+53 Scientific

American Journal of Analytical Chemistry, 2012, 3, 168-174
#% Research

http://dx.doi.org/10.4236/ajac.2012.32024 Published Online February 2012 (http://www.SciRP.org/journal/ajac)

LA-ICP-MS Calibrationsfor Intact Rock Sampleswith
Internal Sandard and M odified Constant-Sum Methods

Sheng Peng, Qinhong Hu”
Department of Earth and Environmental Sciences, University of Texas at Arlington, Arlington, USA
Email: maxhu@uta.edu

Received December 15, 2011; revised January 20, 2012; accepted January 29, 2012

ABSTRACT

Laser ablation coupled with inductively coupled plasma-mass spectrometry (LA-ICP-MS) calibration was conducted
with multiple spot analyses on eleven intact rock samples using both an internal standard (1S) method and a modified
constant-sum (MCS) method. Methods were then compared for reported bulk elemental composition of the rocks. The
MCS method was based on the sum of eight major elements, which is spatially more stable than one single mgjor ele-
ment as used in the IS method, and is quite constant among different rock samples. Calibrations were performed with
standard reference materials NIST SRM 610, 612, 614, and 616. Little difference was found between using a single
standard and a set of standards, because of the good linearity shown by the reference materials. Comparison of the two
calibration methods shows that the MCS method produced better and more stable results than the IS method for hetero-
geneous samples. With the MCS method, approximately 94% to 95% of the total measurements are within the range of
+100% relative deviation, compared with 82% to 86% with the IS method. The IS method resulted insubstantial overes-
timations for some rock samples (e.g., 648% for Basalt BCR-2 using NIST SRM 610 as the calibration standard), while
the largest deviation with the MCS method was 216% for U in Eagle Ford shale #80 sample. For Quartz latite QLO-1, a
relative homogeneous sample, the IS method generated dightly better results than the MCS method. Regardless of
method, spatially heterogeneous distribution of elements in the intact rock at the scale of the laser spot is considered to
be the main reason for the large relative deviations seen in our work compared to published results.
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1. Introduction Two calibration methods are commonly used, which
we refer to as internal-standard (1S) and constant-sum
(CS) [6]. The internal-standard method requires that the
concentration of at least one (usually major) element be
known for, and uniformly distributed within, the sample.
However, this is rarely the case in geological samples,
for which elementa distributions are heterogeneously
distributed across a wide range of length scales. In fact,
the smaller the laser spot, the greater the local geoch-
emical heterogeneity that will be manifested. In contrast,
the constant-sum method uses the sum of 100% of all
sample constituents (oxides) as a normalization standard,
and therefore does not require the choice of an internal
standard [7-11]. However, different oxide states (e.g., Fe)
raise uncertainty in back-calculating elemental concen-
trations from the oxide concentrations. Furthermore, mo-
nitoring all (major, minor, and trace) elements will prac-
tically increase the measurement times.

Laser ablation coupled with inductively coupled plasma-
mass spectrometry (LA-ICP-MYS) is a method for obtain-
ing multi-elemental, micro-scale concentration measure-
ments with high sensitivity. This is desirable when per-
forming micro-scale and feature-based elemental mapping
in environmental monitoring studies, such as chemical
distribution in hard barrier rocks (e.g., [1]). LA-ICP-MS
has aready been well proven as a powerful tool for rapid
and quantitative trace element analyses in a variety of
materials (e.g., [2-4]). However, LA-ICP-MS has often
been considered to be only semi-quantitative, because of
the lack of matrix-matching calibration standards [5]. Att-
empts to more rigorously quantify LA-ICP-MS data in-
volve cdibration of the (changing) mass response of the
ICP-MS, and correction for differences in ablation yield
between the sample and calibration standard [5].
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In this work, both the internal standard (1S) and a modi-
fied constant-sum (MCS) methods are used for quantita-
tive elemental concentration calculation with eleven intact
rock samples, and the concentrations are compared to th-
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0se measured on powdered samples of these rocks. In the
MCS method, instead of summing to 100% across all ox-
ides, the relatively constant sum of eight major elementsis
used as the calibration basis. Calibrations are conducted
with both single and multiple standard reference materials
of NIST SRM 610, 612, 614, and 616 and the results are
compared and discussed in Section 3.2.

2. Experimental
2.1. Instrumentation and Operating Conditions

A UP-213 laser ablation system (New Wave, Freemont,
CA), interfaced with a PerkinElmer/SCIEX ELAN DRC
Il (Sheldon, CT) ICP-MS system, was used in this study.
Helium was used as the carrier gas to transfer the laser-
generated aerosol through a glass tee into the ICP-MS.
At the same flow rate as helium (0.6 L/min), argon was
used as the make-up gas to maintain the plasma. Argon
was also used to bring in liquid standards (2 pg/L (ppb)
each®Li, ®Sc, *In, and ?®Bi), which were continuously
introduced into the ICP-MS to monitor its stability and
provide a basis for time-drift correction. The ICP-MS
sensitivity was tuned to keep the ™In signal response
high, while maintaining the oxide ratio (***Ce0/**°Ce) and
doubly-charged Ba®*/Ba’ (70/140) less than 3% (see Ta-
ble 1 for operating conditions and parameters). During
data acquisition, signa intensities (counts per second,
CPS) were recorded for thirteen elements with a range of
atomic mass (i.e., ®Na, Mg, ¥Al, Si, “*Ca, *Mn, ®Rb,
8gr, 13cs, 1¥¥Ba, 2®ph, Z2Th, and **U). Note that al-
though it is the isotope that is measured, the resultant
concentration is for the element. This is because the con-
centration of each element, instead of isotope, is used as
the reference material concentration, and the same isotope
is monitored in both samples and reference materials.

2.2. Sample Description and Laser Ablation
Routine

Eleven intact rock samples from different sources with
different mineralogy were used in this study for LA-I1CP-
MS analyses. They are numbered from 1 to 11 as: Ande-
site AGV-1, Shale SGR-1, Granite G-2, Basalt BCR-2,
Rhyolite RGM-1, Quartz latite QLO-1, Syenite STM-1,
Eagle Ford Shale #53, #78, #80, and #103. The first 7
samples come from the U.S. Geological Survey (USGS),
which provide recommended and information values of
elemental concentration for the powdered samples, from
various quantitative measurements. The chemical com-
position of Eagle Ford shale (4 samples at different d-
epths of a borehole) was measured by X-ray fluorescence
(XRF) (Harold Rowe. the University of Texas at Arling-
ton, personal communication).

Laser ablation was conducted at multiple (5-6) spots,
with a spot size of 80 um, for both reference materials and
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samples (Table 1). For NIST SRM glass samples, differ-
ent numbers of laser pulses (5, 20, 100, and 200 for SRM
610, 612, 614, and 616, respectively) were used to account
for their different concentrations of trace elements. For
geologica samples, 20 laser pulses were fired in each
sampling spot. The sampling spots were spaced 1 mm
apart to better account for heterogeneity of the geological
samples. For example, granite is a coarse-grained rock
with primary grain sizes larger than the laser spot size used.
An advantage of using LA-ICP-MS, compared to bulk
measurements on powdered samples, is the ability to as-
sess spatia variability between sampling spots. Different
extents of heterogeneity in the scale of ~400 pm can be
observed from the photos taken by LA software during
spot analyses. Figure 1 shows two examples with large
(basalt BCR-2) and small (quartz latite QLO-1) extents of
heterogeneity, which will be discussed in Section 3.2.

Table 1. Operating conditionsfor LA-ICP-MS.

Laser ablation
Laser system New Wave UP213; Tempest Nd:YAG
Wavelength 213nm
Output power (mJ) 28-30
Ablation chamber New Wave Super Cell
Pulse duration (ns) 3-5
Spot size (um) 80
Repetition rate (Hz) 20
Pre-ablation time (s) 6-10
ICP-MS
Spectrometer PerkinElmer Elan DRC ||
Forward power (W) 1300
Argon flow rate
Nebulizer As gas (L/min) 0.60
LA carrier He gas (L/min) 0.60
Auxiliary gas (L/min) 0.95
Cooling gas (L/min) 14.0
Spray chamber Cyclonic
Nebulizer Meinhard® type A
Sample and skimmer cones Platinum
Data acquisition mode Peak jumping

Dwell time per peak (ms) 2 (Al, Si), 5 (Na, Mg), 20 (all others)
Acquisition duration (s) 70

Figure 1. Laser ablation images of two samples with differ-
ent heterogeneities. Left: basalt BCR-2; right: quartz latite
QLO-1 (the darker circle is the sampling spot, which is 80

pum).
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2.3. Data Correction and Calibr ation

Calibration of element concentration (C) based on signal
intensity (CPS) using the internal standard method is
based on the equation

C;:CPSL[ G j( Ci:. ][CPSS] )
CPs )\ cPst )l CF

where the subscripts r and s refer to reference material
and sample, respectively, and the superscripts i and is
respectively denote different elements and the internal
standard.

The constant-sum quantification method was origi-
nally proposed by Gratuze [7], where summing the oxide
concentrations of al n elements (C_) to 100% was used
asthe basisfor calibration:

" C2=100% wt 2

o=l S

However, as discussed in the Introduction (Section 1),
collecting concentrations of al major elements is prob-
lematic. In this work we modified this method, as a com-
promise of a single and all elements, to use the sum of
eight mgjor elements (Na, Mg, Al, Si, Ca, Fe, K, and Mn)
as the basis. These elements have shown a constant mass
fraction of 51.8% + 1.1% among 12 different rocks (Ta-
ble 2). Rudnick and Gao [12] reported the elemental
composition of upper continental crust (Table 2), with
nine elements (the eight elements used in this work, plus
Ti with aweight percentage of 0.38%) making up 100%.
In future work, these nine elements can be selected in the
MCS method.

The sum of eight magjor elements is expected to give a
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more uniform distribution spatially than a single element
at the sampling spot, and thiswill be especially useful for
the elemental quantification in heterogeneous natural
rock. In essence, this modified constant-sum (MCS)
method is a compromise between the IS method and
Gratuze's [7] sum-t0-100% method. With the unit of
concentration being mg/kg (ppm), Equation (2) was
modified to

3" Ci=51.8%x10° €)
Therefore, K', the ratio of ablation yield parameters
between reference material and sample, can be calculated
as

) 0 6
Ki = 45.1%x10 4

i)

Subsequently, element concentration can be calculated
as.

C.=K'CPS] [—Cf : ] (5
CPS

The modified constant sum method is explicitly derived
based on the concentration of each element instead of
their oxides, and requires the measurement of just 8 ma-
jor elements during sample analyses by LA-ICP-MS;
therefore, it is easier to implement than the sum-to-100%
method. Before applying the afore-mentioned equations
incalculating C., al CPS dataneed to be normalized
to a per-pulse basis, and correction is made for time drift
of the instrument.

Table 2. Eight major composition percentages for twelve rocks.

major composition percentage

1D rock data source sum percentage
Si Al Fe Mg Ca Na K Mn
1 Basalt BCR-2 USGS Certificate of Analysis 2563 7.1 97 22 51 23 15 0.0 42.0
2 Costa Rica basalt Navarre-Sitchleretal. (2009) 253 92 52 18 64 20 11 0.1 44.9
3 Grimsel granodiorite Keusen (1989) 316 83 26 04 15 33 32 0.1 451
4 Stripa granite Nordstrom et al. (1989) 3%9 74 09 02 05 30 38 0.0 47.0
5 Andesite AGV-2 USGS Certificate of Analysis 277 89 47 11 37 31 24 0.0 44.6
6 Dunite DTS-2 USGS Certificate of Analysis 184 02 54 298 01 00 00 0.0 485
7 Granite G-2 USGS Certificate of Analysis 323 81 19 05 14 30 37 0.0 454
8 Granodiorite GSP-2 USGS Certificateof Analysis 311 79 34 06 15 21 45 0.0 43.2
9 Quartz latite QLO-1 USGS Certificateof Analysis 30.7 86 30 06 23 31 30 0.0 45.2
10 Rhyolite RGM-1 USGS Certificate of Analysis 343 73 13 02 08 30 36 0.0 45.6
11 Shale SGR-1 USGS Certificate of Analysis 277 89 47 11 37 31 24 0.0 44.6
12 Syenite STM-1 USGS Certificate of Analysis 279 97 36 01 08 66 36 0.0 451
Average 51.8
STDEV 11
Upper continental crust Rudnick and Gao (2003) 311 81 39 15 26 24 23 0.1 52.1
Copyright © 2012 SciRes. AJAC
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3. Results and Discussion

3.1. Calibration Curve of Standard Reference
Materials

Liquid standards (2 pg/L each for °Li, “*Sc, *°In, and
2%Bi) were continuously introduced into the ICP-MS and
their responses were monitored when laser was fired and
solid signals were collected. Signal intensities for the
four liquid internal standards were largely stable over 6
hours’ run time (Figure 2). The spike patterns coincided
with the sample change where He/Ar gas dynamics were
disturbed, alonger wait time between sample change and
data collection would minimize the spike pattern. How-
ever, the signa response change from solid signals was
captured in the liquid standard, where *°In intensity was
used for time-drift correction.

Concentrations of Na, Al, Si, and Ca are basicaly the
same for the four reference materials (NIST SRM 610,
612, 614, and 616), which contain sixty-one trace ele-
ments in a glass matrix, in concentrations reported by
Kurosawa et al. [13]. Therefore, no standard curve was
made for these four elements. Figure 3 shows the stan-
dard curves for nine other elements. Linearity can be
observed for most of the eements, but Mg, Mn, and
Pbdeviate some from a linear relationship. In calibration
with multi-reference materials, segmented linear coeffi-
cients were thus used for Mg, Mn, and Pb.

3.2. Calibration Resultswith the I nter nal
Standard (I1S) Method

Aluminum was selected as the internal standard element,
because it is contained in many minerals in these geol-
ogical samples. K' was calculated based on C” /CPS"
for each reference material. Calibrated concentrations at
5 to 6 spots were averaged and then compared to the cert-
ified or measured concentrations for each sample (from
USGS or literature) to calculate relative deviation [(calib-
rated concentration—certified concentration)/certified con-
centration]. Figure 4 shows the results cdibrated with
SRM 610. The IS method should generate the same over-
estimation or under-estimation for different elements, if
the fractionations are the same for the references and sam-
ples. A consistently substantial over-estimation (>100%) is
observed for S for approximately one-third of the rock
samples. The maximum is 648% (Basalt BCR-2). Con-
versgly, a consistent underestimation is observed for Mn
and Mg in most rocks samples. This indicates that the
fractionation of these elements is different between the
reference materias and samples. Other cdculations fall in
the range between —100% and 400%, while 82.1% of the
calculations are within £100%. The results are similar with
the other NIST cdibration standards (Table 3).

Figure 5 shows the relative standard deviation (of 5 to
6 spots for each sample) for the LA-ICP-MS measure-

Copyright © 2012 SciRes.

ments with SRM 610 as the calibration standard. Sub-
stantial heterogeneity (>20%) can be observed for many
elements in most of the samples. Quartz latite QLO-1
shows the least heterogeneity (relative standard deviation
<20% except for Mg), while granite G-2 and basalt
BCR-2 have larger heterogeneity, with many elements
having relative standard deviation >100%. The obtained
heterogeneity can be attributed to the inherent heteroge-
neity of the rock samples and/or the artificial heterogene-
ity caused by the IS method; more discussion is provided
at Section 3.3.
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tions: SRM 610, 612, 614, and 616).
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Figure 4. Relative deviation of the calibrated concentrations
by 1S method with SRM 610 for eleven rock samples.
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Table 3. Relative deviation obtained from IS and MCS
methods with different SRM reference materials.

Relative deviation of al elementsin the range of

Method
(-100%, 100%)  (-50%, 50%) (—10%, 10%)

IS SRM610 82.1% 53.8% 12.0%

IS SRM612 85.5% 56.4% 12.0%

IS SRM614 82.9% 54.7% 12.8%

IS SRM616 85.5% 46.2% 12.0%
MCS SRM610 95.5% 64.7% 14.3%
MCS SRM612 94.7% 69.2% 19.5%
MCS SRM614 94.0% 60.2% 17.3%
MCS SRM616 95.0% 56.7% 17.5%

MCS multi-SRM 91.0% 62.4% 18.8%
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Figure 5. Relative standard deviation of LA-ICP-M S meas-
urements calibrated by IS method with SRM 610 for eleven
rock samples.

3.3. Calibration Results with the M odified
Constant-Sum M ethod

Figure 6 shows the relative deviation obtained with MCS
method using SRM 610 as the reference material. All data
fal in the range —100% to 250%, a much narrower range
than that from the IS method. Calibrations with the other
reference materials produced similar results, statistics for
which are presented in Table 2. Calibration using all four
reference materials produced more results within +10%;
however, it did not improve performance within the
ranges of £50% and +100%. Thisis expected for elements
with a good linearity in the reference materials. For ele-
ments with segmented linearities, the similar performance
is caused by the fact that the certified and measured con-
centrations of Mg (2000 - 10,000 ppm) and Mn (100 -
700 ppm) in these rock samples are in the range between
SRM 610 and 612. Only Pb has concentrations (4 - 30
ppm) spanning three reference materials (SRM 610, 612,
and 614). Therefore, the segmentation method did not
show its advantage.

The relative standard deviation of the measurement
calibrated by MCS method with SRM 610 as reference
material is shown in Figure 7. As in Figure 5, quartz

latite QLO-1 has the most uniform elemental distribution,
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while granite G-2 and basalt BCR-2 show the greatest
heterogeneity. However, the relative standard deviation
is generally smaller with MCS method than that with IS
method. This indicates that t the IS method may overes-
timate the inherent heterogeneity.

The average magnitude of relative deviation (the ab-
solute value of the relative deviation) of all measured
elements was calculated for both IS and MCS methods,
with SRM 610 as the reference material, to facilitate the
overall performance comparison of these two methods.
Figure 8 shows the results. The MCS method generally
produced better accuracy, and aso obtained more stable
performance than the IS method; however, the average
magnitude of relative deviation of quartz latite QLO-1 is
dightly smaller with IS method (28.4%) than with MCS
method (35.0%). This indicates for very uniform samples,
IS method can work better than MCS method.

3.4. Discussion

Both IS and MCS methods generated larger deviations
from the known concentrations than those reported in
other studies (e.g., within £10% in [11] and [14]). Several
issues may contribute to these large deviations. In both
above-mentioned works, reference glasses and mineras
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Figure 6. Relative deviation of the calibrated concentrations
by MCS method with SRM 610 for eleven rock samples.
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Figure 7. Relative standard deviation of LA-ICP-MS meas-
urement calibrated by MCS method with SRM 610 for
eleven rock samples.
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Figure 8. Average magnitude of relative deviations from IS
and MCS methods for eleven rock samples. The average
magnitudes of relative deviations were calculated as the
average of the absolute values of the relative deviations of
all the measured elements. Therocksfrom 1to 11 are: An-
desite AGV-1, Shale SGR-1, Granite G-2, Basalt BCR-2,
RhyoliteRGM-1, Quartz latite QLO-1, SyeniteSTM-1, Ea-
gle Ford shale #53, Eagle Ford shale #78, Eagle Ford shale
#380, and Eagle Ford shale #103.

were used, rather than intact rock samples with their in-
herent spatial heterogeneity (Figures 4 and 6). The use
of NIST SRM series glasses, which were suggested by
some researchers to be not homogeneous (e.g., [15]), can
also contribute to the larger deviation. In addition, this
work used the spot analyses of alimited laser pulse of 20
which sampled a small volume, compared to line scans
that most LA-ICP-MS method papers employed (includ-
ing [14]). Furthermore, a quadruple ICP-MS and UV-213
nm laser ablation system were used in this work; these
are more readily available in a research lab than sector-
field ICP-MS and Excimer 193 nm laser used in other
studies.

4. Conclusions

A modified constant-sum (MCS) calibration method was
developed based on eight major elements (Na, Mg, Al, Si,
Ca, Fe, K, and Mn), the sum of which is relatively con-
stant among twelve different rock samples (51.8% +
1.1%). Compared to the internal standard (IS) method,
where asingle element is used as the basis for calibration,
the sum of six elements is more uniformly distributed
spa- tidly in geological samples and therefore can serve
as a better basis for cdibration, especialy for samples
with large heterogeneity at the scale of the laser spot.
Both IS and MCS methods were applied for eleven rock
samples with known elemental concentrations using
LA-ICP-MS to test their performance. In addition, a
comparison with different reference materials was also
made among NIST SRM 610, 612, 614, and 616.

Both IS and MCS methods generated larger relative
deviation compared to those reported in the literature.

Copyright © 2012 SciRes.

Heterogeneity of element distribution in the spot size
scale in these intact rock samples is considered the most
important contributing factor. Comparison between 1S
and MCS methods showed that generally the MCS pro-
duced better accuracy than the IS method. 1S method
generated large deviation from measured concentrations,
especialy for major elements such as Si (e.g., 648% for
Basalt BCR-2 with SRM 610). For the minor elements,
the results were relatively better with the IS method.
MCS method resulted in a smaller deviation, with ap-
proximately 95% of all the results within the range of
+100%, compared to ~85% with 1S method. On the other
hand, the MCS method generated more stable results for
different rock samples than the IS method. The average
magnitude of relative deviation with the reference mate-
rial of SRM 610 ranged from 35% to 64% with MCS
method, while from 28% to 552% with 1S method. How-
ever, for the very homogeneous sample, quartz latite
QLO-1, the average magnitude of relative deviation is
smaller with the IS method than with the MCS method.

With different reference materials, either MCS method
or |S method did not show much difference in the results.
Multi-reference material calibration did not produce bet-
ter accuracy with MCS method. Although it is usually a
routine to run al reference materials of SRM 610, 612,
614, and 616 in LA-ICP-MS measurements, no prefer-
ence with respect to the calibration can be made based on
this study.
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