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Seven ilmenite (FeTiO3) megacrysts derived from
alnöite pipes (Island of Malaita, Solomon Islands)
were characterised for their major and trace element
compositions in relation to their potential use as
secondary reference materials for in situ
microanalysis. Abundances of thirteen trace elements
obtained by laser ablation ICP-MS analyses (using
the NIST SRM 610 glass reference material) were
compared with those determined by solution-mode
ICP-MS measurements, and these indicated good
agreement for most elements. The accuracy of the
LA-ICP-MS protocol employed here was also
assessed by repeated analysis of MPI-DING
international glass reference materials ML3B-G and
KL2-G. Several of the Malaitan ilmenite megacrysts
exhibited discrepancies between laser ablation and
solution-mode ICP-MS analyses, primarily attributed
to the presence of a titano-magnetite exsolution
phase (at the grain boundaries), which were
incorporated solely in the solution-mode runs.
Element abundances obtained by LA-ICP-MS for
three of the ilmenite megacrysts (CRN63E, CRN63H
and CRN63K) investigated here had RSD (2s) values
of < 20% and therefore can be considered as
working values for reference purposes during routine
LA-ICP-MS analyses of ilmenite.

Keywords: in situ analysis, ilmenite, laser ablation, ICP-MS,
analytical techniques, reference material.

Received 11 Nov 10 – Accepted 09 May 11

Sept méga cristaux d’ilménite (FeTiO3) provenant de
pipes d’alnoïte (île de Malaita, Iles Salomon) ont été
caractérisés en termes de compositions en éléments
majeurs et traces pour appréhender leur potentiel en
vue d’une utilisation comme matériaux de référence
secondaires pour la microanalyse in situ. Les
abondances de treize éléments traces obtenues par
la méthode LA-ICP-MS (en utilisant le verre NIST SRM
610 comme matériel de référence) ont été
comparées avec celles déterminées par la technique
solution ICP-MS. Cette comparaison met en évidence
un bon accord des résultats pour la plupart des
éléments. La précision du protocole LA-ICP-MS utilisé
a également été évaluée par l’analyse répétée des
verres de référence internationaux MPI-DING ML3B-
G et KL2-G. Plusieurs des mégacristaux d’ilménite de
Malaita montrent des divergences entre les résultats
obtenus par LA-ICP-MS et par solution ICP-MS,
divergences principalement attribuables à la
présence d’exsolutions de titano-magnétite (aux
joints de grains), exsolutions qui sont prises en
compte uniquement par la technique solution ICP-
MS. Les abondances des éléments obtenus par
LA-ICP-MS pour trois des mégacristaux d’ilménite
(CRN63E, CRN63H et CRN63K) étudiés ici avaient
des déviations standards relatives (RSD, 2s) de
moins de 20%, et peuvent donc être considérés
comme des valeurs de travail utilisables à des fins
de référence lors de l’analyse LA-ICP-MS en routine
de l’ilménite.

Mots-clés : analyse in situ, ilménite, ablation laser, ICP-MS,
techniques analytiques, matériaux de référence.

Ilmenite is a common accessory mineral in igneous
and metamorphic rocks and is a major constituent in terres-
trial rocks of cumulate origin and high-titanium lunar bas-
alts (e.g., Papike et al. 1976, Mitchell 1977, Moore et al.

1992, Charlier et al. 2007), the latter containing > 15
modal per cent ilmenite (e.g., Brown et al. 1975, Warner
et al. 1975, 1978). Ilmenite is an early and prolonged liq-
uidus phase in high-Ti lunar basalts, generally crystallising
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after olivine and armalcolite (Dymek et al. 1975, Papike
et al. 1976, Stanin and Taylor 1979). Moreover, ilmenite is
an important megacryst and groundmass phase in kimber-
lites (e.g., Moore et al. 1992, Mitchell 1977). Ilmenite incor-
porates elements that are considered both compatible (Cr,
V, Ni) and incompatible (Zr, Nb) in silicate minerals, which
in conjunction with its prolonged crystallisation interval may
record changes in melt chemistry and crystal fractionation
processes.

Despite its importance for petrological investigations,
there is no well-characterised, matrix-matched reference
material available for the validation of results obtained
from high spatial resolution analysis of ilmenite. Matrix
matching of a reference material to unknown samples is
key in reducing matrix-dependent ionisation effects in a
plasma environment, including analytical errors associated
with varying ionisation energy, viscosity (for solution-mode
analyses) and relative concentrations of elements. Early
ilmenite analysis techniques via electron microprobe
(EPMA) focused on a selected group of trace elements
(e.g., Cr, V, Zr and Nb; El Goresy et al. 1971, McCallum
and Charette 1978), or relied on doping of experimental
products to bring concentrations to percent levels for
measurement by EPMA (McKay et al. 1986, Nakamura
et al. 1986). Few previous investigations have analysed
ilmenite for their trace element abundances via the in situ
laser ablation-inductively coupled plasma-mass spectrom-
etry (LA-ICP-MS) method. One example is the comprehen-
sive determination of trace elements in synthetic ilmenite
by Klemme et al. (2006), which utilised titanium as the
internal standard and the NIST SRM 610 glass as the
calibrator.

The NIST SRM 610 and 612 glass reference materials
were the most commonly used for external calibration pur-
poses in previous in situ Ti-oxide studies conducted by LA-
ICP-MS (e.g., Choukroun et al. 2005, Klemme et al. 2006,
Charlier et al. 2007). These glasses have been nominally
doped to � 500 and � 50 lg g-1, respectively, for a
broad range of trace elements (Pearce et al. 1997). How-
ever, some chemical characterisation studies have shown
heterogeneous distribution for certain elements (Eggins and
Shelley 2002). Recently, efforts have been made to synthes-
ise new reference materials suitable for in situ ilmenite
analysis; for example, Ødegård et al. (2005) produced a
titanite (CaTiSiO5) glass calibration material (TIT-200)
doped to � 200 lg g-1 for a variety of elements of inter-
est. The use of the TIT-200 glass by Charlier et al. (2007)
exhibited its usefulness as a calibrator, as well as revealing
one major drawback – the lack of certain elements of
interest (e.g., Ta), thus requiring the use of other reference

materials (NIST SRM 610) for their abundance determina-
tions. Regardless, the TIT-200 glass is no longer available
for distribution (S. Øyvind, Geological Survey of Norway,
pers. comm.). Klemme et al. (2008) have recently created a
new titanite glass that may be utilised in a manner similar
to the TIT-200 glass, but lacks several elements of signifi-
cance typically found in ilmenite (V, Co, Ni, Cu).

In an attempt to address the important issues of matrix
matching, determination of appropriate elements and suffi-
cient material for large-scale distribution in relation to
ilmenite studies, we conducted a detailed chemical investi-
gation of natural ilmenite megacrysts retrieved from stream
deposits on the Island of Malaita, Solomon Islands. The
ilmenite megacrysts are derived from proximal alnöite
pipes (Neal 1986, Neal and Davidson 1989) that were
emplaced between � 52 and � 35 Ma (Simonetti and
Neal 2010). We had in our possession twenty-three ilmen-
ite megacrysts that were � 2–4 cm in diameter, then split
into multiple fractions and subsequently analysed by elec-
tron probe microanalysis for their major element composi-
tion. Chemically digested fractions were subsequently
analysed by solution-mode ICP-MS, and solid fragments
were investigated in situ using laser ablation ICP-MS. We
report on these comparative results and comment on the
precision and accuracy of the analytical protocol devel-
oped, and potential use of the Malaitan ilmenite mega-
crysts as working reference materials.

Analytical methods

Seven of the largest ilmenite megacrysts exhibiting the
least amount of surface alteration were chosen for analysis
and designated sample names CRN63E to K. Samples
were cut into thirds and further trimmed to remove surface
alteration features. One-third was crushed and a fraction
(0.42–0.59 mm) was separated by sieve for analysis by
solution-mode ICP-MS. The latter fractions were cleaned in
a 5% v ⁄ v HNO3 ultrasonic bath for 25 min, handpicked
for purity under a binocular microscope and ground to a
powder in an agate mortar. The mortar and pestle were
cleaned after each sample by rinsing in 18 MX water, 5%
v ⁄ v nitric acid and acetone. Samples (� 20–35 mg) were
dissolved in � 5 ml of 6 mol l-1 HCl in 15-ml Savillex�

Teflon vials on a hotplate set at 200 �C for 7 d. Samples
were then evaporated to dryness followed by the addition
of 5 ml HCl (6 mol l-1). The solutions were diluted to a final
volume of � 70 ml with 18 MX water.

Fourteen elements were quantified: Sc, Ti, V, Cr, Mn,
Co, Ni, Cu, Zn, Zr, Nb, Sn, Hf and Ta; these were chosen
for their importance in geochemical and petrological
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studies. With the exception of vanadium, copper and zinc,
the abundances of the remaining elements investigated by
solution-mode ICP-MS were determined by a standard

addition method (after Jenner et al. 1990). Vanadium was
quantified in a separate run using three standard solu-
tions (2, 25 and 100 ng g-1) as calibrators. A 10 ng g-1

Table 1.
Major and minor element compostion (% m ⁄ m) of Malaitan ilmenite megacrysts

Sample CRN63E CRN63F CRN63G CRN63H CRN63I CRN63J CRN63K

TiO2 50.2 (6) 51.7 (20) 51.8 (15) 50.6 (5) 51.8 (15) 52.0 (20) 51.1 (16)
Al2O3 0.43 (7) 0.51 (34) 0.58 (24) 0.69 (7) 0.57 (25) 0.44 (20) 0.41 (19)
FeO 41.8 (5) 38.4 (30) 38.2 (23) 41.2 (4) 37.7 (27) 38.8 (21) 40.9 (16)
MnO 0.31 (4) 0.28 (10) 0.27 (9) 0.21 (6) 0.33 (10) 0.24 (6) 0.26 (7)
MgO 6.1 (5) 7.9 (12) 8.3 (9) 6.49 (9) 8.5 (14) 7.97 (80) 6.27 (68)
V2O3 0.13 (5) 0.16 (6) 0.17 (6) 0.16 (5) 0.16 (6) 0.16 (7) 0.11 (4)
Total 99.05 98.93 99.29 99.3 99.02 99.65 99.05
n 6 16 13 11 10 8 9

n = number of analyses. Numbers in parentheses indicate the 2s value in terms of the last significant figures.

Table 2.
Major and minor element composition (% m ⁄ m) of the megacryst exsolution phase

Sample CRN63E CRN63F CRN63G CRN63I CRN63J CRN63K

TiO2 21.9 (3) 21.6 (10) 21.0 (10) 21.5 (11) 21.1 (14) 20.9 (23)
Al2O3 4.13 (7) 5.7 (17) 7.5 (12) 6.5 (12) 7.1 (11) 4.9 (18)
FeO 66.2 (7) 62.7 (9) 61.3 (19) 61.5 (15) 62.8 (6) 66.5 (7)
MnO 0.31 (1) 0.28 (8) 0.28 (8) 0.34 (13) 0.27 (3) 0.27 (10)
MgO 4.6 (1) 6.4 (6) 7.1 (7) 7.2 (11) 6.3 (3) 4.9 (6)
V2O3 0.40 (5) 0.63 (5) 0.59 (7) 0.58 (4) 0.59 (5) 0.46 (4)
Total 97.47 97.24 97.85 97.53 98.17 97.95
n 3 6 5 4 3 3

n = number of analyses. Numbers in parentheses indicate the 2s value in terms of the last significant figures.

Figure 1. Reflected light portion of

photomosaic (5 · magnification) of

CRN63F showing the main textures

exhibited by exsolution, as ‘grain’

boundaries and lamellae. Expanded

image shows two 80 lm ablation

pits.
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vanadium solution introduced at a rate of � 0.5 ml min-1

yielded � 270000 cps in medium mass resolution analysis
on the University of Notre Dame Element2 sector field high
resolution (HR)-ICP-MS. Copper and zinc were quantified
by external calibration using a four-point calibration curve
(1, 20, 50, 100), where a 10 ng g-1 copper and zinc
solution measured in medium resolution mode yielded
� 200000 cps and � 70000 cps, respectively.

The portions of ilmenite megacrysts used for electron
probe and laser ablation analyses were cut into
� 3 mm-thick tabs and mounted on 1 inch epoxy
rounds and polished. Major and minor element concen-
trations (Table 1) were determined on a JEOL JXA-8200
electron microprobe at Washington University, St. Louis.
Analyses were acquired using the Probe for Windows
software, and X-ray correction was performed using the
CITZAF correction software (Armb 1995). A 5 to 10 lm
beam size was used with a 20 kV accelerating potential
and a 25 nA probe current. EPMA confirmed the pres-
ence of a Fe-Ti-rich exsolution phase (Table 2, Figure 1)
in all samples, originally identified by reflected light
microscopy.

In situ LA-ICP-MS analyses of ilmenite megacrysts to
determine trace elements were performed on a Thermo
Finnigan Element2 HR-ICP-MS (Thermo Fisher Scientific,
Bremen, Germany) coupled to a NewWave Research
UP213 Nd:YAG laser ablation system (ESI, Portland, OR,
USA). Details of the instrument conditions and settings and
analytical method employed are listed in Table 3. Prior to
laser ablation analysis, optimisation of the ICP-MS instru-
ment was achieved with the use of a 1 ng g-1 multi-
element (mass range from Li to U) tuning solution
(Table 3). Tuning consisted of optimisation of the torch
assembly position, sample gas (Ar) flow rate, ion lens
stack voltages and reference mass calibration. Subsequent
to tuning and optimisation in solution mode, the instru-
ment was shut down in order to change the introduction
system to laser ablation mode. The optimum carrier gas
(He) flow rate into the laser ablation cell was determined
by running the laser in scanning mode over a NIST SRM
610 glass bead in order to obtain maximum ion signal
intensities and minimum oxide levels (typically < 3% as
monitored by the Th ⁄ ThO ratio in both solution and laser
ablation modes); this was typically achieved at a flow rate
of � 0.7 l min-1. The NIST SRM 610 glass bead was
placed adjacent to the round 1 inch in diameter glass
slide holding the ilmenite megacrysts samples within the
standard laser ablation cell. This facilitated the use of
NIST SRM 610 as calibrator, avoiding disruption to the
plasma as this set-up eliminated the additional step of

having to open the laser ablation cell in order to
exchange mounts ⁄ samples. After sample exchange,
15–20 min were allowed to elapse prior to the resump-
tion of lasering in order to ensure re-equilibration between
the laser ablation cell and the ICP-MS introduction system.
A typical sample analysis consisted of � 60 s of back-
ground measurement followed by ablation and ion signal
acquisition for � 60 s. Ablated particles were transported
to the ICP-MS torch via the sample outline (0.25 inch outer
diameter St. Gobain Tygon tubing) that was ‘Y’-connected
to the Ar gas sample outline prior to the torch. All laser
ablation analyses were conducted in medium mass resolu-
tion (resolution = mass ⁄ peak width � 4000) in order to
eliminate any potential spectral interferences. The reduction
in sensitivity (roughly one order of magnitude) that is expe-
rienced for analyses conducted at medium mass resolution
(relative to low resolution) permitted the use of 46Ti as the

Table 3.
LA-ICP-MS operating conditions and data acquisi-
tion parameters

ICP-MS
Type Magnetic Sectorfield
Brand and model ThermoFinnigan Element2
Forward power 1250 W
Cooling gas (Ar) 16.1 l min-1

Auxiliary gas (Ar) 0.94 l min-1

Sample gas (Ar) 1.123 l min-1

Carrier gas (He) 0.7 l min-1

LASER
Type Nd:YAG
Brand and model New Wave Research UP213
Wavelength 213 nm
Pulse duration 5 ns
Spot size 80 lm
Repetition rate 5 Hz
Nominal energy output 100%
Laser fluency 20.3–22.14 J cm-2

Data acquisition parameters
Resolution mode Medium
Data acquisition protocol Time-resolved analysis
Scan mode E-scan
Scanned masses 45Sc, 46Ti, 51V, 53Cr, 55Mn,

59Co, 60Ni, 63Cu, 68Zn, 90Zr,
93Nb, 120Sn, 180Hf, 181Ta

Settling time 0.001–0.300 s
Sample time 0.01 s
Samples per peak 20
Number of scans 23 (23 runs · 1 pass)
Detector mode Both
Detector deadtime 13 ns
Background collection 60 s
Ablation time for age
calculation

60 s

Washout 30 s
Standardisation and data
reduction

External calibrator NIST SRM 610
Data reduction software used GLITTER�
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Table 4.
Trace element composition (lg g-1) of Malaitan ilmenite megacrysts

Sample Sc V Cr Mn Co Ni Cu Zn Zr Nb Sn Hf Ta

DL-S 0.04 2.22 0.02 N.A. 0.001 0.24 0.16 0.99 0.02 0.01 0.09 0.01 0.001
63E-S 11.6 1086 1.00 N.A. 202 238 11.3 209 213 362 7.55 12 40.3
63E-LA 9.8 (1.1) 1062 (106) < 1.25 2601 (302) 161 (7) 27.8 (15) 7.13 (1.60) 292 (17) 254 (34) 299 (23) 5.85 (0.14) 8.09 (1.41) 29.2 (3.0)
63E-2r 2.8 224 583 15 12.3 2.08 75 61 64 1.73 2.18 5.3
63F-S 11.5 1297 3.63 N.A. 174 215 12.7 178 144 141 5.37 4.99 1.98
63F-LA 16.0 (4.0) 1546 (429) 3.79 (1.60) 2588 (1087) 207 (13) 222 (50) 7.50 (4.31) 226 (44) 248 (73) 185 (18) 5.06 (1.11) 7.54 (1.46) 19.7 (3.1)
63F-2r 3.1 136 3.19 459 32 32 1.83 23 47 26 1.49 2.36 2.3
63G-S 11.8 1285 7.81 N.A. 233 295 11.7 183 114 96.7 4.43 4.28 0.56
63G-LA 12.1 (2.6) 1369 (373) 6.70 (5.18) 2219 (849) 203 (40) 283 (133) 11.1 (7.4) 252 (161) 152 (31) 122 (5) 3.93 (0.50) 4.77 (0.70) 10.6 (1.1)
63G-2r 2.8 217 3.49 256 18 32 3.1 25 34 16 1.29 1.41 2.7
63H-S 9.18 1216 < b.d. N.A. 161 85 9.28 242 105 132 4.25 5.18 12.5
63H-LA 11.6 (1.7) 1272 (115) < 1.4 1800 (259) 195 (5) 97.8 (13) 10.0 (2.0) 288 (30) 155 (19) 144 (17) 4.30 (0.69) 5.16 (0.77) 13.6 (5.2)
63H-2r 4.2 237 565 35 28.7 4.1 44 37 14 1.32 1.55 4.1
63I-S 74.1 1393 N.A. N.A. 1136 2234 9.39 206 115 153 7.9 9.68 68.2
63I-LA 13.2 (1.7) 1422 (268) 3.43 (0.80) 2649 (587) 203 (22) 268 (70) 6.97 (6.12) 218 (52) 183 (36) 159 (11) 4.88 (1.00) 5.76 (1.02) 16.0 (1.4)
63I-2r 7.5 374 2.61 971 36 143 2.58 71 66 20 2.18 1.83 4.3
63J-S 7.15 1265 N.A. N.A. 147 272 18.4 201 105 95.2 4.52 5.26 4.78
63J-LA 12.4 (2.0) 1294 (345) 5.23 (1.26) 2026 (423) 200 (27) 264 (64) 3.96 (7.98) 204 (43) 162 (20) 141 (8) 4.12 (1.15) 5.40 (0.73) 13.7 (1.0)
63J-2r 2.5 231 3.79 311 25 55 1.33 63 26 18 1.47 1.71 1.9
63K-S < b.d. 1071 1.69 N.A. < b.d. < b.d. 6.45 200 141 170 5.34 5.81 48.2
63K-LA 11.1 (2.2) 1136 (262) 1.04 2294 (243) 193 (13) 58.2 (11) 1.50 (1.19) 284 (50) 212 (33) 221 (9) 4.81 (1.22) 7.03 (1.07) 24.0 (2.0)
63K-2r 2.3 303 1.46 392 58 19.0 1.07 54 49 78 1.44 2.23 6.0
Exsolution phase
63E-LA 2.28 2169 2.47 2095 249 43.3 38.1 1062 36.9 102 5.16 1.71 13.5
63F-LA 5.63 1188 6.98 1494 140 178 7.95 250 82.1 79 2.69 2.67 9.29
63G-LA 4.99 2147 18.8 1285 181 325 24.8 466 45.3 41.6 2.72 1.57 4.79
63I-LA 4.8 1117 5.35 1904 121 295 9.83 239 52.1 80 2.18 1.99 8.78
63J-LA 4.23 436 1.85 951 89.1 119 < 0.42 82.6 52.9 69.6 1.6 1.95 6.7
63K-LA 3.61 3200 4.57 2939 320 185 45.3 1187 38.6 28.9 5.49 1.68 3.99

DL-S, detection limit in solution mode; S, solution mode; LA, laser ablation mode with standard deviation (2s level) in parenthesis; 2r, average Glitter estimated uncertainty (2s level); < b.d., below detection limit; N.A., not analysed.
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internal standard for all analyses, despite its � 50% m ⁄ m
TiO2 abundance in ilmenite (determined by EPMA). The
analysis of every ten unknowns was bracketed by the
repeated analysis of the NIST SRM 610 glass (n = 4; two
prior and two subsequent analyses of unknowns) for exter-
nal calibration purposes. For each ilmenite sample, a mini-
mum of five laser ablation analyses were conducted over
the entire section (Table 4, Figure 1). Detailed photomicro-
graphs taken prior to ilmenite analysis allowed the exsolu-
tion phase to be avoided during the laser ablation
experiments. Accidental sampling of the exsolution phase
would have been apparent in the Glitter time-resolved
spectra in relation to the 46Ti ion signal intensity (i.e., TiO2

content was less than half compared with ilmenite,
Tables 1 and 2). With the exception of sample CRN63H,
at least one laser ablation analysis of the exsolution phase
from each sample was performed when possible (i.e., given
the 80 lm spot size – Table 3). Laser ablation experiments
for the quantification of trace element abundances were
conducted over the same areas analysed for major ele-
ments by EPMA, thus ensuring that the concentration of the
internal standard 46Ti was accurately known for each laser
ablation analysis. Concentration determinations, associated
uncertainties (2s) and detection limits obtained by LA-ICP-
MS for the ilmenite megacrysts investigated here are listed
in Table 4.

The accuracy of our laser ablation method was also
verified by the analysis of two MPI-DING (Max Planck Insti-
tut–Dingwell, Mainz, Germany; Jochum et al. 2006) syn-
thetic silicate glasses KL2-G (Kilauea tholeiitic basalt glass)
and ML3B-G (Mauna Loa tholeiitic basalt glass); both con-
tain similar abundance levels for the trace elements in the
ilmenites investigated here. The internal standard employed
was 46Ti. Calculated average abundances obtained from
repeated analyses (n = 7 and 10, respectively) of the
glasses corresponded well with accepted values, with few
exceptions (Table 5). Copper, Zn and Ta abundances
obtained for ML3B-G were 2–5% higher than the range
of the reported reference values. The abundance of Sn
was underestimated (12%); however, compared with the
majority of the remaining elements investigated (Jochum
et al. 2006), the abundance of Sn in RM ML3B-G is extre-
mely low at 1.54 lg g-1 (Table 5). Alternatively, the lack of
correspondence for these elements may be in part due to
a heterogeneous distribution of certain chalcophile ele-
ments as noted by Jochum et al. (2006). MnO (% m ⁄ m) in
KL2-G was also slightly overestimated compared with the
preferred values but was within the full range of abun-
dances measured in the glass (Jochum et al. 2006). The
standard deviation (2s) and detection limits (lg g-1) associ-
ated with the elements investigated here and for the two
MPI-DING reference glasses are listed in Tables 4 and 5.

Figure 2. Average major element content in ilmenite (% m ⁄ m). Error bars are at the 2s level (from Table 1).
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Results and discussion

Major element concentrations (Table 1) between the
ilmenite megacrysts overlapped for TiO2 (49.72–53.77%
m ⁄ m) and MnO (0.15–0.40% m ⁄ m); TiO2 and MgO
(5.77–9.42% m ⁄ m) contents were positively corre-
lated, whereas TiO2 correlated negatively with FeO
(35.75–42.27% m ⁄ m) abundances and indicated no
trend with Al2O3 (0.22–0.77% m ⁄ m) concentrations
(Figure 2). These trends are consistent with progressive
crystallisation from an evolving magma (Nixon and Boyd
1979, Neal and Davidson 1989). The exsolution phase
composition (Table 2) appears to be of titano-magnetite
spinel composition identified previously by Neal and
Davidson (1989). Based on the variation in major ele-
ment abundances (Figure 2), it is clear that the Malaitan
ilmenite megacrysts are not entirely homogeneous. Thus, if
fragments are indeed eventually distributed to interested
laboratories, each fragment would require analysis by
electron microprobe to characterise the major element
abundances.

With regard to trace element abundances (Table 4),
our preliminary characterisation indicated chemical hetero-
geneity at the < 100 lm scale within individual samples.
Sample CRN63E exhibited the least amount of exsolution
features and appeared to be the most homogeneous sam-
ple. For sample CRN63E, the calculated analytical uncer-
tainties (i.e., precision at the 2s level) associated with
individual determinations for all elements except Ni as
determined by GLITTER were slightly larger (varying
between 10% and 30%) compared with the relative stan-
dard deviation (% RSD varying between 2% and 22% at
the 2s level; Table 4). Moreover, Sc, V, Mn, Co, Zn, Zr, Sn
and Hf abundances appeared to be homogeneous for
samples CRN63E, H and K because their associated %
RSD values were < 20% (2s level) in general.

The ilmenite megacrysts investigated here were col-
lected from stream deposits, thus rendering any attempt at
unravelling their petrogenetic relationship somewhat diffi-
cult. Variable element concentrations may be due to spa-
tial (i.e., magma heterogeneity) or temporal (i.e., magma

Figure 3. Trace element values (lg g-1) plotted against average TiO2 (% m ⁄ m) content.
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evolution) differences. However, TiO2 and MgO contents
(Figure 2) can be utilised to group the ilmenite into primi-
tive (CRN63F, G, I, J; high MgO of 7.9–8.5% m ⁄ m) and
more evolved (CRN63E, H, K; low MgO of 6.1–6.5% m ⁄ m)
samples. In general, trace element abundances were simi-
lar between samples, although Ni (283–27 lg g-1) was
lower in samples with lesser MgO contents. Despite some
major element variability within individual ilmenite mega-
cryst samples, there was no apparent correlation between
major and trace element abundances (Figure 3), in particu-
lar for the most homogeneous sample (CRN63E) and two
relatively heterogeneous samples (CRN63F, G). The rela-
tively small proportion of ilmenite megacrysts present in the
alnöite melt (0.5%; Neal and Davidson 1989) may have
been insufficient to significantly fractionate the host magma,
resulting in the lack of correlation for elements incorporated
into ilmenite (Mitchell 1977).

A comparison between solution-mode and laser
ablation ICP-MS results indicated good agreement for the
majority of the elements investigated here. Figures 4 and
5 illustrate a comparison between averages for laser
ablation analyses of the ilmenites and contained exsolu-
tion phase as well as solution-mode runs. The exsolution

phase was found to be relatively depleted in incompatible
elements Zr, Nb, Hf and Ta, but otherwise similar to the
ilmenite phase. Dissolution of the exsolution phase during
acid digestion may be responsible for a significant num-
ber of solution-mode analyses with values that are interme-
diate between those obtained for ilmenite and exsolution
phase during laser ablation runs (e.g., CRN63J and K in
Figure 4). However, not all of the variation can be
explained by exsolution phase ‘contamination’. Figure 6, a
series of log–log plots, illustrates that the elemental abun-
dances obtained via LA-ICP-MS were within an order of
magnitude between samples, whereas those for several
elements measured via solution-mode analysis varied over
several orders of magnitude (e.g., Figure 6d, g, i). In
general, samples with disparate LA- and solution-ICP-MS
values had more variable solution-ICP-MS values, indicat-
ing issues with ilmenite dissolution. This interpretation is
corroborated by the fact there was good agreement
between the results for repeat LA-ICP-MS analyses of NIST
SRM 610 and MPI-DING reference materials relative to
their reference values.

Solution-mode analysis monitored 65Cu and 66Zn and
yielded inconsistent and highly variable results for samples

Figure 4. Comparison of trace element values obtained by laser ablation and solution-mode ICP-MS for ilmenite

and exsolution phases of samples CRN63E, I, J and K. Error bars (2s) shown for LA-ICP-MS only (from Table 4).
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from the same parental solution. Concentrations obtained
via laser ablation monitored 63Cu and 68Zn and yielded
more consistent results (Table 4). Thus, additional solution-
mode analyses of the same solutions were conducted by
spike addition, which monitored multiple isotopes of the
same element (63Cu, 65Cu, 66Zn, 68Zn, 90Zr, 92Zr and
93Nb) to assess the possibility of spectral interferences
(Table 6). The results listed in Table 6 indicate that Zr con-
centrations did not vary significantly from each other and
that Zr and Nb abundances were similar to those
obtained by laser ablation. However, calculated abun-
dances based on the 65Cu and 66Zn ion signal measure-
ments were 2–3 and 4–8 times higher, respectively, than
for concentrations determined using the 63Cu and 68Zn
signal intensities. In addition, the calculated abundances
of Cu and Zn based on the latter were in good agree-
ment with those obtained via LA-ICP-MS (Tables 4 and 5).
For an ilmenite-based matrix, important spectroscopic inter-
ferences at masses 65 and 66 possibly include
48Ti16O1H+, 49Ti16O1H+ and 40Ar26Mg, which may
explain the elevated signals (and corresponding elevated
calculated abundances).

To assess the benefits of utilising a matrix-matched,
ilmenite reference material as opposed to the NIST SRM
610 glass in LA-ICP-MS analysis, individual analyses of
CRN63E (the most homogeneous sample) were repro-
cessed using the average, laser ablation-based composi-
tion of CRN63E (Table 4). Data were reprocessed using
the GLITTER software (GEMOC, Macquarie University, Aus-
tralia) by creating an external calibrator (.txt) file and
equating it to analysis #2 (the most precise run). Table 7
lists the concentrations determined for the same elements
using the two different reference samples (NIST SRM 610
vs. CRN63E-2), and these indicated similar comparative
results. Assuming that utilising a matrix-matched, ilmenite
reference sample is the best approach, then the external
calibration using the NIST SRM 610 glass will always
underestimate, on average, the Mn and Ni abundances
by 9% and 26%, respectively. Average deviations for the
remaining elements were within ± 6% and therefore well
within the level of the associated % RSD for most elements
investigated here. Thus, it would seem that Mn and Ni
abundances may be suspect when using the NIST SRM
610 glass as the external calibrator; the accuracy of an

Figure 5. Comparison of trace element values obtained by laser ablation and solution-mode ICP-MS for ilmenite

and exsolution phases of samples CRN63F, G and H. Error bars (2s) shown for LA-ICP-MS only (from Table 4). For

sample 63H, displayed average exsolution values are the averages of all samples.
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ilmenite-based external calibrator approach will be investi-
gated in future studies.

Advances in LA-ICP-MS technology and instrumentation
that have occurred during the past decade must be accom-
panied by the availability of matrix-matched reference

materials, in particular those for non-silicate minerals.
Despite the few shortcomings of this sample set in relation
to major and trace element variations, laboratories wishing
to analyse ilmenite may, nonetheless, find them useful for
reference purposes. Alternatively, these ilmenite megacrysts
may serve as versatile internal laboratory reference samples

Figure 6. Comparison of trace element abundances determined by laser ablation (LA) and solution-mode (SM)

ICP-MS for selected elements from Table 4. A 1:1 ratio line is drawn in each plot for comparison purposes. Note:

Sc and Co abundances for 63K-S were below detection limit and are therefore not plotted.

Table 6.
Elemental abundances (lg g-1) for ilmenite megacrysts obtained by solution-mode ICP-MS

Isotope Cu Zn Zr Nb

63Cu 65Cu 66Zn 68Zn 90Zr 92Zr 93Nb

CRN63E 11.3 84.5 516 209 202 210 280
CRN63F 12.7 83.8 482 178 151 155 133
CRN63G 11.7 72.7 463 183 117 122 80.4
CRN63H 9.28 72.2 477 242 107 109 139
CRN63I 9.39 68.3 447 206 115 120 153
CRN63J 18.4 72.3 447 201 105 107 95.2
CRN63K 6.45 62.2 430 200 141 143 170
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with the elemental abundances obtained by LA-ICP-MS
(Table 4) utilised as working values for individual mega-
crysts. We estimate that our ilmenite megacryst sample
collection can make available a minimum of 60 (millimetre-
sized) fragments for distribution to interested laboratories.

Conclusions

The investigation described here indicates that the
CRN63 ilmenite megacrysts are not suitable for consider-
ation as a certified reference material. However, as with
previous investigations of a similar nature, we do confirm
that accurate element abundances in ilmenite may be
obtained at high spatial resolution via the use of titanium
as the internal standard and the NIST SRM 610 glass for
external calibration. Hence, we do have available ilmenite
megacryst fragments for distribution to interested laborato-
ries. As demonstrated here, however, additional ilmenite
fragments would require major element characterisation
prior to their use as internal laboratory reference materials.
Finally, this study also contributes an additional data set of
elemental abundances for the two MPI-DING reference
glasses ML3B-G and KL2-G.
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