of the aerosol particles 
is high, enhancing the ability to detect elements at low 
concentrations. The aerosol was transported from the ablation 
chamber to the plasma with helium (He) as a carrier gas; 
argon (Ar) was added between the ablation chamber and ICP-
MS via a T-connector, resulting in a total sample gas flow to 
the plasma of  nearly 2.2 L/min – more than twice what is used 

in conventional aqueous analyses. Although this flow contained 
50% He, which could destabilize the plasma and lower its energy, 
a robust, stable plasma was maintained due to the NexION’s 
unique RF generator 10, the only one on the market designed 
specifically for ICP-MS applications. To avoid contamination, the 
system was cleaned and optimized using standard procedures 
recommended for the analysis of fluid inclusions 11. 

A full chemical characterization of the inclusions was 
accomplished by monitoring 52 analytes in Standard mode, 
whose masses are listed in Table 2. All quantitative analyses 
were carried out against external calibration curves using NIST 
SRM 610 glass (National Institute of Standards and Technology 
(NIST), Bethesda, Maryland, USA) for most analytes (using 
values from Jochum et al.12) and the Sca-17 Scapolite reference 
material 13 for chlorine (Cl), sulfur (S), and bromine (Br). The Na 
present in the fluid inclusions, calculated from the equivalent 
NaCl concentration determined by microthermometry in 
previous studies 8,9, was used as internal standard for relative 
sensitivity correction. Data were processed using the Matlab-
based SILLS program 14 with limits of detection calculated 
following the method described by Pettke et al.15.

Parameter Value

Wavelength 193 nm (ArF excimer)
Pulse Duration 25 ns
Fluence ≈ 20 J/cm2

Repetition Rate 10-15 Hz

Spot Diameter ≈ 5 to 120 μm, set to fully ablate  
the targeted inclusion

He Carrier Gas Flow 1.1 L/min

Table 1: GeoLas Laser Ablation System Parameters.

Parameter/Component Value/Description

Ar Plasma Gas Flow 15 L/min
Ar Carrier Gas Flow 0.98 L/min
Injector 2 mm i.d., quartz 
Torch Depth/z-position -0.4 mm
RF Power 1550 W
Cones Ni sampler, Ni skimmer, Al hyper-skimmer
Oxides 0.5% (248ThO+/232Th+)

Masses  
Monitored (amu)

7, 9, 11, 23, 25, 27, 29, 31, 34, 35, 39, 43, 49, 55, 57, 
63, 66, 75, 77, 79, 85, 88, 95, 107, 111, 118, 121, 
125, 133, 137, 139, 140, 141, 146, 147, 153, 157, 
159, 163, 165, 166, 169, 173, 175, 182, 197, 202, 

205, 208, 209, 232, 238
Dwell Time 0.8 ms
Settling Time 0.2 ms
Total Sweep Time 52 ms

Table 2: NexION ICP-MS Parameters.
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Results and Discussion
Benefits of a Fast-Scanning Quadrupole

To understand the benefits of a fast-scanning quadrupole, 
important parameters and how they interact must be 
understood. Table 3 shows key parameters which affect the 
sampling time of quadrupole ICP-MS, while Equations 1 and 2 
show how these parameters are related.

Parameter Symbol Description

Dwell Time ti
Time spent by quadrupole measuring 
analyte ”i”

Settling Time τ
Time for electronics to settle after the 
quadrupole moves from one mass  
to another

Sweep Time Tn
Total time required to scan all of the 
elements in a method

Duty Cycle Fi
Fraction of sweep time spent to  
detect analyte “i”

Table 3: Key Parameters in Quadrupole ICP-MS.

Equation 1: Tn = Σ ti + nτ
n

i=1

Equation 2: Fi = ti / Tn

These equations demonstrate that at constant dwell times, 
shorter settling times result in shorter sweep times, which lead 
to increased duty cycles.  

Figure 1: Representation of the effect of quadrupole settling time on an analysis while maintaining a constant duty cycle (19% for each analyte, 77% total) with a total 
analysis time of 52 ms. With a 3 ms settling time (top), data for each analyte (A, B, C, D) is acquired once, while with a 0.2 ms settling time (bottom), data for each analyte is 
acquired 15 times.

The implications are:

1. For a constant number of analytes and duty cycle, more 
data (i.e. more sweeps) can be acquired in a fixed time with a 
shorter settling time.

2. For a constant analysis time, data for more analytes can be 
acquired with a shorter settling time.

Both cases are highly beneficial to the analysis of short 
transient signals typically resulting from the ablation of fluid 
inclusions: since the signal duration is fixed, either data for 
more analytes or more data for a fixed number of analytes 
of interest can be acquired. In either case, data quality is 
improved with shorter settling times.

Consider the theoretical example shown in Figure 1. In both 
cases, four analytes are being measured: one under conditions 
with a dwell time of 10 ms and a settling time of 3 ms, and 
one with a dwell time of 0.67 ms and a settling time of 0.2 ms. 
The dwell times were chosen so that the duty cycle of each 
measurement is constant (19% for each analyte, 77% in total). 
With the 3 ms settling time, the total analysis time is 52 ms. 
However, with a settling time of 0.2 ms and a total analysis 
time 52 ms, 15 times more data is acquired.

The importance of short settling times is that more data can 
be acquired, which increases the probability of recording signal 
fluctuations over very short time intervals. As an example, the 
LA-ICP-MS profiles for five analytes (out of the 28 acquired) 
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from single laser shots on NIST 610 glass appear in Figure 2, 
where quadrupole settling times of 0.2 and 3 ms are compared. 
The parameters used for these analyses are shown in Table 4. 
The dwell times for these tests were chosen so that the duty 
cycles for each set of conditions were equivalent (≈ 2.7%).

As shown in Figure 2, for a given duration of the transient 
signal (≈ 6 seconds), less than 20 data points are acquired for 
each of the five analytes with a 10 ms dwell time. However, 
10 times more data points are acquired with a dwell time of 
0.4 ms, resulting in a much more representative recording of 

Parameter Condition 1 Condition 2

Quad Settling Time 0.2 ms 3 ms

Dwell Time 0.4 ms 
mass 197 = 4 ms* 10 ms

Laser Spot Size 60 µm 60 µm

Sampling Time 10 s 10 s

Table 4: Key Parameters in Quadrupole ICP-MS.

the short transient signal. Although the signal from the short 
dwell time is noisier, the analyte signals are more consistent 
with each other, meaning that elemental ratios are more 
accurately determined.

Fluid Inclusions in Gold-Bearing Quartz Veins

An example demonstrating the benefits of using an ICP-MS 
with short settling times can be seen by looking at fluid 
inclusions in metamorphic quartz veins from Tiefengletscher 
in the Swiss Alps. Figure 3 shows a typical fluid inclusion 
assemblage in the quartz sample, including both large (> 20 µm) 
and small (< 20 µm) inclusions. Previous studies focused on 
inclusions larger than 20 µm, measuring 15 elements or fewer 8. 
However, with the fast-settling time of the NexION ICP-MS 
system, meaningful data for inclusions as small as 4 µm could 
be acquired. Figure 4 shows data acquired for the ablation of an 
8 µm inclusion. Despite a signal duration of only 2.3 seconds, 
data was acquired for 52 elements, with 10 showing signals 
above the detection limit.

Figure 2: Transient time-resolved LA-ICP-MS signals of single shot analyses (60 μm laser spot) of NIST SRM 610 glass for five isotopes (out of 28 measured), comparing the effects of (A) long  
and (B) short dwell and sweep times, while maintaining a constant duty cycle.

A B

* A longer dwell time was applied to mass 197 (gold, Au) to allow lower concentrations to be measured
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To validate the results acquired with a short settling time, 
they are compared to those acquired previously on larger 
inclusions 8. As shown in Figure 5, the smaller inclusions 
analyzed in this work produced equivalent concentrations 
and precision (standard deviation) to the larger inclusions, 
confirming that fast scan times do not negatively affect 

Figure 3: Typical fluid inclusion assemblage in a quartz sample from Tiefengletscher, 
Switzerland. The white arrows show inclusions (> 20 µm) which were previously 
analyzed. The black arrows show smaller inclusions (down to 4 µm) which were 
measured in this work.

Figure 4: LA-ICP-MS signals for 10 elements (out of the 52 acquired) from an 8 µm 
fluid inclusion. The signal duration (Fl) is 2.3 seconds, which allowed 42 sweeps.

data quality. In addition, concentrations for elements which 
could not be measured previously using instrumentation with 
longer settling times were able to be accurately quantified in 
the present study (Figure 5). These results demonstrate the 
benefits of using NexION ICP-MS systems for LA-ICP-MS 
analysis of fluid inclusions: high-quality data can be obtained 
from inclusion populations more representative of natural 
assemblages since smaller inclusions (very common in 
geological samples) can now be analyzed.

Figure 5: Concentrations for 15 elements from fluid inclusions ranging in size from 
4 to > 100 µm in the quartz sample from Tiefengletscher, Switzerland. Solid bars 
represent the range of results from large inclusions acquired in a previous study 
with a conventional quadrupole ICP-MS 8. The dots show the results obtained from 
individual, smaller inclusions in the current study. W and Tl were not measured in the 
previous work. The larger dots and error bars represent the average concentrations 
and standard deviations, respectively, obtained in this study.

This example is also useful to evaluate the influence of the 
NexION’s fast-scanning capability on limits of detection, in 
particular for gold (Au). As shown in Figure 6a, Au detection 
limits decrease as the size of the inclusion increases, an 
expected trend since larger inclusions contain a larger 
volume of fluid, allowing for higher peak signal intensities 
and signal-to-noise ratios. This prevents any direct 
comparison of detection limits with those of the previous 
study, as the ranges of inclusion sizes analyzed are very 
different (see Figures 3 and 5). However, the absolute 
detection limits of Au (determined based on the actual 
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mass of fluid contained in the inclusion) are generally less 
than 5 fg, as shown in Figure 6b. This is comparable to or 
even better than what was obtained in the previous study, 
which used a method optimized for Au detection limit 
measurements 8. Therefore, the combination of fast settling 
and scan times on the NexION ICP-MS results in detection 
limits comparable to or better than using a conventional 
quadrupole ICP-MS.

Analysis of Polyphase Brine Inclusions

Figure 7a shows a typical quartz-hosted, polyphase brine 
inclusion assemblage in a quartz-wolframite vein from the 
Mole Granite in Australia. These inclusions range in size from 
10-200 µm and, as shown by the close-up of one inclusion in 
Figure 7b, contain multiple components: aqueous solution, 
vapor bubble, and different solids. 

A

B

Figure 6: (A) Relative gold detection limits (in µg/g) and (B) absolute gold detection 
limits (fg, determined by normalizing relative detection limits to the actual inclusion 
mass) in the fluid inclusions from Tiefengletscher, Switzerland, as a function of fluid 
inclusion size.

A

B

Figure 7: (A) Typical assemblage of polyphase brine inclusions in the quartz sample 
from Mole Granite, Australia. (B) Close up of a single inclusion showing the different 
components: L = aqueous, V = vapor bubble, o = opaque crystal, b = birefringent 
crystal, halite = halite solid, Cl-s = other chloride salt.

The analysis of polyphase inclusions is challenging due to 
not only their short transient signals, but also because the 
aerosol generated from the ablation is a mixture of solid 
from the host sample and a combination of liquid, gas, and 
solid from the inclusions. These different components affect 
the plasma response, which could result in unstable signals. 
However, the fast impedance matching of the NexION’s RF 
generator 10 compensates for these changes in real time, 
resulting in stable signals and accurate measurements.
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Figure 8: Transient LA-ICP-MS signal from a 60 µm polyphase brine inclusion in the 
quartz sample from the Mole Granite, Australia. For clarity, traces for only 6 of the 52 
elements acquired are shown.

Despite the faster sampling times used with the NexION ICP-MS, 
accuracy was not compromised. As shown in Figure 9, there 
is an excellent agreement between the results of this work and 
a previous study conducted on these same inclusions using a 
conventional LA-ICP-MS system 9. Moreover, thanks to the faster 
settling time, eight additional elements were measured using the 
NexION system compared to former studies where quadrupole 
timing constraints led to a restriction of the number of analytes in 
the method 9.

The transient scan from the ablation of a 60 µm inclusion 
appears in Figure 8. A notable feature of this scan is that the 
peak shapes differ for different elements, corresponding to 
the different phases being ablated. The first sharp K and Na 
peaks signify release from the fluid, while the second broad 
Na peak indicates ablation of a halite crystal. The smaller, 
narrower peaks for Cu, Sn, and W signify ablation of smaller 
crystals enriched in these elements and embedded in the 
inclusion. This type of data can only be obtained with a 
fast-scanning quadrupole with short settling times. If longer 
settling and sweep times are used, elements from different 
components of polyphase inclusions may be missed, leading 
to an incomplete characterization of the inclusion.

Figure 9: Comparison of results from the analysis of polyphase brine inclusions from 
the Mole Granite quartz sample by LA-ICP-MS: this study vs. previously published 
results 9. Error bars correspond to one standard deviation. 

Conclusion
This work has demonstrated that the short quadrupole settling 
time of the NexION ICP-MS is beneficial for the analysis of short 
transient signals, such as those resulting from the LA-ICP-MS 
analysis of fluid inclusions. This faster analysis time allows 
the accurate determination of smaller inclusions (< 10 µm), 
without sacrificing data quality, while also allowing the more 
representative analysis of different components of polyphase 
inclusions, compared to conventional quadrupole ICP-MS. In 
addition, faster cycling permits the use of longer element lists, 
resulting in a more complete characterization of the fluid. 

Therefore, the accuracy and representation of fluid inclusion 
data in geological samples are significantly improved when the 
NexION ICP-MS system is paired with laser ablation sampling.
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