Use of non-matrix matched reference materials for the accurate analysis of calcium
carbonate by LA-ICP-MS

Jennifer A. Thompson'?*, Jay M. Thompson?”, Karsten Goemann?, Elena Lounejeva?, David
R. Cooke'?, and Leonid Danyushevsky'?,

Transforming the Mining Value Chain, an ARC Industrial Transformation Hub, University of
Tasmania, Private Bag 79, Hobart, Tasmania, Australia

2 CODES, Centre for Ore Deposit and Earth Sciences, University of Tasmania, Private Bag 79,
Hobart, Tasmania, Australia

3 Central Science Laboratory, University of Tasmania, Private Bag 74, TAS 7001, Australia

* Corresponding author: e-mail j.a.thompson@utas.edu.au

A Current address is Geology, Geophysics, and Geochemistry Science Center, US Geological
Survey, Denver Federal Center, Denver, CO 80225

Abstract

Advances in laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
have improved analytical precision for mineral analysis, expanding geological interpretations
from LA-ICP-MS results. However, with improvements in analytical precision, systematic
errors from calibration can become more obvious and affect data quality. To improve the
accuracy of the LA-ICP-MS technique, a fully quantified method is presented for the analysis
of minerals with a CaCO3 matrix. An in-house calcite sample (P-Cal) has been developed with
an independently constrained composition and compared to measurement results from LA-
ICP-MS analysis, generated using multiple spot sizes, laser fluences, and calibration
methods. For many elements, calibration against NIST SRM 612 as a calibration reference
material, and USGS G SD-1G and USGS BCR-2G as secondary reference materials (calibration
B) provides the best accuracy for CaCOs analysis. Ablation rates and element yield in calcium
carbonate closely resembles NIST SRM 612, however the down-hole fractionation curves of
USGS BCR-2G (basaltic glass matrix) are a better fit for carbonate. Variations in accuracy for
measurements at different spot sizes are negligible compared to the other effects discussed.
Additionally, ablation characteristics for powdered crystals versus large fragments produce a

negligible effect on the accuracy of the results for calcium carbonate.
Keywords:

Calcium carbonate, LA-ICP-MS, chemical analysis, method validation, mineral chemistry


mailto:j.a.thompson@utas.edu.au

Introduction

Calcium carbonate (CaCOs) can be present in various mineralogical forms, called
trimorphs (e.g., calcite, aragonite and vaterite) depending on the conditions at which the
crystal grew. The chemistry of these calcium carbonate minerals can provide insight into
different environments including ocean science (e.g., Mitsuguchi et al., 1996; Druffel, 1997,
Wyndham et al., 2004; Frimmel, 2009), ore deposits (e.g., Kontak and Jackson, 1995;
Vaughan et al., 2016; Kalliomaki et al., 2019), and paleoclimate conditions (e.g., Griffiths et
al., 2010; Tremaine and Froelich, 2013; Barnet et al., 2020). Fine-scale variations of
carbonate chemistry require the use of microanalytical tools such as laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS), an analytical technique for in-
situ analysis of elemental and isotopic compositions of solid materials. The LA-ICP-MS
technique is used widely for mineral trace element analysis (Izbekov et al., 2002; Browne et
al., 2006; Barker and Cox, 2011; He et al., 2019) due to the relatively low detection limits

compared to other in-situ techniques.

Development of an accurate method for mineral chemical analysis requires a
comprehensive understanding of the potential sources of uncertainty within an LA-ICP-MS
analytical method, and includes parameters such as laser fluence, laser spot size, calibration
materials, and ICP-MS sampling conditions (Norris and Danyushevsky, 2018). Analysis by LA-
ICP-MS aiming to determine the elemental composition of minerals is commonly calibrated
using reference glasses (e.g., NIST SRM 612, Jochum et al. 2011) as these are virtually
homogenous in composition. However, use of glass reference materials often leads to a mis-
match of the major element composition or ‘matrix’ between calibration materials and
mineral targets. Because LA-ICP-MS is subject to issues of non-representative sampling at
the ablation site (Jackson et al., 2004; Kuhn et al., 2010; Kosler et al., 2014) and during
aerosol digestion in the ICP (Guillong and Gunther, 2002; Fietzke and Frische, 2016), there
can occur innaccuracies due to matrix difference between calibraiton materials and
unknowns. Different materials will also interact differently with the laser beam (Russo et al.
2000) to produce variable yields, defined here as the signal intensity of a specific isotope per
unit mass fraction of the respective element (corrected for isotopic abundance) in the
material. Some elements behave differently to others during laser ablation analysis,

producing elemental fractionation which will vary depending on the matrix analysed (Fryer



et al., 1993; Jackson, 1996; Kuhn et al., 2010; Guillong and Gunther, 2002; Kroslakova and
Gunther, 2006; Gaboardi and Humayun, 2009). Matrix-matched calibration materials would
be ideal for accurate analysis, however, homogenous minerals that also contain adequate
mass fractions of all the elements of interest are difficult to locate in the natural

environment.

Previous investigations have shown the suitability of glass reference materials to
calibrate carbonate compositions at large laser spot sizes ~100 um and greater (Hathorne et
al., 2008; Mertz-Kraus et al., 2009; Strnad et al., 2009). Chen et al. (2010) demonstrated that
glass reference materials are suitable with accuracies within 5-10% of published values for
calcium carbonate analysis, however a systematic bias of 10-20% was observed at 32 um.
Jochum et al. (2012) showed that glass reference material is generally suitable for calcite,
but some elements require a carbonate reference material due to spot size effects and
element fractionation (e.g. Pb). We investigate the suitability of using glass reference
materials to calibrate carbonate compositions at smaller spot sizes (20 and 30 um) by using
a large calcite megacryst (P-Cal, for “pink calcite”) with measurable mass fractions of 26
elements. The P-Cal sample is from the Tribulation quarry in Queensland, NSW Australia,
~11 km north of the Mary Kathleen uranium mine in the Mary Kathleen Fold Belt (Page,
1983). The sample was collected by Professor David Cooke and is from a high temperature
pod of calcite hosted in the Corella Formation (Oliver et al. 1993, J. Metamorphic Petrology).
We analysed both chips (mm in size) and pressed pellets of powdered P-Cal calcite. The
purpose of this study is to provide a detailed method for quantification of carbonate by LA-
ICP-MS including optimal laser conditions and reference materials. We also discuss the
effects of ablating millimetre sized crystal chips versus powdered material for quantitative
analysis of calcite as well as aragonite to assess if there are any differences in ablation

characteristics between these two forms of calcium carbonate.
Experimental methods

The elemental composition of P-Cal was defined by solution ICP-MS, XRF, and electron
microprobe analysis (EPMA). The defined P-Cal values were then compared with laser
ablation ICP-MS results to determine the best practices for determination of accurate
calcium carbonate chemistry results at large and small spot sizes. Additionally, several

calcium carbonate samples were evaluated including a marble with major element



compositions verified by EPMA, an aragonitic otolith sample, and the pressed pellet calcium

carbonate reference material USGS MACS-3.
Sample preparation

A large megacryst of calcite (P-Cal) was broken into multiple size fractions via an agate
mortar and pestle. Chips that were ~1-5 mm in diameter and appearing inclusion free under
binocular microscope, were hand-picked for further use. The chips were randomly divided
into aliquots for solution ICP-MS, XRF, and chips mounted in epoxy for microprobe and LA-
ICP-MS analysis. Samples mounted in epoxy were polished with 600 to 2000 grit Si-C
sandpaper, cleaned in deionized H,0 with a sonicator, and then polished using 1 um
diamond paste. The sample mount was cleaned and sonicated several times in high purity
methanol followed by several rinses and sonicating using DI H,0. The sample mount was
then dried at 100°C for 1 hour and stored under vacuum in a desiccator. A sample of bluefin
tuna otolith (adult specimen) and a marble sample from the marble halo to the Grasberg
Intrusive Complex, Indonesia (Leys et al., 2012) were mounted in epoxy and prepared in a

similar fashion to the P-Cal chips.
XRF bulk analysis

A representative 20 g aliquot of P-Cal chips were picked and powdered by hand in an
agate mortar and pestle using ultra high purity methanol as a grinding aide. The powder was
ground to fineness so that no grit was felt by fingers on a small test aliquot. From this
representative 20g powder, an aliquot of ~10 g was mixed with ~10% PVA (poly vinyl
alcohol) binder to ensure robust pill formation and pressed in the Spex X-Press 3650
hydraulic press at 10 tons using a 30 millimetre diameter die for 3 minutes and pressure
released slowly over 2 minutes. A second aliquot of ~2 g of the representative powder was
pressed at 6 tons in a 15 millimetre die, but no binder added. In both pressed pellets a 6 um
thick Mylar film was used to cover the faces of the pressed pellet to avoid any metal
contamination from the steel press on to the sample surface. The 30 millimetre pressed
pellet was utilized for trace element analysis by XRF, while the 15 millimetre diameter
pressed pellet was mounted in epoxy for LA-ICP-MS analysis without any epoxy covering the
surface of the pressed pellet. Thus, there was no need to polish the sample and risk

contamination of the surface. A pressed pellet of the USGS MACS-3 calcium carbonate



reference material was also mounted in epoxy in a similar fashion to the P-Cal pressed

pellet, also without the use of polishing.

Trace and major element compositions were obtained from a pressed powder pellet
and glass disk respectively using an Axios Advanced wavelength dispersive XRF housed at
the University of Tasmania. Major element compositions of the P-Cal calcite megacryst were
determined via fused Li-B glass disk using powder prepared for XRF pressed pellets. The Li-B
glass disk was prepared by mixing 0.44 g pf powder with 3.96 g high purity dilithium
tetraborate and 0.606 g of LiNO3 (pipetted as a 1 mL saturated LiNOs solution). The mixture
is fused in a Claisse M4 fusion instrument for 12 minutes with an optimized temperature
(1000° C) and mixing procedure to ensure homogeneity of glass disks and to prevent loss of

volatile elements during fusion.

Calibrations for major and trace element measurements were done using a
combination of more than 30 international reference materials, synthetically prepared disks
from single element oxide powders, and standard addition of Ca, Ba, Sr, Cu, Pb, Zn, As, Cr, V,
Ni and Co to in-house reference materials TASBAS, TASDIOR and international reference
materials JLs-1 and JDo-1. Elements measurements in the major element routine were Si, Ti,
Al, Fe, Mn, Mg, Ca, Na, K, P, S, Ba, Sr, Cu, Pb, Zn, As, Cr, V, Ni, Co and F. Those included in the
trace element routine were Sc, Ti, V, Cr, Ni, Co, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Nb, Zr,
Mo, Ag, Cd, Sn, Sb, Te, Ba, La, Ce, Nd, W, Tl, Pb, Bi, Th and U. Where there is overlap in
elements between the two routines, elements are reported using the trace element routine
unless the mass fraction is above 2,000 pg/g. Results for major element analysis were
obtained using a carbonate-specific XRF calibration. Limestone and dolomite reference
materials JLs-1 and JDol-1 were analysed by both glass disk (major elements) and pressed
pellet (trace elements) for quality control. Elements in P-Cal that were below the detection
limit of XRF included F, Na, Al, P, K, Sc, V, Cr, Co, Ga, Ge, As, Se, Mo, Ag, Cd, Sn, Sb, Te, Bi,
and U.

Solution ICP-MS bulk analysis

Solution ICP-MS data were obtained for seven different chips of calcite and four
digestions of powder. All work was performed in the Class 100 cleanroom at CODES
Analytical Laboratories, University of Tasmania. Sample aliquots of 100 milligrams were

placed into pre-cleaned Teflon 7 mL beakers with 1 mL of ultrapure water (18.2 MQ.cm milli



Q H;0) and 2 mL of Seastar grade 16 M HNOs3, and heated at 120°C for 12 hours. Samples
were cooled and sonicated to ensure dissolution, then gravimetrically diluted by 1500x into
a final solution of 2% HNOs. Samples were spiked with 10 ng/ml of Ge, In, Rh and Re as
internal standard elements to correct for any instrument drift and sample dependent matrix

loading effects in the ICP.

A high purity, single element solution (HPS Spex, CertiPrep) of Ca was added to
TASBAS (Tasmanian basalt; Falloon et al., 2007; and Leslie et al., 2009) and to a prepared
calibration solution containing 2.5 ng/ml of the measured elements. In addition to P-Cal, a
set of international reference materials were dissolved and analysed as unknowns for
quality control purposes: Cal-S (calcite), OPC-1 (ordinary Portland cement, GeoPT26), JLs-1
(limestone) and JDo-1 (dolomite). Analysis was performed on an Agilent 7700 quadrupole
ICP-MS using a collision cell with helium gas addition at 2.4 ml/min to minimize polyatomic
interferences (e.g., °Ca'®0*H on >’Fe). Instrument calibration was performed using multi-
element solutions (Spex, CertiPrep) gravimetrically prepared at 0.5, 1, 5, 10 and 20 ng/ml
concentration. Raw data in counts per second (cps) were corrected for oxide production
from Ba, Ce, Pr, Nd, Gd, Th, and Er. Instrument drift correction was performed on a multi-
elemental solution of 10 ng/ml of each measured element. Procedural blanks were
monitored for several elements and found negligible in most cases: REE blanks of 0.001-
0.004 ng/g, Fe blanks of ~0.01 ng;g, Ca and Mg blanks between 0.7-0.9 ng/g compared to >3
orders of magnitude higher signal in the P-Cal sample. Procedural blanks were subtracted
during data reduction. Elemental compositions of the analysed reference materials treated

as unknowns agreed within the range of published values (GEOREM; Jochum et al., 2011).
Electron Microprobe in-situ analysis and SEM bright phase search

The mounts of chips of the P-Cal megacryst and a marble sample embedded in epoxy
resin were carbon coated with ~20 nm thick coat and determined by Electron Microprobe
Analysis (EPMA) at the Central Science Laboratory (CSL), University of Tasmania. A JEOL JXA-
8530F Electron Microprobe with a field emission source and five wavelength dispersive
spectrometers were used for the analysis with a defocused electron beam (~30 um spot
size) using an accelerating voltage of 15 kV and beam current of 30 nA. No change in X-ray
intensities due to damage by the electron beam was observed at these conditions for the

duration of the analysis (30 seconds). Elements determined by EPMA were Mg (Ka, using



TAPL crystal), Ca (Ka, using PETJ crystal), Mn (Ka, using LiFL crystal) and Fe (Ka, using LiFL
crystal). For the calibration of different elements, the following reference materials were
utilised: Broken Hill Rhodonite (MnSiOs, P&H Developments) for Mn, Minas Gerais Hematite
(Harvard 92649) for Fe, San Carlos Olivine (NMNH 111312-44) for Mg and Calcite (NMNH
136321) for Ca. Each element had a 30 second peak and off-peak counting time with a linear
off-peak correction method for Ca and Fe and an exponential method for Mg and Mn.
Oxygen was calculated by stoichiometry with elemental C calculated as 0.3333 atoms
relative to 1.0 atom of O. Individual results are normalized to 100% analytical total.
Secondary carbonate reference materials run with P-Cal include Dolomite (Harvard 105064;
McGuire et al., 1992), Siderite (NMNH R2460; Jarosewich and Macintyre, 1983), and an

internal-lab reference material Rhodochrosite Santa Eulalia (Cannon Microprobe).

A bright phase search was performed using backscatter electron (BSE) images on an
FEI Quanta 450 with a field emission source and using an Oxford EDS detector at the USGS
Denver Microbeam Laboratory (DML) in Denver, Colorado. A 15 kV accelerating voltage and
a working distance of 11 mm were used,. The bright phase search parameters were such
that any bright phase relative to calcite with dimensions of 0.42 um x 0.42 um in BSE would
be detected and measured by EDS to identify phase. Bright phase searches were performed
on a representative 11 calcite grains (or portions of grains). Due to the relatively small
inclusion size (typically <1 um) to the beam size (5 um), there was overlap with the calcite
host, however this did not affect the qualitative identification of phases. A quantitative
estimate of surface area for each inclusion type was derived from the BSE images and area

of the calcite grains in the search was measured using the software Image J.
LA-ICP-MS analysis

Four calcium carbonate materials (P-Cal, Marble, Otolith and USGS MACS-3) were
analysed along with glass reference materials (NIST SRM 612, USGS BCR-2G, USGS GSD-1G)
by LA-ICP-MS at CODES Analytical Laboratories, University of Tasmania. For the reference
materials the preferred values of the GeoReM database (application version 27, January
2020; Jochum et al., 2015) were applied. The laser ablation system was an ASI (now Applied
Spectra) Resolution SE 155 with an ATL-EX ArF excimer laser source operating at 193 nm
wavelength and a 5 to 8 ns pulse width. The laser ablation system was equipped with a large

format, two-volume ablation cell that houses up to 20 twenty-five millimetre sample



rounds. The ablation takes place in a helium atmosphere (flow rate 350 ml/min) within the
fixed 2" volume funnel (~9 cm3). The helium aerosol derived from the ablation was
immediately mixed with argon (1.05 I/min) in the funnel, wherein the gas-particle mixture
exited the ablation cell and was sent to the ‘squid’ (Muller et al., 2009) to smooth out
individual laser pulses. The aerosol and gases then enter an Agilent 7900 quadrupole ICP-
MS. The Agilent 7900 is tuned daily for maximum sensitivity using a line scan on the NIST
SRM 612 glass (40 um, 3 um/s and ~3.5 J/cm? laser fluence) while achieving U*/Th* ~1,
ThO*/Th* ~0.18%, “*Ca**/**Ca* ~0.2%, a 43/57 mass ratio >100 (Thompson et al., 2020) and
peak widths of ~0.7 amu at 10% height. Typical ablation yield at these tune conditions is
~9,400 cps/ug/g for 238U.

To assess calibration methods and best analytical conditions to analyse carbonate by
LA-ICP-MS, two different tests were conducted. The purpose of test #1 was to assess the
best calibration strategy for carbonate. In test #1 P-Cal chips and pressed pellet were
analysed as unknowns measured at a 20, 30, and 60 um diameter spot size, 5 Hz repetition
rate and 3.5 J/cm? laser fluence that was measured by an external meter above the laser cell
window prior to analysis with a 9% loss measured through the window that is factored in to
the calculated fluence. Isotopes measured were: 2*Mg, 2°Si, 3°K, #2Ca, 43Ca, #’Ti, >>Mn, °’Fe,
59Co, 6ONi, 3Cu, 56Zn, 85Rb, 88Sr, 89Y, 137Ba, 13903, 149Ce, 146Nd, 147Sm, 153Ey, 157Gd, 163Dy, 166E Y,
172yp, 175Lu, 2%8Pb, 232Th, 238U with dwell times between 10 and 20 ms and a total quadrupole

sweep time of 0.496 seconds.

All data reductions were performed using LADR (Norris and Danyushevsky, 2018)

(https://norsci.com/?p=Iladr) with Ca as the internal standard element, and all cations

normalized to 100% oxide total assuming stoichiometric proportions of carbon in calcite
with negligible contents of organic carbon. A correction was applied to °’Fe due to the
production of °Ca®O'H* (Thompson et al., 2020) using a fish otolith composed of aragonite
with Fe contents <1 pg/g that was previously confirmed via LA-ICP-TOF-MS with peak
resolution r = ~2500 (r = m/Am, where m is the centre and Am the full width of the mass
peak at half maximum). The removal of the interference on >’Fe was performed in LADR on
all reference materials and unknowns. Other CaO interferences on Co and Ni were found to
be below level of detection in this same fish otolith. Each analysis consisted of five shots of

pre-ablation to clean the sample surface, 20 seconds of washout, the ICP-MS receives a
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trigger to collect data for a 30 s gas blank followed by a 60 s ablation. A total of ~25 one
millimetre-sized chips of the P-Cal megacryst were analysed for test #1 that included four
laser spots per chip per spot size for a total of 300 measurements on P-Cal. The NIST SRM
612 reference glass was analysed at each spot size (n=22) and the 60 um spot size was
analysed throughout test #1 to correct for instrument drift (n=22). USGS reference glasses
USGS BCR-2G and USGS GSD-1G were analysed at each spot size as well (n=22), while the
USGS MACS-3 pressed pellet was analysed at the 30 um spot size only (n=15). Reference
materials were run in blocks between 30 to 50 unknowns (P-Cal chips) or every ~ 40 to 60
minutes and measurements at different spot sizes were arranged with increasing size during

the run to minimize any sample carry-over.

A primary calibration was used to correct for instrument drift and obtain instrument
element relativity factors to convert data from cps to ug/g based upon the equations of
Longrich et al. (1996). The secondary calibration is used to account for matrix and spot size
effects. The secondary calibration was created using the ratio of the accepted to the
measured values of the secondary reference materials for each isotope measured and
multiplying by the unknowns. Where secondary standard correction is done using multiple
reference materials (e.g., USGS BCR-2G and USGS GSD-1G) an average correction factor is
calculated and applied to the unknowns. The primary and secondary calibrations are both

done in LADR.

For test #1 there were four different calibration methods employed on the exact same
set of 300 measurements to isolate the effect of calibration (Table 1). A: a primary
calibration on the NIST SRM 612 glass matching each spot size; e.g., 20 um P-Cal spots were
calibrated using 20 um NIST SRM 612 spots, and no secondary standard correction was
applied. B: a primary calibration using the NIST SRM 612 glass at a 60 um spot size and a
secondary correction for differences in spot size for the unknowns using the average
correction factors of USGS BCR-2G and USGS GSD-1G for each spot size (20, 30 and 60 um).
C: a primary calibration using the NIST SRM 612 glass at a 60 um spot size and a secondary
correction for the difference in spot size for the unknowns using the NIST SRM 612
measured at each respective spot size (except 60 um as this is already spot size-matched).
D: similar to B and C, but using the USGS MACS-3 preferred values to apply a secondary

correction for spot size and only for the measurements done at 30 um.



The purpose of test #2 was to assess the yield and ablation rate for a variety of
carbonate materials relative to glass reference materials for a range of laser fluences: 1.5,
2.5,3.5,4.5,and 5.5 J/cm?; at three different laser spot sizes: 20, 30, and 60 um diameters,
and all measurements were conducted at 5 Hz laser repetition rate, which generated 50
total shots per ablation. The materials analysed included reference glasses NIST SRM 612,
USGS GSD-1G, and USGS BCR-2G; while carbonate materials included P-Cal calcite chips and
pressed pellet, GIC Marble, Otolith, and USGS MACS-3. Each sample was analysed in
duplicate for each energy at each spot size. No pre-ablation was performed, with a 10 s gas
blank followed by a 10 s ablation. The isotopes measured for test #2 were 2*Mg, 2°Si, 3Ca,
>>Mn, >’Fe, 8Sr, 137Ba, 140Ce, 172Yb, 298pPb, 232Th, and 238U with dwell times between 10 and 20
ms and a quadrupole sweep time of 0.162 s. Because the main purpose of test #2 was not
guantification of results, but to assess variances in yield and ablation rate at the different
laser conditions (spot size and fluence), the element list was kept short to only include
elements that might be useful in estimating yield based upon their high abundance in
carbonate, and the ablation was kept short to aide in laser crater depth measurements.
Laser crater depths were measured using a Bruker Contour GT-K light interferometer with a

50x objective and a 0.55x magnifier.
Results and discussion
Assignment of P-Cal working values

In order to assess the optimum laser conditions for carbonate analysis, the level of
homogeneity and chemical composition was established for an in-house sample (P-Cal). To
ensure accurate characterization of the P-Cal calcite, multiple elements were assessed by
multiple analytical techniques. Calcium, Mg, Fe, and Mn mass fraction in P-Cal were
determined by solution ICP-MS, electron microprobe, and XRF analyses. The resulting P-Cal
composition was calculated as a weighted average, using the averages and associated
uncertainties of the different analytical techniques. The mass fraction of Sr, Y, La, and Ce
were calculated using a weighted average of XRF and solution ICP-MS methods. It should be
noted that where a weighted average was used to define the P-Cal chemical composition,
the individual analytical technique full propagated uncertainties (measurement +
calibration) are within 2 s.d. of each other. Elements only detectable by solution ICP-MS

analysis and therefore, only defined by one analytical method are Ti, Co, Ni, Cu, Zn, Rb, Ba,



Nd, Sm, Eu, Gd, Dy, Er, Yb, Lu, Pb, and Th. Some variability was seen between dissolutions
for solution ICP-MS of different individual chips (e.g., Y) that was outside measurement
uncertainties and the averaging of seven individual chip dissolutions as well as the five

powder dissolutions were done to accurately characterize the material.

The use of P-Cal for evaluation of optimal laser conditions requires a degree of
compositional homogeneity that allows for investigation into LA-ICP-MS conditions without
variability being dominated by sample heterogeneity. To evaluate P-Cal homogeneity, the
relative standard deviation (RSD) of 100 measurements were compared to the average
analytical uncertainty (“within-run” precision output from LADR; Norris and Danyushevsky,
2018) of the analytical method (Rocholl, 1998; Danyushevsky et al., 2011; Fig. 1), where a
truly homogenous sample will lie on a 1 to 1 line for these two variables. This is because for
homogenous materials, higher counting statistic uncertainties (due to low abundance) will
lead to a correspondingly higher analysis to analysis variability or %RSD (Fig. 1). For
example, the reference glass USGS BCR-2G, is relatively close to the 1:1 line for most of the
measured elements and has a linear correlation consistent with the behaviour of a
homogenous material. For P-Cal chips Ba, Si, Ni, Th, Pb, and U are too heterogeneous or
have mass fractions too close to the limit of detection of the applied methods and
operational conditions in P-Cal to be useful for the purposes of this study. Figure 1B displays
a series of elements in P-Cal that have relatively good counting statistics; however, do
display variable heterogeneity in the material. To overcome this slight heterogeneity for
some elements (particularly Y and the HREE) hundreds of analyses were performed by LA-
ICP-MS to achieve a representative sampling of P-Cal and by reducing the standard error of
the mean of 100 analyses to a level consistent with or similar to the instrument average
uncertainties. Our data display a normal distribution for most elements suggesting that use
of standard error in this manner is justified. A comparison of the homogeneity between the
P-Cal chip and the pressed pellet analyses displays variable behaviour of elements, with
some showing sufficient homogenization (Y and HREE) while others do not (Mg, Mn, Fe, Sr,
LREE). This suggests that the powder of the P-Cal chips were not fully homogenized during
the grinding process and that the scale of heterogeneity is relatively large with respect to

the volume sampled by the laser. The P-Cal reference values for elements shown to be



sufficiently homogenous to be used in this study to evaluate the operational conditions are

presented in Table 2.
Quantification of calcium carbonate using different glass RMs

The choice of reference materials and calibration strategy is important to provide
accurate analytical results for LA-ICP-MS (Kuhn et al., 2010; Nadoll and Koenig, 2011; Gilbert
et al., 2014; Redaa et al., 2020). To investigate the optimum reference materials and
calibration strategies for LA-ICP-MS, a single set of P-Cal analyses were computed using four
methodologies (A-D; Table 1). These results were then compared to the independently
accepted P-Cal composition determined from XRF, EPMA and solution ICP-MS (Fig. 2A). The

elements deemed inhomogeneous were not included in this comparison.

Calibration methods B-D produce analytical results outside of the method
uncertainties for light rare earth elements (LREE), Co, and Fe (excluding calibration C; Fig.
2A). Calibration method D, which includes a secondary reference material correction using
USGS MACS-3 produced P-Cal compositions with the greatest degree of bias relative to the
accepted composition. USGS MACS-3, though the best matrix-matched material to P-Cal
calcite, produces inaccurate results compared to results calibrated using the NIST SRM 612
or basaltic glasses. This could be due to USGS MACS-3 heterogeneity or due to the ablation
behaviour differences between crystal chips and powder samples (Jochum et al., 2019).
However, the P-Cal pressed powder pellet did not display differences between crystal chip
analyses and this suggests the original MACS-3 is heterogeneous in composition for many
element which is in agreement with the findings of Jochum et al. 2019 where the percent
relative RSD is between 1 and 100 depending on element. Calibration method B that uses an
average of USGS BCR-2G and USGS GSD-1G secondary reference material correction is the
most accurate for Mg and many REEs, whereas a NIST SRM 612 calibration (C) produces
more accurate Fe values compared to the accepted P-Cal values. Calibration method A
produced P-Cal compositions indistinguishable from calibration method C and is therefore

not shown in Figure 2.

There is a systematic decrease in agreement between solution ICP-MS in all LA-ICP-MS
calibration methods from heavy to light REE. This trend has been observed before by Tanaka
et al. (2006) and was interpreted to be the result of REE-rich micro-inclusions in calcite that

were homogenized in solution ICP-MS analyses but not sampled by LA-ICP-MS. Another



possible explanation for this behaviour of the light REE is if there were a difference in
element fractionation between light and heavy REE during LA-ICP-MS analysis; however, this

behaviour has not been previously observed in LA-ICP-MS.

To assess the presence of REE-rich inclusions and their potential influence on LA-ICP-
MS results, a bright phase search in BSE was conducted. This BSE search identified two REE-
bearing phases, bastnaesite and monazite, that were on average 0.77 and 0.61 um? in size
respectively (Electronic Appendix 6). There is significant heterogeneity in the distribution of
these REE phases between grains and it is possible that the bright phase search performed
did not obtain a representative sampling. The sum of the area containing REE phases was
compared to the total area of calcite that was searched by SEM. The proportion of surface
area of bastnaesite and monazite to calcite host was 2 to 4 x10°® (Electronic Appendix 6). A
mass balance calculation presented in the Electronic Appendix 6 shows the amount of REE
phases identified cannot account for our observed discrepancy between La in the bulk
digestion methods (XRF and solution ICP-MS) and the LA-ICP-MS results. A total of ~0.75
ug/g is estimated to be added La from the presence of these minor inclusions while the
discrepancy between solution ICP-MS and LA-ICP-MS is ~18 pg/g. The minor effect of these
inclusions to the bulk chemistry is accounted for by the relatively high (~100 pg/g) mass
fraction of La in calcite and the small size (sub um) of the REE-rich inclusions. The bright
phase search would have had to find ~24x more REE inclusions to account for the difference

between La by solution ICP-MS and LA-ICP-MS.

Despite the presence of light REE phases in the calcite, their size and abundance are
too small to meaningfully impact the REE-bearing calcite. Any additional REE due to the
presence of bastnaesite and monazite also assumes that these phases were fully digested in
the solution ICP-MS preparation methodology (3 M HNO:3). It is unlikely that monazite would
dissolve under the digestion conditions used for solution ICP-MS (Goncalves et al., 2016) so
estimates of light REE phases contributions are likely to be too high if monazite was not fully
digested. It is more likely differences in elemental fractionation is the cause of the

behaviour of the REE during LA-ICP-MS analysis.

Previously, studies utilizing LA-ICP-MS would often measure the calibration
reference material and unknowns at the same laser conditions, particularly laser spot size

(Fryer et al., 1995; Luvizotto et al., 2009; Mikova et al., 2009; Nadoll and Koenig, 2011;



Jochum et al., 2014). Since elemental fractionation in LA-ICP-MS will change as the aspect
ratio of a laser crater varies (Mank, J.G. and Mason, R.D., 1999), use of different sized laser
spots between reference materials and unknowns could result in inaccurate results.
However, with the use of small spot sizes (<30 um diameter), the uncertainties in the
calibration materials can become large due to poor counting statistics (Nadoll and Koenig,
2011), increased element fractionation and increased signal drop off; which will lead to
large uncertainties in characterizing instrument drift. Use of a larger (>60 um) spot on the
calibration material is ideal to minimize these issues, however, this will introduce bias in the
results if smaller spot sizes are used for the unknowns. This study utilizes a correction based
on analyses of secondary reference materials analysed at the same conditions as the
unknowns, primarily for correcting for the difference in spot size if any, but also the

secondary reference materials are ideally better matrix-matched to the unknowns.

The effects of using a large versus small spot size for the primary calibration can be
investigated by comparing calibration methodologies A and C. In calibration method A, the
primary calibration reference material was analysed at the same spot size as the unknown
(30 um). In calibration method C, the calibration reference material was analysed at 60 um
with a secondary reference material, in this case also NIST SRM 612, analysed at the same
spot size of the unknown (30 um). Figure 3 shows the difference in the calibration
uncertainties, calculated in LADR, between these two methodologies with calibration
method A showing significantly higher calibration uncertainties that would contribute to a
higher total uncertainty of the analysis. This issue would be exacerbated by use of even
smaller spot sizes. The calibration reference material run at a larger spot size produces
higher signal intensities and decreased signal drop off and element fractionation, allowing
for a better characterization of any ICP-MS drift. Corrections performed using the results on
secondary reference materials measured at a smaller spot size will naturally have worse
counting statistics, and the uncertainties from this correction are propagated into the
calibration uncertainty as shown in Figure 3. Despite this additional source of uncertainty,
the total uncertainties are still lower for calibration method C compared to A. The
differences in calibration method uncertainty are largely due to the ability of the primary

reference material to adequately define instrument drift throughout the run.



Optimum laser sampling conditions for accurate element analysis in carbonate

Differences in the ablation properties between different materials can lead to variable
amounts of element fractionation and therefore inaccurate results (Kuhn and Giinther,
2004; Marillo-Sialer et al., 2014). Additionally, the ablation behaviours of minerals, glasses,
and pressed powders can change relative to one another when varying spot size and laser
fluence. The following discussion addresses the laser spot size and fluence conditions that
provide the best element yield (counts per second per pg/g element in a material) for
carbonate while minimizing element yield differences between the calibration materials and
unknowns. The LA-ICP-MS conditions for calcium carbonate analysis presented in this study
would apply to excimer 193 nm laser systems, but provides a workflow to develop similar

optimal conditions for other laser systems.

As shown by Russo (2000) increasing ablation depths can reduce the effective laser
energy delivered to the sample due to (laser) plasma shielding; a contributor to element
fractionation (Mao et al., 1996; Russo et al., 2002). Because of this suggested link between
laser crater depths and element fractionation, our study investigated the laser crater depths
for USGS BCR-2G, NIST SRM 612, and the P-Cal calcite to assess changes in ablation rates
between the different materials. At both large and small spot sizes, 20 and 60 um
respectively, the laser crater depth of P-Cal is similar to NIST SRM 612 at low laser fluence
and starts to diverge at laser fluence values above ~3 J/cm? (Fig. 4A and B). Variations of
spot size changed the laser ablation rate for a given material, but did not change the
relationship between NIST SRM 612 and P-Cal. Figure 4C shows average depths for three
samples analysed at 3.5 J/cm? laser fluence for spot sizes of 20, 30, 40, and 60 pum, all three
materials showing a decrease in ablation depth (i.e. ablation rate) with increasing spot size.
USGS GSD-1G has a systematically lower ablation rate for the same laser conditions than P-
Cal or NIST SRM 612. USGS BCR-2G was measured as well, but not plotted as it shows
identical behaviour to USGS GSD-1G. Optically NIST SRM 612 is more similar to carbonate
than USGS GSD-1G, however several elements are better quantified against basaltic glasses
than NIST SRM 612 (Fig. 2A). This suggests the laser ablation rate may be less important
than other parameters (e.g., particle size distribution; Guillong and Gunther, 2002;
Kroslakova and Gunther, 2007) and that the compositional differences between a reference

material and unknown do not necessarily inhibit accurate LA-ICP-MS analysis. Provided a



correction is applied based on secondary reference materials, the choice of spot size does
not seem to greatly affect the accuracy of carbonate analysis (Fig. 2B) in contrast to previous
work (Tanaka et al., 2007) where it was found only larger (60 um) laser spots produced

accurate results.

The ablation efficiency, or element yield, measured as mass CPS/(ug/g), can be used to
assess the ablation process, and is a function of both the laser ablation rate and the
efficiency of particle transportation or digestion and element ionisation in the ICP. The
element yield of P-Cal and NIST SRM 612 for Mg, Ca, Mn and Fe (Fig. 5) are relatively linear
with increasing fluence, whereas the same element’s yield for USGS GSD-1G behave non-
linearly, with less increase in yield after about 3.5 J/cm?. Most elements of interest show
similar trends in changing yield with increasing laser fluence, however for simplicity only
Mg, Ca, Mn and Fe have been shown in Figure 5 as these elements are the most
homogeneous in the P-Cal sample and span a range of element volatilities; previously linked
to element fractionation in LA-ICP-MS (Hirata, 1997; Gilbert et al., 2014). Based on the
observations in Figure 5, the ideal fluence for the laser ablation system used in this study
would be 3.5 J/cm?. Higher laser fluence would cause the ablation behaviour between
carbonate and reference material to diverge and lower fluence would dramatically decrease
the volume of ablated material, and therefore increase the limits of detection and analytical
uncertainty for trace elements in carbonate. Also, lower fluence would potentially not
couple as well to transparent, pure calcite (Jeffries et al., 1995), resulting in more mineral

fracturing or lack of full ablation.

The yield and ablation rates of P-Cal closely resemble those of NIST SRM 612 but not
those of USGS GSD-1G. However, an investigation into the existence of any element
fractionation is necessary to better understand why most elements are better calibrated on
USGS BCR-2G (via secondary correction). We investigated element fractionation by looking
at change in isotopes relative to #*Ca as the laser drills down hole, similar to down-hole
corrections for 2°6Pb/?38U for U-Pb dating in zircon (Paton et al., 2010). To remove counting
statistic noise present on an individual analysis that can obscure any fractionation trends,
several measurements were stacked to form an average isotope to *3Ca curve (Paton et al.,
2010). Down-hole element fraction curves of 8Y, 14Ce, >>Mn, and 2*Mg are shown in Figure

6 where a ratio (isotope over #3Ca) in calcite is normalized to the same ratio in reference



glasses using the GeoRem preferred values (Jochum et al., 2005). These elements were
chosen because they did not exhibit zoning in P-Cal and are in high enough mass fraction to
provide robust counting statistics. Additionally, these elements span a wide range in mass,
element volatility and oxide boiling point (all can influence element fractionation) and thus
can be used as proxies for other elements (Fryer et al., 1995; Gilbert et al., 2017). In Figure
6, a difference in curve shape or in the positions of the curve on the Y-axis between the
different materials would suggest some variation in ablation characteristics. Both the shape
and the absolute values of the down-hole fractionation curves are different between P-Cal
and the reference glasses for the elements Mg, Y, and Ce. Magnesium down-hole curves for
NIST SRM 612 are significantly offset from P-Cal (Fig. 6A) and the resulting quantification of
P-Cal using NIST SRM 612 is significantly inaccurate relative to a quantification against USGS
BCR-2G, which has a better curve fit for Mg (Fig. 6E). Cerium has the greatest down-hole
trend differences between the reference glasses and P-Cal, and quantification against either
glass provides biased results outside of the method uncertainties. Manganese shows little
difference in the curves between the three materials and this element shows the highest
accuracy when quantified against either reference material. Changes in the shape of the
curve throughout the ablation are due to element fractionation between the element of
interest and Ca, the internal standard element. Correcting for time-dependent element
fractionation for carbonate, as done in zircon U-Pb dating (Jackson, 1996; Paton et al., 2010)
would not appear to improve the accuracy due to systematic offsets for some elements in
the curves between the different materials. These systematic offsets may be due to
elemental fractionation present due to differences in particle size distribution and resulting
digestion in the ICP-MS (Guillong and Gunther, 2002; Kroslakova and Gunther, 2007) for the
three different matrices shown in Figure 6. However, it is also possible these systematic
biases are due to large-scale heterogeneities in SRM composition (Eggins and Shelley, 2002).
Future work investigating robust plasma conditions as suggested by Fietzke and Frishe
(2016) may help determine causes of systematic offsets between NIST SRM 612, USGS BCR-
2G and P-Cal calcite.

As shown for quartz (Jeffries et al., 1995; Audétat et al., 2015), variable ablation
properties can exist within a single mineral based upon the purity or colour variations. To

examine the potential applicability of P-Cal results to other calcium carbonate samples, laser



crater depths were measured on a coarse marble and a fish otolith sample (aragonite). The
ablation crater depths diverge at high laser fluence with the marble sample producing
shallow craters compared to the fish otolith and P-Cal (Fig. 4D). This difference in ablation
depths is not significant compared to the differences between calcite and reference glasses
as shown in Fig. 4 A-C and would suggest that even at higher fluences, there would be little
systematic bias in the results between different carbonate matrixes. However, use of higher
fluences is not optimum for ablation of basaltic glasses used as secondary reference
materials. Additionally, higher fluences will result in higher ablation rates causing increased
signal drop-off due and potentially ablating a higher number of inclusions if present in a

sample.
Comparison of LA-ICP-MS calcite pressed powder and calcite chips results

P-Cal was prepared as a pressed powder and whole mineral chips (a few mm in
diameter) that were both analysed by LA-ICP-MS to assess any impact in changing the
physical matrix of the sample (powder versus crystalline material). The results for powder
versus chip P-Cal are presented in Figure 7 along with USGS MACS-3, a carbonate reference
material made available as a pressed pellet. Both pressed powder samples in Figure 7 have a
higher ablation rate, significantly higher than P-Cal chips. However, no systematic difference
in accuracy is seen between P-Cal chips and powder, despite the significant differences in
ablation-rate (Fig. 7B). This indicates that ablation rate is of lesser importance in controlling
element fractionation for the mineral calcite, contrasting with U-Pb dating of zircon where
there is a significant impact on the ablation rate and the degree of U-Pb fractionation

(Marillo-Sialer et al., 2014).

Calibration method D, where USGS MACS-3 is the primary calibration material,
produced more inaccurate results compared to those using glass reference materials (Fig.
2A). Quantification of P-Cal against USGS MACS-3 produced systematically biased lower
mass fractions for most elements (except Mn and HREE). Using NIST SRM 612 to calibrate
USGS MACS-3 produces measured results ~10% different from the preferred values of
GEOREM (results in Appendix 5). This offset in MACS-3 seen in this study is broadly
consistent with previous studies analysing MACS-3 using silicate reference materials (Chen
etal. 2011 ChemGeo, Jochum et al. 2012 Chem Geo). For example, our MACS-3 results show

similar offsets in Mg and La to Jochum et al. 2012. However, our results for Fe and Sr are



significantly different from Jochum et al. 2012 and given the similarity in element properties
of Sr and Ca, we suggest this is likely due to heterogeneities in MACS-3 in different
laboratories. The decrease in accuracy shown in Figure 2A when P-Cal is calibrated to USGS
MACS-3 suggests that USGS MACS-3 material is poorly suited for calibration purposes
compared to the reference glasses utilized in this study (Fig. 7B). This is likely due to
heterogeneity in the MACS-3 material, leading to production of nanoparticle sized MACS-3
(Jochum et al. 2019) to aide in homogenization. The results here suggest there may also be

pellet to pellet heterogeneity in MACS-3.

The results for pressed powders show a different ablation behaviour to unaltered
crystal chips (Fig. 7) with a significantly higher ablation rate in the former. However, the
yield remains identical between the pressed powder and the chips (Appendix 4). This
suggests that the excess particles removed during ablation of the pressed powders are not
transported to the ICP due to their larger size. If the particles were transported to the ICP
and not fully digested, there likely would have been a compositional difference between
pressed powder and mm sized chip; correlating with element volatility or oxide boiling

point.
Carbonate correction factors

Despite most elements resulting in an accurate analysis using calibration method B,
there are some systematic biases outside the assigned uncertainties of the P-Cal accepted
values and the uncertainties from the LA-ICP-MS measurements for elements Fe, Co, La, Ce,
Nd (Fig. 2). Past studies have often considered LA-ICP-MS suitable and the results accurate if
the measured data agree within £10%, defined by a check standard such as USGS MACS-3
regardless of the measurement precision (Tanaka et al., 2007; Chen et al., 2011). However,
in an effort to make the LA-ICP-MS technique more quantitative, this study has assessed
measurement bias based on the fully propagated uncertainties between the LA-ICP-MS
measurements and the accepted material composition (Gilbert et al., 2013). Correction
factors are recommended, similar to Danyushevsky et al. (2011), for the elements
systematically offset outside of uncertainty. Correction factors have been estimated from
several LA-ICP-MS sessions using calibration method B and the laser conditions listed above.
These correction factors in our study were as follows: 0.92 + 0.03 (Fe), 0.88+ 0.02 (Co), 0.85

+0.02 (La), 0.90 £ 0.02 (Ce) and 0.95 + 0.02 (Nd). The presence of light REE phases is



assumed to have a negligible impact on these correction factors based on their quantitative
abundance measurements by bright phase BSE search described above. These factors and
uncertainties can be input directly to the data reduction software LADR to provide a fully
guantitative analysis for carbonate. However, these factors would only apply to carbonate
analysed with the analytical conditions suggested above and the LA-I CP-MS
instrumentation used. These values would be constant for the same instrumentation and
analytical conditions but should be re-assessed when these variables change. P-Cal is not
recommended as calibration standard, but is useful in identifying the optimal laser
conditions for calcium carbonate minerals and as a check standard when sufficient analyses

are performed.
Conclusions

The composition of an in-house calcite sample has been determined by multiple
methods, including solution ICP-MS, XRF, and electron microprobe analysis. This sample was
then used to assess various calibration methods, spot size, and laser energy parameters to
define the optimal conditions in our laboratory for the analysis of calcium carbonate by LA-
ICP-MS using the specified instrumentation. For many elements, primary calibration using
NIST SRM 612 and a secondary calibration using reference materials USGS GSD-1G and USGS
BCR-2G (calibration B) provides the best accuracy for P-Cal analysis. The ablation rate and
yield of calcite was found to be similar to NIST SRM 612, but the down-hole fractionation
curves for element ratio to *3Ca of calcite have absolute values similar to basaltic glasses
(e.g., USGS GSD-1G); suggesting the ablation rate differences between calcite and glass are
of lesser importance in controlling element fractionation differences between these
materials. We suggest that with this instrumentation, a laser energy fluence of 3.5 J/cm?
should be used to analyse basaltic glass reference materials and carbonate minerals. The
methodology presented here provides accurate analysis of carbonate by LA-ICP-MS for a
wide range of spot sizes (60 to 20 um) provided additional reference materials are
measured at same laser conditions as unknowns for a secondary calibration. Using the
calibration and analytical methodology described here, we have derived correction factors
for several elements in calcite to provide a fully accurate and quantitative analysis by LA-
ICP-MS applicable to the described settings and instrumentation. There is no systematic

offset for P-Cal powder compared to P-Cal chips, suggesting the use of powdered materials



of carbonates is justified for accurate analysis. However, the use of USGS MACS-3 as a
calibration material was shown to produce systematic biases in the P-Cal results and this
suggests glass reference materials are better suited for calibration of LA-ICP-MS carbonate
analyses, despite the closer matrix match of USGS MACS-3 to carbonate samples. P-Cal is
not suggested as a calibration material, but is available upon request from CODES Analytical
Laboratories to define correction factors and optimal analytical conditions in other

laboratories.
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Homogeneity of P-Cal calcite megacryst
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Figure 1. Assessing the homogeneity of the P-Cal sample analysed as chips at various spot
sizes and as a homogenized pressed powder pellet. P-Cal chips, P-Cal pressed pellet, and
USGS BCR-2G analysed by LA-ICP-MS at a 30 um spot size. The relative standard deviation
(%) is 10 of 100 P-Cal measurements. The average uncertainty (%) is 1o ‘within-run’
precision exported from LADR. The within-run precision (Norris and Danyushevsky, 2018)
includes counting statistic uncertainty from the signal, calibration standard uncertainty, and
uncertainty associated with calibration misfit. A: All data analysed. B: A zoomed in detail of
the cluster of elements with a lower relative standard deviation. The entire Plot on the right
represents the box with a dashed outline of the plot on the left. USGS BCR-2G spots at 30
um are plotted as a reference for a relatively homogeneous material.
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Figure 2. A: LA-ICP-MS P-Cal results of 100 spots at 30 um calibrated using calibration
methods B, C, and D described in text. Uncertainties in this plot are one standard deviation
and only include the within-run uncertainty (Norris and Danyushevsky, 2018). B: P-Cal results
using three spot sizes (20, 30, and 60 um) for one calibration method (method B was
chosen). Uncertainty on individual points are within-run uncertainty. Solid line at a constant
value of one defines a perfect fit between the LA-ICP-MS results and the P-Cal composition
independently defined by solution ICP and XRF results. The grey shaded region is defined by
the uncertainty in the P-Cal composition.
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Figure 3. Effect of calibration uncertainty when primary reference material spot size varies.
The calibration uncertainty is defined by the signal uncertainty (counting statistics), on the
isotope / *3Ca ratio for primary calibration, primary calibration drift curve misfit, and
variance in the secondary reference material correction factors — if applicable. Calibration A:
NIST SRM 612 measured at the same spot size (30 um) as P-Cal. Calibration C: NIST SRM 612
measured at a 60 um spot size for primary calibration and a secondary correction using the
NIST SRM 612 measured at a 30 um spot size to correct for spot size effects. The larger spot
sizes provide a more robust and lower uncertainty calibration and characterization of
instrument drift.
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Figure 4. Ablation depths for 20, 30, and 60 um spot sizes, laser fluences and materials, each
with 50 laser shots. A and B: the relationship between laser fluence and material at 20 and
60 um respectively, C: effect of changing spot size on the ablation depth for the same
fluence, D: several calcium carbonate samples measured at various laser fluences at 30 um.
Uncertainties on the depth measurements are the standard deviation on an average of
three laser craters.
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Figure 5. Laser ablation yield (cps/(ug/g)) for each element for basaltic glass USGS GSD-1G,
NIST SRM 612, and P-Cal calcite chips using a 30 um spot at various laser fluences. Figures A
through D correspond to Mg, Ca, Mn and Fe respectively. The reference values for NIST SRM
612 and USGS GSD-1G are the preferred values of the GeoReM database (jochum et al.,
2005) while the reference values for P-Cal are the compilation values presented in Table 2.
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Figure 7. A: Ablation rate measurements for P-Cal chips, P-Cal powder, and USGS MACS-3.
Sample standard deviation and average of three analyses. B: Selected elements in P-Cal
measured by LA-ICP-MS as chips and as a pressed powder pellet normalized to the expected
value for a 30 um spot calibrated using NIST SRM 612 at a 60 um spot size and secondary
reference material corrected using USGS BCR-2G and USGS GSD-1G. Also plotted is USGS
MACS-3 treated as an unknown. Uncertainties are the relative standard deviation of the
mean (100 analyses for P-Cal chips and pressed powder, 15 analyses on USGS MACS-3).



Calibration Primary calibration Secondary calibration
method - - - -
Material Spot size Material Spot size
A NIST SRM 612  Matching Unknowns None
B NIST SRM 612 60 um USGS GSD-2G and BCR-2G Matching Unknowns
C NIST SRM 612 60 um NIST SRM 612 Matching Unknowns
D NIST SRM 612 60 um USGS MACS-3 30 um

Table 1. Summary of four analytical methods discussed in text. Calibration material
matching spot size implies the calibration material was run at the same spot size as
unknowns in duplicate and bracketing unknowns. In test 1, most reference materials were
analysed at 5 Hz, 3.5 J/cm?, and at spot sizes of 20, 30, and 60 pm. USGS MACS-3 was only
analysed at 30 um.

Element | ¢ lution EPMA XRF Calcite LA-ICP-MS

(ne/g) composition
Ca |384431 439 387489 + 713 385806 + 903 385007 + 1263 | 386155 + 627
Mg 5019 + 148 5784 + 390 5890 + 32 5890 + 31 5709 + 287
Fe 6519 + 207 6054 + 421 6318 + 62 6328 + 59 5879 + 269
Mn 700 + 16 673 + 71 678 + 6 680 + 21 665 + 17
Co 0.97 + 0.05 0.97 * 0.05 0.88 * 0.09
Sr 138 + 2 157 + 5 140 + 65 141 + 7
Y 141 + 10 160 + 8 152 + 9 144 + 12
La 114 + 2 129 + 6 115 + 4 104 + 7
Ce 207 + 4 213 + 11 208 + 7 190 + 11
Nd 74.4 + 2.6 74.4 + 2.6 70.4 + 4.0
Sm 13.4 + 0.7 13.4 + 0.7 12.8 + 0.9
Eu 2.10 + 0.16 2.10 * 0.16 2.08 + 0.19
Gd 14.4 + 1.2 14.4 + 1.2 147 + 1.3
Dy 16.6 + 1.4 16.6 + 1.4 16.8 + 1.5
Er 12.4 + 1.1 12.4 + 1.1 12,6 + 1.2
Yb 15.6 + 1.3 15.6 + 1.3 15.8 + 1.4
Lu 2.70 + 0.21 2.70 + 0.21 2.74 + 0.24

Table 2. P-Cal results of three bulk chemical methods (XRF, EMPA, and solution ICP-MS), the
assigned composition of P-Cal resulting from these methods, and an average of P-Cal LA-ICP-
MS results using calibration B described in the text and in Table 1. See text for description of
analytical methods. The assigned P-Cal composition of Ca, Mg, Fe, and Mn was calculated
using solution, EMPA, and XRF values using their respective uncertainty associations.
Solution ICP results were used for Co, Nd, Sm, Eu, Gd, Dy, Er, Yb, and Lu. Solution and XRF
results were used to calculate Sr, Y, La, and Ce values for the composition of P-Cal.



