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Abstract 
The chemical composition of the mineral ilmenite is useful in mineral exploration for diamonds and in 

understanding igneous geological processes. This study develops an analytical methodology for accurate 

analyses of ilmenite by LA-ICP-MS for major, minor, trace element and U-Pb isotopic compositions. 

Accuracy of chemical compositions by LA-ICP-MS is monitored by comparing with EMPA and accuracy of 

the LA-ICP-MS U-Pb ages is verified by comparison to published ages for other mineral geochrometers 

from the same sample. Variation of laser fluence (2, 3 and 5 J/cm2) and calibration materials (Mud Tank 

zircon, BCR-2g, and TB-1 rutile) are optimized to provide the best accuracy of ilmenite chemical and 

isotopic compositions. Rutile as the primary calibration material for Pb/U ratios, produces accurate U-Pb 

ages within analytical uncertainties. Use of normalization to a 100% metal oxide total for LA-ICP-MS 

analyses coupled with mineral stoichiometry calculations, allows for the estimation of Fe2+/Fe3+ ratios 

that compare well with similar estimates from EMPA (0.23 vs. 0.22 respectively). U-Pb age results from 

an igneous ilmenite from the Bushveld Complex using this methodology are within uncertainty of the 

zircon ID-TIMS age of the intrusion (2044 ± 31 Ma (2s) vs. 2054.4 ±1.3 Ma (2s)).  

Introduction: 
Laser ablation inductively coupled plasma (LA-ICP-MS) has been utilized over past 25 years for U-Pb and 

Pb-Pb geochronology in a wide variety of minerals. The LA-ICP-MS technique involves a solid sample 

placed in a sealed ablation cell with a transparent window for the laser beam to pass through for in-situ 

analysis. The sealed ablation cell will contain a gas, typically helium, that is passed over a sample and out 



of the laser cell. A set of tubing will connect the laser cell to the ICP torch and allows for aerosol from 

the ablation of a sample to be sent into the ICP-MS for ion detection. A typical LA-ICP-MS analysis uses a 

laser beam anywhere from 20 to 100 µm in diameter with the laser drilling down into a sample for a 

period of 30 seconds up to 2 minutes.  

Early work by Fryer et al. 1 demonstrated the capability of LA-ICP-MS in the dating of zircon, however 

subsequent studies showed that biases between the elements U and Pb, termed ‘element fractionation’ 

1 were present both within an analysis and between different materials 2-4. Use of a matrix-matched 

calibration standard for zircon proved useful in obtaining accurate results 3, 5, however some other 

attempts at obtaining accurate U-Pb ages were attempted including: using ‘soft ablation’ 6, addition of 

isotopic spikes to the ICP-MS 7, and ‘chemically assisted’ LA-ICP-MS via the addition of Freon at the 

ablation site 8. Further work by Paton et al. 9 demonstrated a robust way of correcting for the biases of 

Pb from U during an individual analysis allowing for more precise and accurate results by modeling an 

average downhole curve using the primary standard and applying this model to the unknowns.  

While the LA-ICP-MS U-Pb dating technique has been widely applied to the mineral zircon, a wide range 

of other minerals have also been analysed for U-Pb geochronology including apatite 10, monazite 11, 

xenotime 12, titanite 13, rutile 14, garnet 15, calcite 16, cassiterite 17, perovskite 18, uraninite 19, bastnaesite 

20, hematite 19, zirconolite 21 and others. For a mineral to be dateable by U-Pb methods, several 

conditions must be met: the mineral contains U in sufficiently high quantities to accurately measure, the 

mineral contains no or very little initial (i.e. common Pb), enough time has passed for detectable 

amounts of radiogenic 206Pb and 207Pb to have decayed from 238U and 235U respectively, and that the 

mineral has remained a closed system with respect to U and Pb since it crystallized or has gone below 

the closure temperature for U and Pb diffusion 22. Many of these above mineral phases will fulfill these 

conditions depending on the geological setting, however most will contain some initial or common Pb. 

To date no study has been able to demonstrate the use of a non-matrix matched reference material for 

accurate analysis of zircon U-Pb ages using LA-ICP-MS and current practice is to matrix match the target 

mineral for U-Pb analysis with the same mineral of known age (Pb/U ratio). While this approach works 

well for minerals such as zircon and monazite in which there are abundant reference materials available 

to the community, other minerals such as cassiterite and perovskite for example, do not have many or 

any reference materials available and furthermore typically contain some initial common Pb so that 

common Pb correction on the calibration standard is required 23.  

The mineral ilmenite is an oxide of Fe2+ and Ti4+ and can contain a wide range of substitutions into the 

crystal lattice in each of these sites forming a mineral group with different endmembers based on major 



element chemistry. Commonly substituted cations for Fe2+ include Mg, Mn, Ni and Zn, while Al, Si, V, Cr, 

Zr, Nb and Ta substitute into the Ti4+ site. Incorporation of Fe3+ in the ilmenite is also possible 24 into the 

Ti4+ site. These cations are typically present in trace to minor element concentrations (~100 µg/g to few 

1000 µg/g). Uranium has been shown to be present in the mineral ilmenite 25 at the ultra-trace level 

(~100 ng/g) and several studies have shown that while U is incompatible in the ilmenite structure, it can 

have high enough partition coefficients 25-27 to contain useful amounts of U for U-Pb dating if the other 

conditions necessary for dating are met.  

Ilmenite compositional variation has been used by geologists for many purposes including as a tool in 

understanding sources of detrital deposits 28, 29 and for exploration and discrimination of different 

kimberlite pipes 30-34. Studies have used both the major element chemistry and trace element chemistry 

of ilmenite in attempts to discriminate between mantle vs. crustal vs. kimberlitic derived ilmenite with 

useful elements including Mg, Mn, Cr, Ni, Zr, Nb, Ta; however interpretation of textures are important to 

give context to these trace element contents 34. The ability of the LA-ICP-MS technique to rapidly collect 

trace element and isotopic information from ilmenite allows investigators to understand the 

petrogenesis of ilmenite better, which in turn can aid in understanding larger geological processes. The 

potential of using ilmenite as a geochronometer could further aid in the interpretation of ilmenite 

compositional information as well as in kimberlite exploration and sedimentology studies in a similar 

way that detrital zircons are used 35.  

The purpose of this study is to demonstrate the feasibility of the mineral ilmenite to be dated by U-Pb 

methods using LA-ICP-MS despite the relatively low U contents compared to other mineral 

geochronometers (e.g. zircon). Additionally, this study seeks to assess the accuracy of ilmenite major, 

trace element analyses and estimation of Fe3+ proportions by LA-ICP-MS. Due to the lack of matrix-

matched standard for ilmenite (U-Pb compositions), a series of experiments were conducted to find an 

accurate calibration method of U-Pb data by LA-ICP-MS utilizing a series of natural ilmenite samples with 

known ages. This study analyses ilmenite megacrysts from four different kimberlite locations as well as 

ilmenite from the Bushveld layered mafic intrusion for their major, trace and U-Pb isotopic 

compositions. Verification of ilmenite chemistry will be assessed by comparison of LA-ICP-MS results 

with those from EMPA.  

 



Methods: 

Instrumentation: 

LA-ICP-MS analyses were performed at the CODES Analytical Laboratories using an ASI (now Applied 

Spectra) SE S155 laser ablation system that houses an ATL ArF excimer laser operating at 193nm 

wavelength and a ~8 ns pulse width. The laser was coupled to an Agilent 7900 quadrupole ICP-MS. 

Ablation was performed in a helium atmosphere flowing at 0.35 l/min and immediately mixed with Ar 

gas flowing at 1.05 l/min introduced into the funnel, or second volume of the ablation cell. N2 gas was 

added to the Ar ‘carrier’ gas line at a rate of ~1.5 ml/min. 

Three separate experiments were conducted, the first was a multi-element analysis of ilmenite to assess 

what elements were present at trace level concentrations and roughly at what concentration levels U 

and Pb isotopes were at to test for dating feasibility. Experiment 2 involved analysis at three different 

laser fluences: 2, 3 and 5 J/cm2 (measured daily with external meter) with rutile and zircon and glass 

reference materials analysed at the same conditions as the unknowns to attempt calibration of Pb/U 

ratios for accurate ilmenite dating. Experiment 3 followed up with further analyses of ilmenite U-Pb 

dating with select trace elements under optimum conditions. The list of isotopes and their respective 

detector dwell times for Experiments 1, 2 and 3 can be found in the Electronic Appendix. 

Tuning of the instrument was performed on the NIST612 glass in a similar fashion to Thompson et al. 36, 

but with wider heavy mass peaks of 0.8 Da at 10% peak height, compared to 0.75. The widening of 

peaks allowed for higher instrument sensitivity, but at the sacrifice of potential overlapping tails from 

high abundance peaks. Since all the Pb isotope peaks were relatively low abundance, any peak overlap 

was negligible. The instrument was tuned for normal peak widths for light and mid-masses.  

Ablations were performed at 10 Hz, 100 µm diameter spot size for all experiments. Analyses in 

Experiment 1 were conducted across each of the megacryst kimberlitic ilmenite grains to assess the 

homogeneity of the crystals, analyses in Experiment 2 were performed in close proximity (<100 µm) to 

each other to minimize any potential compositional zoning affecting the results, while analyses in 

Experiment 3 were conducted randomly throughout the crystals, avoiding cracks and inclusions when 

possible.   

Calibration of ilmenite trace elements analyses in Experiment 1 was done on the GSD-1g glass analysed 

at a 74 µm spot size. 49Ti was used as the internal standard element. Secondary reference glasses BCR-2g 

and GSD-1g were analysed at the same conditions as the unknowns and all element results were 

normalized to the reference materials' GeoReM preferred values 37. Pb isotope measured are calculated 



independently and not as total Pb, which is done for all other elements. Calibration of LA-ICP-MS data 

for U and Pb isotopic compositions in Experiments 2 and 3 was done using an in-house rutile reference 

material of known age (TB-1 rutile, 512.6 ± 3.0 Ma long term average using the R10 rutile 14 analysed at 

the CODES Analytical Laboratories) at the same conditions as the unknowns. The Mud Tank zircon 38, 39  

and the USGS basaltic reference glass, BCR-2g, were also utilized to attempt a calibration of U-Pb 

isotopic compositions in ilmenite. The NIST612 glass was analysed at a 60 µm spot size and was used to 

calibrate the Pb isotopic compositions, using values from Baker et al. 40 as well as the element 

concentrations using GeoReM preferred values. A summary of these experimental details is presented in 

Table 1. Secondary reference glasses BCR-2g and GSD-1g were analysed at the same conditions as the 

unknowns and quantification was done as described for Experiment 1. Due to the low Fe content of the 

NIST612 glass, BCR-2g glass was used for the primary calibration of Fe and then corrected to GSD-1g. 

Secondary standard correction factors were applied by either averaging GSD-1g and BCR-2g (Mg, Al, V, 

Pb and U), using only BCR-2g (Mn, Zr, Th) or using only GSD-1g (Cr, Nb). Choice of which material or 

combination of materials to use for which element was dependent upon element concentration, 

homogeneity and how well a particular element was characterized in the reference glass. After this 

correction, the ilmenite where then summed to 100% metal oxides assuming Fe2+ and V3+. The Pb 

isotopes were calibrated independently so that the sum of all isotopes will give the total Pb content of 

an analysis. All data reduction was performed in the program LADR 41. The cation total was calculated on 

a 3 oxygen basis and any excess cations were re-calculated as Fe3+ 42. Limits of detection were calculated 

using the methodology described by Longerich et al. 43 

Electron microprobe analyses were performed at the Central Science Laboratory at the University of 

Tasmania using a JEOL JXA-8530F Plus field emission electron microprobe. Five wavelength dispersive 

spectrometers (WDS) were used for Mg, Al, Si, V, Cr, Mn, Co, Ni, Zn, Zr, Nb, and Ta while a Thermo 

Pathfinder UltraDry Extreme energy dispersive spectrometer (EDS) attached to the instrument was used 

simultaneously to WDS to measure Ti and Fe. K or L lines were selected for analysis of all elements 

except V and Co, where K lines were employed to avoid substantial spectral interferences by major 

elements Ti and Fe, respectively. The data was acquired and reduced with the Probe Software Probe For 

EPMA software package and the following calibration standards: rutile for Ti, eskolaite for Cr, CoO for 

Co, NiO for Ni (all P&H Developments, synthetic), MgO for Mg, MnO for Mn, ZnO for Zn, Ca3(VO4)2 for V, 

KNbO3 for Nb (all JEOL, synthetic), Ta metal for Ta, hematite Harvard 92649 44 for Fe, gahnite NMNH 

145883 45 for Al, zircon NMNH 117288-3 45 for Zr, and natural wollastonite (UTAS in-house) for Si. 



A beam of 20 kV and 300 nA with a beam diameter of 10 µm was used for the ilmenite analysis together 

with the small EDS aperture and EDS time constant of 4 µs for a dead time of 33%. Oxygen was 

calculated by stoichiometry. The shared background technique 46  was used for improved background 

correction of the trace elements. Spectral interferences were corrected within the matrix correction for 

Ta interference on Si, Cr interference on V and Mn, and for V interference on Cr. Full details of the 

method are presented in the Electronic Appendix. EMPA analysis locations were chosen to be 

approximately 200 µm from the laser pits; close enough to be representative of the ilmenite 

composition samples by laser ablation, but far enough away to avoid any effect of the laser crater on the 

X-rays. EMPA results were normalized to 100% and a cation total was calculated on a 3 oxygen basis 

with any excess cations re-calculated as Fe3+  42. Several ilmenite reference materials were analysed 

along with the unknowns to check the accuracy of the analyses and these included NMNH 96189 45, 

CRN63E, CRN63H, and CRN63K 47.  

Sample descriptions: 

Ilmenite samples were selected from kimberlitic and magmatic rocks spanning a wide age range of 

emplacement ages. Four of the grains are of kimberlitic origin, belonging to the so-called megacryst 

suite of minerals 48. Grains were collected from heavy mineral concentrates of each kimberlite. Each of 

the four kimberlitic ilmenite samples are centimeter sized and are relatively pure ilmenite with only a 

few alteration cracks and inclusions which were avoided during analysis (Fig. 1). The Premier, Frank 

Smith and Monastery kimberlites intrude the Kaapvaal craton in southern Africa while the Skerring 

kimberlite intrudes the Kimberley Craton in northern Australia. Premier is the oldest with several 

different estimates on emplacement age: 1115 ± 15 Ma, Rb/Sr in biotite 49; 1139.8 ± 4.8 Ma, U-Pb in 

perovskite in late stage dykes 50; 1150 ± 60 Ma, Sm/Nd in garnet 51; 1153.3 ± 5.3 Ma, U-Pb in perovskite 

50; and 1198 ± 32 Ma, Sm/Nd in garnet and clinopyroxene 52. The Skerring kimberlite has a reported age 

of ~800 ± 10 Ma using U-Pb in zircon 53. The Frank Smith Kimberlite has two age estimates on 

emplacement: 113.7 ± 1.8 Ma, Rb/Sr on phlogopite 54 and 128 ± 11 Ma, U-Th/He in perovskite 55. The 

Monastery kimberlite also has several age estimates on emplacement: 88 ± 8 Ma, U-Th/He in perovskite 

55; 90 ± 4 Ma, Rb/Sr in phlogopite 56; 90.1 +/- 0.5 Ma U-Pb in zircon 57, 58; and 99 ± 6 Ma, U-Th/He in 

zircon 55.  

The BC28 sample is a massive magnetite rich sample from the Magnet Heights location within the 

Rustenberg Layered Suite; part of the Bushveld Complex. The sample was collected by Barnes et al.59 

and has been utilized as a quality control reference material for magnetite analysis 60 by LA-ICP-MS. 



While the BC28 sample is predominately magnetite, it also contains ilmenite crystals 500 to >1000 

microns in size (Fig. 1). The Bushveld complex is well dated by zircon CA-ID-TIMS at 2054.4 ± 1.3 Ma 61 

 

Results / Discussion: 

Experiment 1 

The four kimberlitic ilmenite samples were analysed with a multi-element analysis method by LA-ICP-MS 

to assess levels of U, Pb isotopes and other trace element contents and results are presented in the 

electronic appendix. Ilmenite contained detectible amounts of most isotopes analysed in Experiment 1, 

with 39K and 204Pb the only isotopes not detected in any analyses. Several other isotopes were at or near 

detection level in the four kimberlitic ilmenite samples and included 11B, 31P, 75As, 121Sb, LREE, 185Re, 

207Pb, and 208Pb. Multiple isotopes of Cu, Ga, Ge and Mo were analysed to assess any potential 

interferences on these elements. 65Cu was found to be elevated above 63Cu and this was likely due to 

25Mg+40Ar on mass 65 as these ilmenite had between 5% and 6% Mg. 72Ge was significantly higher than 

73Ge or 74Ge and this was likely due to 56Fe+16O on mass 72, however 73Ge was slightly, but consistently 

elevated above 74Ge and this is likely due to the minor 57Fe +16O interference on the less abundant 73Ge. 

Multiple isotopes of Ga and Mo measured were consistent, indicating no significant interferences were 

present for these elements.  

The ilmenite in this study contained a wide range of element substitutions from the ideal FeTiO3 formula 

and include Mg, Al, first row transition metals and several high field strength elements (HSFE) in the 

100s to 1000s of µg/g. Importantly for geochronology applications, the ilmenite analysed contained 

detectable amounts of U (~10 to ~80 ng/g) and 206Pb (single ng/g), while some analyses were below 

detection for 207Pb and most analyses were below detection for 208Pb. These levels and proportions of U 

and Pb isotopes suggested that these ilmenite contain uranogenic Pb (206Pb was the dominant Pb 

isotope) and therefore met several of the criteria for being suitable for U-Pb dating; presence of U in 

detectable amounts, low amounts of common Pb and suitable time for U to decay as the samples 

ranged from 90Ma to 1190Ma in age. The inability to detect 207Pb and 208Pb for some analyses in 

Experiment 1 would render any common Pb correction impossible, despite the likelihood of at least 

some of the Pb composition being ‘common Pb’. Use of the relatively short dwell time (10 ms vs. 100 

ms) and lack of N2 addition compared to Experiments 2 and 3, likely contributed significantly to this 

inability to detect 207Pb and 208Pb. For example, the average level of detection for 207Pb in Experiment 1 



was ~14 ng/g for the 110 µm spot size, while in Experiment 3 the average level of detection for 207Pb 

was 0.055 ng/g for all ilmenite analyses.  

Experiment 2 

Ilmenite major and trace element chemistry 

During the processing of LA-ICP-MS data, the typical convention is to ratio the element of interest to an 

internal standard element 43 that is fixed and known either through stoichiometric assumption (e.g. Si in 

quartz) or via an independent analytical method (e.g. EMPA). However, the internal standard element 

does not necessarily have to be fixed and some studies have utilized normalization of LA-ICP-MS data to 

a dry weight analytical total (e.g. 100%)62, 63, with the precondition that all major elements are able to be 

measured or assumed. This study utilizes the normalization to 100% metal oxides for the quantification 

of ilmenite and this method has the advantage of being able to account for natural variability in the 

internal standard element (e.g. Ti for ilmenite) that might occur at the different sampling volumes of the 

electron microprobe and LA-ICP-MS. The normalization method also is advantageous over 

stoichiometric assumptions as it can account for minor substitutions into the endmember crystal lattice.  

The fluence of the laser was varied in Experiment 2 to assess any impact on the accuracy of major and 

trace element results. For these ilmenite analyses, the accuracy was assessed by comparison with an 

independent analytical technique (EMPA) and results are reported in Table 2. Figure 2A shows the 

results of varying the laser fluence on the Fe and Ti concentrations measured by LA-ICP-MS. With 

increasing fluence, there is an increasing agreement with the EMPA results so that the analyses done at 

a laser fluence of 5 J/cm2 overlap with the EMPA results. Within most of the ilmenite, there is a 

significant spread in the Fe/Ti values due to natural compositional variability, of which the Monastery 

and Frank Smith ilmenite show the largest compositional variations. These natural variations can 

potentially mask or complicate the effects of varying the laser fluence, however for the Skerring 

ilmenite, this is much less of an issue and the impact of changing laser fluence on the accuracy or 

agreement with the EMPA is much easier seen. Figure 2B shows that the agreement of the LA-ICP-MS 

results at 5 J/cm2 with EMPA is also the case for Mg and demonstrates the ability of LA-ICP-MS to 

provide accurate mineral analyses for the major element chemistry in ilmenite analyses under these 

specific conditions. Co-variations of Fe and Mg (Fig. 2A and 2B) are likely due to elements substituting 

into the ilmenite crystal structure for Ti (Fe) or Fe (Mg) 31, 64. LA-ICP-MS analysis at higher laser fluences 

will increase the drilling rate of the laser into the sample and this will cause an increase in signal 

intensities, however it can also cause an increase in element fractionation, particularly at smaller spot 

sizes as the ratio of the depth to the diameter of the crater has been shown to have a strong control on 



element fractionation in LA-ICP-MS 65. Assessing the Fe/Ti ratio as the laser drills into the target material 

can provide useful information about any element fractionation and could provide some insight as to 

why the ilmenite chemistry results are more accurate at 5 J/cm2 compared to 3 J/cm2 or 2 J/cm2. To 

investigate this further, the Fe/Ti ratio as the laser drills into a sample for the Skerring (most 

homogeneous for Fe, Ti and Mg) was measured at each laser fluence and averaged (n = 20). The Fe/Ti 

average was plotted vs. time from the start of the laser firing (Fig. 3), similar to what is done for Pb/U 

ratios in geochronology 9. The average readout from the ICP-MS (quad sweep) is recorded in Figure 3 

from the start to the finish of the 30 second laser firing and the ilmenite sample is compared to a glass 

reference material (GSD-1g) for each laser fluence. Figure 3 demonstrates that the laser fluence has a 

significant effect on the Fe-Ti element fractionation, particularly at the beginning of the analysis where 

there is a substantial over-estimation of Ti for the 2 J/cm2 laser fluence. This is likely the cause for the 

lower Fe-Ti ratios seen for this fluence in Figure 2A. However, at the 5 J/cm2 laser fluence, there is a 

significantly better agreement between Fe/Ti in ilmenite and Fe/Ti in the GSD-1g glass and this is likely 

the reason why this fluence has a more accurate LA-ICP-MS Fe/Ti ratio. Work by Hergenröder 66 has 

shown that in metals, higher fluence resulted in a decreasing melt layer thickness as well as decreasing 

Zn/Cu in brass with increasing fluence. Higher fluence is likely affecting the degree of plasma shielding or 

the laser-induced plasma temperature and potentially allowing a change in the nature of element 

fractionation between different materials. Figure 4 shows SEM images of ilmenite and rutile craters 

analysed at the three different laser fluences and that there is a significantly different texture seen in 

the crater bottoms. The higher fluence produced the smoothest texture laser crater bottom and this 

suggests that the more evenly distributed melt layer might lead to less element fractionation and less 

differences in element fractionation between glass and ilmenite. No significant difference in particle 

shapes or sizes around the craters measured at different fluences was observed. The better analytical 

performance (e.g. less element fractionation and lessening of matrix effects) at higher fluence here is in 

contrast to previous work in zircon U-Pb dating where lower fluence was found to produce less element 

fractionation 67 and minimized the zircon matrix effect 68. It is likely the simple metal oxide matrix of 

ilmenite and rutile is interacting with the laser pulse more similarly to the way that metals do (e.g. 

Hergenröder 66) than for zircon in U-Pb dating.   

   

U-Pb dating 

Because of the lack of reference materials for Pb/U calibration and because the optimum analytical 

conditions for analysis of ilmenite for U-Pb dating is unknown, a series of tests were done to determine 



the best strategy for accurate and precise U-Pb ages. These tests involving varying the laser fluence and 

choice of calibration material (matrix) to observe any shifts in the U-Pb ages measured in ilmenite. The 

results of this Experiment 2 (Table 3) showed inconsistent U-Pb ages in ilmenite relative to published 

data on the kimberlites when calibration of Pb/U ratios is done using the mineral zircon. There are two 

likely causes for this inconsistency between the ilmenite ages and published ages on the kimberlites. 

One cause could be that the ilmenite in each of the four kimberlites are not related to other minerals 

that have been dated (by U-Pb and /or other methods) and so record different geological events. While 

kimberlites are known to contain substantial amounts of xenocrystic material, it is unlikely that all 

samples contain xenocrystic ilmenite that are uniformly offset in age ~15% younger than the known age 

of the host kimberlite. Therefore, this inconsistency in age is more likely due to the difference in 

fractionation of U and Pb between ilmenite and zircon during LA-ICP-MS analysis. This difference in U-Pb 

fractionation can be seen in the normalized, average downhole curves for 206Pb/238U in the two minerals 

(Fig. 5) where zircon (Mud Tank) has less fractionation of Pb and U compared to ilmenite at each of the 

different laser fluences. The glass reference material BCR-2g was also utilized as a calibration material 

for U-Pb ages in rutile and Figure 6 shows that this glass has an even worse fit of downhole U-Pb 

fractionation than zircon does when compared to ilmenite. Increasing the laser fluence makes the misfit 

in U-Pb between ilmenite and zircon/glass even worse (Fig. 5) and the calculated ages in Figure 5D are 

increasingly inaccurate for these calibration materials, in contrast to the increased accuracy of the major 

element compositions above. This phenomenon is likely due to differences in element fractionation 

between ilmenite, zircon and glass during LA-ICP-MS and potentially involve a different mechanism of 

element fractionation from the major element components.  

In contrast to zircon and glass, calibration of 206Pb/238U ratio using rutile (TB-1) at 5 J/cm2 fluence 

showed U-Pb ages in ilmenite consistent with previously published age information for each location 

(Fig. 5D). The downhole U-Pb fractionation curves for ilmenite match more closely with rutile than for 

zircon or glass (Fig. 5A-C). This is consistent with the optical and mineral structural similarities between 

rutile and ilmenite compared to the properties of basaltic glass and zircon. Because of this, the 

interaction of the laser light with ilmenite is likely to be similar to that of rutile leading to similar levels of 

element fractionation and therefore a more accurate U-Pb age.  

Calibration of ilmenite U-Pb ages could be done using one of the ilmenite samples of known age, 

however since the amount of U and radiogenic Pb is very low, this leads to detector count rates 

between 20 and 200 cps for 206Pb and would produce a very imprecise calibration. Additionally, there is 



varying amounts of common Pb present in all the ilmenite samples which would need to be corrected if 

an accurate calibration of Pb/U ratios was done, causing even more uncertainty on the calibration.  

For LA-ICP-MS, there is debate on where element fractionation is occurring: at the ablation site 2, 69, as 

well as in the ICP 70-73. However, in zircon U-Pb geochronology element fractionation at the ablation site 

is more likely to be the dominant source 69. In the mineral zircon, element fractionation of U and Pb 

occurs primarily due to the formation of baddeleyite (ZrO2) at the ablation site due to the ablation 

process2, 74. The newly formed baddeleyite has a significantly higher partition coefficient for U over Pb 

and U is preferentially enriched in the baddeleyite particles 69. While it is unknown if ilmenite breaks 

down in to similar particles at the ablation site as zircon does, given relatively high condensation 

temperature of TiO2 (1843° C) it is likely that TiO2 could condense at the ablation site, contributing to the 

U-Pb fractionation as TiO2 should have a higher partition coefficient for U over Pb. The fact that rutile 

(TiO2) is able to accurately characterize the U-Pb fractionation in ilmenite is potentially consistent with 

TiO2 formation during ilmenite ablation as any newly formed TiO2 condensate during ilmenite ablation 

will fractionate U from Pb in a similar way to rutile. Somewhat surprisingly, the higher fluence gives a 

more accurate calibration for ilmenite U-Pb ages using rutile as a calibrant (Fig. 5D). Higher laser 

fluences will excavate deeper craters which in turn typically increases the amount of element 

fractionation in zircon (Fig. 5A-C); however, the ilmenite 206Pb/238U ratios seem relatively unaffected by 

the change in fluence relative to other materials.    

Experiment 3 

U-Pb dating 

Once the optimum laser conditions, ICP-MS settings and calibration materials were established, twenty 

laser spots per sample were measured on two separate sessions to establish a session to session 

reproducibility of this U-Pb dating method.  Age results are reported on a grand total of 60 ilmenite 

analyses (20 from Experiment 2 and 40 from Experiment 3) per kimberlite sample except for the 

Skerring ilmenite sample in which two analyses with Pb loss were rejected. Twenty analyses on the BC28 

ilmenite were also performed with 14 analyses included in the age calculation and others rejected due 

to Pb loss evident in the laser time-resolved signal. Concordia intercept ages (Isoplot 4.15 75) and plots 

(Fig. 6) were utilized for the age calculation in Table 4 with a common Pb anchor using Stacey and 

Kramers two-stage Pb model 76 except for the Skerring ilmenite which had several analyses with very 

high common Pb that was significantly more radiogenic in composition than the model Pb and so the 

Skerring ilmenite analyses were calculated using un-anchored intercepts.  



All of the ilmenite samples varying amounts of common Pb with only a few analyses lying on or within 

uncertainty of Concordia. The issue of common Pb in these ilmenite analyses adds complexity to the 

isotopic age measurements as the source of common Pb can be ambiguous. Common Pb can be 

structurally bound in the crystal lattice, present in micro fractures or inclusions or can be derived from 

the instrumentation during the ablation. Being able to differentiate between structurally bound Pb and 

that present in fractures or inclusions is not straightforward, nor is it relevant to these types of LA-ICP-

MS analyses as in most cases the composition of the two would be very similar. However, being able to 

differentiate between common Pb derived from the sample and that derived from the LA-ICP-MS 

instrumentation is very important as there is much more likely to be a compositional difference 

between the two. The interface tubing, laser cell, torch and ICP-MS cones are all potential sources for Pb 

to accumulate or carry-over from one analysis to another and maintaining clean components is critical 

for obtaining accurate U-Pb ages in low level radiogenic Pb minerals such as ilmenite, particularly at 

large spot sizes that can potentially remobilize deposited material in the system. Because the count 

rates for 207Pb we measure are sometimes <10 cps, even a few extra cps of Pb above the gas blank could 

significantly modify the measured composition of the material analyzed. To minimize the impact of any 

common Pb derived from the LA-ICP-MS system, all tubing, laser cell, cell window glass, torch, tubing 

connectors and cones are cleaned or replaced prior to ilmenite U-Pb analysis. Gas blanks for a wide 

range of elements are recorded daily on the LA-ICP-MS instruments before any analysis, and this gas 

blank analysis was inspected for any elevated Pb present in the system (typically there are 10 cps for 

207Pb in the gas blank). To assess any Pb re-mobilized during ablation, spectroscopically pure SiO2 glass 

was ablated and signal inspected for any spikes in Pb, U or other elements. On a clean system, the 

contribution to Pb during analysis is not above the gas blank, however on a dirty system can be 

hundreds of counts per second or greater. To avoid build-up of Pb during the ilmenite U-Pb dating 

session, the NIST612 glass was used rather than the NIST610 to keep the Pb contents sent through the 

system relatively low so that the material with the highest Pb concentration is the GSD-1g glass (50 

µg/g) and this was analysed before the BCR-2g (11 µg/g) glass to minimize any potential carry-over. 

Uncertainties on individual analyses are large (3%-10% 1s) relative to other mineral chronometers, 

despite the large spot size (100 um) and this is primarily due to counting statistic errors related to very 

low detector counts on 206Pb (~50 to 150 cps for the kimberlitic ilmenite). Systematic uncertainty 

contribution 39 to the total analytical uncertainty is therefore relatively minor. The MSWD and 

probability of fit statistical parameters show that there is an overdispersion in the U-Pb results relative 

to their uncertainties (Fig. 6).  



Results of U-Pb dating of ilmenite by LA-ICP-MS in this study generally show agreement with previously 

mineral geochronology at each of the sample locations (Fig. 7). Since no independent age determination 

of ilmenite for any of these samples exists, the assumption is made that these other phases are 

recording the same emplacement or growth event as the ilmenite to allow for verification of the U-Pb 

ages measured here. For the Monastery, Skerring, Premier and Bushveld samples, previous work on 

zircon U-Pb ages of zircon (TIMS or ID-TIMS) or perovskite U-Pb ages (ion probe) agree well with the 

ilmenite U-Pb ages by LA-ICP-MS determined here. For these samples the U-Pb decay system is used and 

makes comparison of the ages simpler due to same decay constants and behaviour of elements, 

assuming the crystallization or cooling below the onset of Pb diffusion was rapid for both minerals. Since 

Kimberlites have been known to have rapid ascent 77 and therefore cooling, this assumption is likely 

valid. The Frank Smith kimberlite has a phlogopite Rb-Sr age of 113.7 ± 1.8 Ma 54 and a perovskite U-

Th/He age of 128 ±11 Ma 55 with the LA-ICP-MS U-Pb age in this study resulting in a 118.4 ± 3.5 Ma. The 

ilmenite age presented here is within uncertainty of the perovskite U-Th/He age, but outside uncertainty 

of the Rb-Sr age unless systematic uncertainties, such as the decay constant uncertainties and excess 

uncertainty 39 are included. Future work utilizing higher precision analyses (e.g. ID-TIMS) on the Frank 

Smith ilmenite may show a statistically different U-Pb age from the Rb-Sr phlogopite age and may prove 

useful in understanding crystallization and xenocryst incorporation in kimberlitic magmas.  

Results from U-Pb dating of ilmenite by LA-ICP-MS of the Premier kimberlite are within the range of 

previously published ages on minerals from the deposit. However the previously published ages on the 

Premier Kimberlite show some variance from 1139.8 ± 4.8 Ma (U-Pb on perovskite) to 1198 ± 32 Ma 52 

(Sm-Nd garnet and clinopyroxene-mineral isochron) and would suggest some complexity in the age of 

mineralogy here, likely due to presence of xenocrystic or antecrystic material. While the Premier LA-ICP-

MS ilmenite age of 1172 ± 16 Ma is within uncertainty of the U-Pb perovskite age of 1153 ± 5.3 Ma, 

future work on this sample using high precision ID-TIMS analyses may be useful to identify the ilmenite 

megacrysts as antecrystic or xenocrystic.  

The Bushveld sample is the only non-kimberlitic sample and shows different petrographic context to the 

kimberlitic megacrystic ilmenites. The LA-ICP-MS age of 2044 ± 31 Ma is consistent with the zircon CA-

ID-TIMS age of 2054.4 ± 1.3 Ma and provides further evidence for the accuracy of this technique, despite 

the relatively large uncertainties. 

While there is an overall agreement between the ilmenite LA-ICP-MS ages presented here with previous 

mineral chronometers from the same deposit (Fig. 7, Table 4), the ilmenite U-Pb isochrons all display an 

overdispersion of the data relative to the uncertainties shown in the relatively high MSWDs (1.4 to 2.2) 



and low probability of fits (0 to 0.071). Given the relatively large counting statistic uncertainties, this 

would suggest the mineral ilmenite does not operate as an ideal closed system with respect to Pb and U, 

like other minerals such as zircon or monazite. Decoupling of Pb from U can cause dispersion in the 

238U/206Pb (X axis in Fig. 6) to either the left or right of the isochron intercept, while Pb loss will cause 

data points to shift to the right on the inverse Concordia plots in Figure 6. Pb loss is not obvious in the 

kimberlitic ilmenite, however the Bushveld sample had several analyses that were rejected due to Pb 

loss identified in the laser time-resolved signal. This suggests that ilmenite is not an ideal 

geochronometer; however, it can potentially provide reconnaissance age constraints for samples in 

which no other mineral chronometers are available. Use of ID-TIMS with chemical abrasion may prove 

useful in removing zones of Pb loss or open system behaviour as is done for the mineral zircon79.  

These promising U-Pb age results indicate that ilmenite has the potential as a detrital mineral 

geochronometer and could prove useful in kimberlite exploration. However, the ilmenite in this study 

show a variable amount of common Pb such that a common Pb correction must be applied. For single 

grain analysis in a detrital setting, an assumption must be made about the initial common Pb 

composition, typically using Stacey and Kramers’ model 76 based on the measured age. To get an 

accurate common Pb correction one must do an iteration of the common Pb correction until there is 

little change in the final age 10, 80. If there are multiple age populations of ilmenite and they contain 

relatively high common Pb, determination of quantitative age information may not be possible, and this 

highlights a limitation of ilmenite U-Pb dating relative to other detrital mineral chronometers such as 

zircon. Ilmenite as a geochronometer shows the most promise in situations with large (>200 µm) grains 

that are relatively low in common Pb. 

 

Ilmenite minor and trace element analysis 

Several minor and trace elements were able to be analyzed by both EMPA and LA-ICP-MS. Accurate 

analysis of these minor and trace elements by LA-ICP-MS is important for understanding conditions in 

which the ilmenite formed, and these can have implications for petrogenesis and diamond exploration. 

Additionally, accurate major and trace element analysis of mineral materials by LA-ICP-MS using glass 

reference materials is useful as sourcing homogenous mineral standards for major and trace elements is 

very difficult in natural samples. Figure 8 shows the results from Experiment 3 and from the EMPA for a 

range of different elements. There is generally a good agreement between LA-ICP-MS and the EMPA for 

Al, Zr and Fe3+. There is a sample dependent agreement between LA-ICP-MS and EMPA for the elements 

Mn and Cr, where some samples agree better than others, and there is a systematic offset in the Nb 



results between LA-ICP-MS and EMPA. The nature of the Mn and Cr offsets for some samples and the 

Nb offsets in all samples is not certain, but possibilities (for either the LA-ICP-MS or EMPA technique) 

include: interferences, background correction (more likely an EMPA issue), calibration error due to 

inaccurate values for reference materials, sample heterogeneity, element fractionation (LA-ICP-MS 

only).  

Sample heterogeneity is clearly an issue with Al in the Premier ilmenite, but in other elements and 

samples, it is less likely that sample heterogeneity can explain any offsets between the two analytical 

methods given the systematic nature of the compositional offsets (Fig. 8). An alternative background 

correction method for the EMPA involving removing one of the 4 background positions from the Cr 

background fit curve resulted in a smaller range of values but greater discrepancy between the EMPA 

and LA-ICP-MS. 

Element fractionation during LA-ICP-MS can result in systematic offsets seen in some of these elements, 

however element fractionation is typically controlled by element volatility 1. So, if element fractionation 

is playing a large role in the offsets between LA-ICP-MS and EMPA, it is unclear why there is no 

correlation between element discrepancy and volatility: Fe and Zr are both in agreement between LA-

ICP-MS and EMPA, while they have very different condensation temperatures (Zr = 1741 K, Fe = 1334 K; 

50% Tc 81). 

Interferences occur in both EMPA and LA-ICP-MS, however for the latter, the concentrations and 

isotopes measured of the elements in Figure 8 make any inaccuracy due to interference unlikely. For the 

electron microprobe, interferences between K and K peaks of first row transition metals are well 

known, and the weaker K line was chosen for analysis of V due to the presence of Ti as a major 

element in ilmenite and the strong interference of TiK on VK. However, there is an even stronger 

interference of CrK on VK (in the order of several 100% relative), which requires a circular correction 

of CrK against VK, and given the relatively high Cr contents in some ilmenite samples studied, the 

amount of interference subtracted from V was as much as 90% of the signal; making V not quantifiable 

in these samples by EMPA.  

Systematic offsets in data due to a calibration error are more likely to be the cause of the discrepancies 

seen here. The difficulty in assessing the accuracy of all elements lies in the lack of homogenous 

reference materials. For LA-ICP-MS there is a lack of widely available ilmenite reference materials that 

are characterized for trace elements, so it is difficult to verify the accuracy of any calibration. For the 

EMPA several different ilmenites were analyzed to assess the accuracy, however this study shows 

inconsistencies between published values and measured values for some elements in some samples 



(e.g. Zr in CRN63H vs. CRN63K, electronic appendix); suggesting there is some sample heterogeneity 

present in these materials. The accuracy of both EMPA and LA-ICP-MS are limited by any uncertainty in 

the calibration and the systematic offsets seen in Figure 8 (e.g. Nb) are likely due to the calibration 

material/methodology used in each technique. Independent assessment by alternative techniques may 

prove useful in further understanding the causes of discrepancies between the EMPA and LA-ICP-MS 

results for some elements.  

 

Conclusions: 

We present a methodology for obtaining accurate U-Pb ages and a selection of major, minor and trace 

element compositions for the mineral ilmenite by LA-ICP-MS. These U-Pb ages are challenging due to 

the low (10s of ng/g) U and low radiogenic Pb contents (single ng/g for 206Pb) and required some 

modification of the typical LA-ICP-MS geochronology method used for other phases. Using the mineral 

rutile, U-Pb ages were determined in five ilmenite samples that are consistent with other mineral 

chronometers and decay systems. Other minor and trace element substitutions into the ilmenite 

structure are also analysed with U-Pb data and show good agreement in results from EMPA for most 

elements when calibrating on basaltic glasses and using 5 J/cm2 laser fluence. Determination of Fe3+ 

contents of ilmenite is possible with well calibrated LA-ICP-MS results; confirmed using EMPA results, 

and this may prove useful in understanding fO2 conditions of ilmenite crystallization. The methodology 

presented here is potentially a useful tool for diamond exploration, particularly in detrital ilmenite 

studies since ilmenite is one of the main refractory indicator minerals and knowledge of age indicator 

mineral age, even if approximate, coupled with composition can be play crucial role in future diamond 

exploration.  
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Experiment Fluence 

J/cm2 

Calibration of 

Major and Trace 

elements 

Secondary 

Standard 

correction 

Calibration of U-Pb 

ratios 

Calibration of 

207Pb/206Pb 

ratios 

1 2.8 GSD-1g BCR-2g & 

GSD-1g 

NIST610 NIST610 



2 2.1, 

3.0, 5.2 

NIST612 & BCR-

2g (Fe only) 

BCR-2g & 

GSD-1g 

TB-1 Rutile, Mud Tank 

zircon or BCR-2g 

NIST612 

3 5.2 NIST612 & BCR-

2g (Fe only) 

BCR-2g & 

GSD-1g 

TB-1 Rutile NIST612 

Table 1: Analytical conditions and calibration standards utilized for each of the three experiments 
performed in this study.  
 
 

 Mg Al Ti V Cr Mn Fe Zr Nb 

FrankSmit
h 

         

EMPA 5.47   
(0.07) 

0.220   
(0.007) 

29.3   
(0.17) 

0.236   
(0.018) 

0.463   
(0.007) 

0.184   
(0.004) 

31.0   
(0.30 

0.097   
(0.006) 

0.188   
(0.007) 

LAICPMS 
5J/cm2 

5.41   
(0.05) 

0.230   
(0.006) 

29.4   
(0.13) 

0.180   
(0.001) 

0.4906   
(0.003) 

0.188   
(0.002) 

31.0   
(0.22) 

0.108   
(0.003) 

0.224   
(0.002) 

LAICPMS 
3J/cm2 

5.41   
(0.06) 

0.226   
(0.006) 

29.3   
(0.15) 

0.179   
(0.002) 

0.490   
(0.004) 

0.190   
(0.002) 

31.2   
(0.24) 

0.104   
(0.004) 

0.220   
(0.005) 

LAICPMS 
2J/cm2 

5.58  
(0.05) 

0.236   
(0.002) 

30.0   
(0.11) 

0.184   
(0.001) 

0.502   
(0.004) 

0.196   
(0.002) 

30.0   
(0.21) 

0.106   
(0.003) 

0.225   
(0.003) 

Monastery          

EMPA 3.98   
(0.14) 

0.137   
(0.017) 

27.8   
(0.07) 

0.280   
(0.05) 

0.630   
(0.004) 

0.161   
(0.015) 

34.6   
(0.26) 

0.127   
(0.005) 

0.201   
(0.003) 

LAICPMS 
5J/cm2 

4.23   
(0.13) 

0.157   
(0.004) 

28.1   
(0.38) 

0.136   
(0.002) 

0.697   
(0.022) 

0.184   
(0.005) 

34.1   
(0.64) 

0.135   
(0.007) 

0.237   
(0.003) 

LAICPMS 
3J/cm2 

4.20   
(0.15) 

0.153   
(0.003) 

28.6   
(0.35) 

0.136   
(0.002) 

0.697   
(0.021) 

0.185   
(0.005) 

33.4   
(0.64) 

0.130   
(0.006) 

0.232   
(0.003) 

LAICPMS 
2J/cm2 

4.34   
(0.13) 

0.165   
(0.004) 

29.1   
(0.39) 

0.142   
(0.002) 

0.732   
(0.022) 

0.195   
(0.004) 

32.6   
(0.67) 

0.139   
(0.006) 

0.245   
(0.003) 

Premier          

EMPA 7.52   
(0.04) 

0.216   
(0.07) 

32.6   
(0.15) 

0.183   
(0.01) 

0.466   
(0.006) 

0.209   
(0.003) 

24.1   
(0.25) 

0.026   
(0.002) 

0.100   
(0.002) 

LAICPMS 
5J/cm2 

7.61   
(0.03) 

0.303   
(0.004) 

32.7   
(0.06) 

0.144   
(0.001) 

0.496   
(0.004) 

0.216   
(0.001) 

24.0   
(0.07) 

0.029   
(0.001) 

0.119   
(0.001) 

LAICPMS 
3J/cm2 

7.54   
(0.07) 

0.293   
(0.007) 

32.8   
(0.07) 

0.144   
(0.001) 

0.492   
(0.004) 

0.219   
(0.001) 

23.9   
(0.08) 

0.028   
(0.001) 

0.117   
(0.001) 

LAICPMS 
2J/cm2 

7.75   
(0.03) 

0.297   
(0.015) 

33.2   
(0.07) 

0.146   
(0.001) 

0.504   
(0.005) 

0.226   
(0.003) 

23.1   
(0.12) 

0.029   
(0.001) 

0.118   
(0.001) 

Skerring          

EMPA 6.36   
(0.02) 

0.387   
(0.009) 

31.1   
(0.03) 

0.149   
(0.005) 

0.042   
(0.001) 

0.182   
(0.002) 

27.9   
(0.07) 

0.045   
(0.002) 

0.066   
(0.003) 

LAICPMS 
5J/cm2 

6.36   
(0.05) 

0.414   
(0.004) 

31.2   
(0.05) 

0.183   
(0.001) 

0.030   
(0.001) 

0.189   
(0.001) 

27.9   
(0.10) 

0.050   
(0.001) 

0.080   
(0.002) 

LAICPMS 
3J/cm2 

6.35   
(0.10) 

0.407   
(0.004) 

31.6   
(0.07) 

0.184   
(0.001) 

0.030   
(0.001) 

0.194   
(0.017) 

27.3   
(0.12) 

0.0483   
(0.001) 

0.0786   
(0.001) 



LAICPMS 
2J/cm2 

6.55   
(0.06) 

0.427   
(0.005) 

32.0   
(0.05) 

0.187   
(0.001) 

0.0312   
(0.001) 

0.201   
(0.007) 

26.5   
(0.11) 

0.051   
(0.001) 

0.081   
(0.001) 

 
Table 2: Average major and minor element compositional data in weight percent as measured by LA-ICP-
MS (n=20) and EMPA (n=10 to 16) for the four kimberlitic ilmenite samples in this study. Each sample 
measured at three different laser fluences for the LA-ICP-MS analyses. Individual results of each method 
normalized to 100% totals. Numbers in parentheses are one standard deviation on the average.  
 
 

Sample 
Fluence  
J/cm2 

U-Pb age 
(Ma) using 
Rutile 

U-Pb age 
(Ma) using 
Zircon 

U-Pb age 
(Ma) using 
BCR-2g 

Published Age 
(Ma) 

Frank 
Smith 

2.1 105 ± 13 98 ± 13 86 ± 11 128 ± 11 

Frank 
Smith 

3 110.8 ± 8 98.6 ± 7.1 93.6 ± 6.0 128 ± 11 

Frank 
Smith 

5.1 115 ± 13 97 ± 11 99.7 ± 9.9 128 ± 11 

Monastery 2.1 99.5 ± 8.7 93 ± 8.1 83.0 ± 7.1 90.1 ± 0.5 

Monastery 3 81.8 ± 8.6 72.6 ± 7.7 69.6 ± 7.7 90.1 ± 0.5 

Monastery 5.1 87.5 ± 7.8 73.9 ± 6.6 72.8 ± 6.4 90.1 ± 0.5 

Premier 2.1 1118 ± 67 1049 ± 64 974 ± 59 1153.3 ± 5.3 

Premier 3 1132 ± 51 1006 ± 54 965 ± 41 1153.3 ± 5.3 

Premier 5.1 1209 ± 47 1008 ± 44 1034 ± 30 1153.3 ± 5.3 

Skerring 2.1 788 ± 33 731 ± 25 685 ± 28 800 ± 10 

Skerring 3 741 ± 25 661 ± 23 630 ± 24 800 ± 10 

Skerring 5.1 796 ± 48 671 ± 24 673 ± 16 800 ± 10 

 
Table 3: 207Pb corrected 206Pb/238U ages from Experiment 2 of this study for the four kimberlitic ilmenite 
samples along with published ages (or range) for each. Published ages are referenced in text and include 
U-Pb ages of zircon (Monastery and Skerring), U-Pb ages of perovskite (Premier) and U-Th/He age of 
perovskite (Frank Smith) – see text for details. Uncertainties are 2 sigma and do not include decay 
constant or other systematic uncertainties. 
 

 Age (Ma) 206Pb 
ng/g 

207Pb 
ng/g 

208Pb   
ng/g 

232Th   
ng/g 

238U    
ng/g 

Published age 
(Ma) 

Frank Smith 118.4 ± 3.5 / 4.3 1.00 0.22 0.54 1.84 50.6 128 ± 11 

Monastery 91.7 ± 2.5 / 3.2 1.38 0.52 1.53 2.78 72.9 90.1 ± 0.5 

Premier 1172 ± 16 / 29 2.66 0.43 0.65 0.92 14.0 1153.3 ± 5.3 

Skerring 781 ± 11 / 20 9.05 4.26 14.6 5.17 29.4 800 ± 10 

BC28 2044 ± 31 / 53 17.2 3.03 3.99 16.3 48.3 2054.4 ± 1.3 

 
Table 4: Concordia intercept ages for ilmenite analysed in this study for Experiment 3, under the 
optimized analytical conditions. Sixty analyses were done for each kimberlitic ilmenite with two analyses 
rejected from the age calculation for the Skerring ilmenite sample (Pb loss). Twenty-two analyses of 



Bushveld ilmenite sample (BC28) were performed with fourteen included in the age calculation. 
Uncertainties in U-Pb age by LA-ICP-MS are 2 sigma internal / external according to Horstwood et al. 39 
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Figure 1: Reflected light images of centimetre sized ilmenite megacrysts derived from various kimberlite 
pipes (Frank Smith, Monastery, Premier and Skerring) as well as a magnetite rich sample from the 



Bushveld complex. Note the change in scale for the Bushveld sample. Magnetite in the Bushveld sample 
contains variable brightness in reflected light (roughly corresponding to Mg compositional variations), 
while the ilmenites are relatively homogenous in reflected light response.   
 
 
 
 

 



 
 
 
Figure 2: A) Ti vs. Fe concentrations in four kimberlitic ilmenite samples analysed by LA-ICP-MS at 
different laser fluences as well as measured by EMPA (black crosses). B) same as A) but Ti vs. Mg. Scatter 
in Ti, Fe and Mg compositions within a sample reflect natural variations in mineral chemistry where 
there can be a substitution of Fe for Ti (for example), giving a negative correlation. 
 



 
 
Figure 3: Change in the Fe/Ti ratio as laser drills down into samples for glass (GSD-1g) and the mineral 
ilmenite (Skerring) for various laser fluence. Fe/Ti raw data normalized to accepted values from GeoReM 
(BCR-2g) or from the average of the EMPA data. Skerring ilmenite chosen to investigate Fe/Ti 
fractionation due to its compositional homogeneity for Fe and Ti. Ratios of Fe/Ti corrected for isotopic 
abundance of 57Fe and 49Ti. Note the better agreement of Fe/Ti between ilmenite and glass at higher 
fluence, particularly at the start of the ablation.  
 



 
Figure 4: SEM images of the TB-1 rutile and the Skerring ilmenite laser craters analysed at 2, 3 and 5 
J/cm2. Note the change in magnification between the rutile and ilmenite images. Laser craters are 60 µm 
and 100 µm in diameter for rutile and ilmenite respectively. 
 
 



 
Figure 5: A) Change in the 206Pb/238U ratio as the laser drills down in the samples for rutile (TB-1), 
ilmenite (Skerring), zircon (Mud Tank) and glass (BCR-2g) for 2 J/cm2 laser fluence. B) Same as (A) but for 
3 J/cm2 laser fluence. C) Same as (A) but for 5 J/cm2 laser fluence. Pb/U normalized to the published or 
expected value for each material. Excluded first 2.5 seconds of laser data from plot due to sample 
uptake and stabilizing. Skerring Pb/U ratios corrected for minor common Pb using 207Pb correction. D) 
Measured 206Pb/238U age (207Pb corrected) for the Skerring ilmenite using various calibration materials at 
differing laser fluence.  
 
 



  



  
Figure 6: Concordia plots of four kimberlitic ilmenite samples analysed over three different sessions. 
Samples show mixing with a common Pb component and are anchored to Stacey and Kramers 76 model 
Pb at the age of the ilmenite, except for the Skerring ilmenite that mixes with a radiogenic common Pb 
component and is un-anchored. The Bushveld analyses in light grey boxes have been excluded from the 
age calculation due to evidence for Pb loss in the laser time-resolved signal. Error bars are 1s.  
 

 
Figure 8: Summary of ilmenite ages from this study (open symbols with shaded bars in background) 
compared to published ages for other mineral chronometers from the same deposit. Note the breaks in 
scale on X axis. Uncertainties are 2s. See text for details on published ages. Bushveld zircon ID-TIMS age 
uncertainties are smaller than symbol.  
 



 



Figure 8: Minor elements in ilmenite (µg/g) collected under optimum laser ablation conditions from LA-
ICP-MS and EMPA (black crosses) vs Ti. Scatter within individual samples reflects natural variability 
within the individual ilmenite megacryst. 
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