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INTRODUCTION  
 Recent U–Pb isotope studies of accessory 
minerals (e.g., zircon, monazite, titanite) using laser 
ablation multicollector inductively coupled plasma 
mass spectrometry (LA–MC–ICP–MS) have made 
significant advances in generating precise and 
accurate age data (e.g., Horstwood et al. 2003, 
Simonetti et al. 2005, 2006). In particular, the 
advent of MC–ICP–MS instruments housing 
multiple ion counting devices (electron multipliers) 
have provided improvement with regards to the 
quality of the Pb–Pb or Pb–U isotope data relative 
to spatial resolution (i.e., lower total volume of 
sample material consumed). For example, Willigers 
et al. (2002) and Paul et al. (2005) conducted in situ 
common Pb isotope measurements by LA–MC–
ICP–MS involving a combination of multiple 
Faraday detectors and one or two electron 
multipliers, respectively; the latter measured either 
the 204Pb or 202Hg ion beams. In contrast, Souders & 
Sylvester (2008a, 2008b) reported on LA–MC–
ICP–MS investigations of the common Pb isotope 
ratios for silicate glasses using a multiple electron 
multiplier detection system involving five 
channeltrons housed within a Finnigan Neptune 
MC–ICP–MS instrument. 
 The studies of Simonetti et al. (2005, 2006) 
employed MC–ICP–MS instrumentation (NuPlasma 
from Nu Instruments, Wrexham, UK) housing an 
innovative collector block containing a combination 
of twelve Faraday collectors and three discrete-
dynode electron multipliers. The three electron 
multipliers housed within the ‘U–Pb collector 
block’ of the NuPlasma instrument at the University 
of Alberta permit acquisition of low 207, 206, 204Pb ion 
signals (between ~1 and ~30 millivolts – Faraday 
bucket ion signal equivalent) with high precision 
and consequently laser ablation analyses consume 
relatively small sample volumes. Figure 15-1 
compares the precision versus sample consumption 
of the protocol described here to those of other 

analytical methods including other LA–(+/–MC)–
ICP–MS configurations, sensitive high resolution 
ion microprobe (SHRIMP), and isotope dilution 
thermal ionization mass spectrometry (ID–TIMS). 
A typical 30-second laser ablation analysis of zircon 
at a fluence of ~2 J/cm2 (~0.03 mJ pulse energy), 
20–40 µm diameter, and 4 Hz repetition rate 
produces a pit depth between ~5 and ~10 µm (Fig. 
15-2); this is markedly less than the thickness of a 
standard petrographic thin section (~30 µm). The 
U–Pb date of 1835.7 ± 4.7 Ma (2σ; Fig. 15-2d) 
obtained by the repeated laser ablation analysis 
(n = 10) of a single zircon from a petrographic thin 
section of sample LH94-15 (Fig. 15-2; Simonetti et 
al. 2006) is indistinguishable from its ID–TIMS age  

 
FIG. 15-1. Comparative plot illustrating the typical 

uncertainty (internal precision, 2σ) associated with the 
207Pb/206Pb measurement versus the total amount of Pb 
(ng) ablated for international zircon standards BR266 
and 91500 using various laser ablation–ICP–MS 
instrument configurations and SHRIMP analysis. 1, 
MC–ICP–MS (all Faraday bucket configuration: 
Simonetti et al. unpublished BR266 data); 2, SHRIMP 
(Stern 2001); 3, LA–quadrupole (Cox et al. 2003); 4, 
LA–quadrupole (Jackson et al. 2004); 5, LA–
quadrupole (Jeffries et al. 2003); 6, range of ~3 to 11 
ng of total Pb by ID–TIMS (Stern 2001); UofA = Pb 
consumed using the protocol described here. Diagram 
taken from Simonetti et al. (2005). 
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FIG. 15-2. A, Photomicrograph of a petrographic thin section of enderbite sample LH94-15 (source of internal zircon standard 

LH94-15). The photo displays the locations of the 40 μm analysis spots within a large zircon crystal, which is surrounded 
predominantly by pyroxene, plagioclase, biotite and quartz; B, Topographic scanning electron microprobe (SEM) photo of 
same LH94-15 zircon grain shown in A; C, enlarged view of one of the 40 µm laser pits indicating a depth of between ~4 
to ~7 microns; D, Concordia plot indicating an age of 1835.7 ± 4.7 Ma (2σ) obtained with the 10 laser ablation analyses 
shown in A. This date is indistinguishable from the ID–TIMS age of 1830 ± 2 Ma (2σ; Ashton et al. 1999). 

of 1830 ± 2 Ma (2σ; Ashton et al. 1999). 
 The advantages of dating accessory minerals 
in situ within petrographic thin section by LA–MC–
ICP–MS cannot be overstated. This approach 
greatly reduces both sample preparation and 
analysis time relative to that needed for other 
geochronological methods. For example, in a 
typical 8-hour analytical session, 3 to 5 thin sections 
with 10–20 spots per section can be analyzed using 
the protocol outlined in Simonetti et al. (2006). This 
‘reduced volume’ in situ dating technique also 
provides the opportunity to link age information 
directly for a particular sample with deformational 
fabrics or fine scale textures (e.g., Banerjee et al. 
2007), and pressure–temperature data derived from 
electron microprobe analysis of minerals in the 

same thin section (e.g., Laberge & Pattison 2007). 
Thirdly, the LA–MC–ICP–MS methodology 
generates data at significantly lower cost (by a 
factor of 2 to 4) than is possible with ID–TIMS or 
SHRIMP. 
 In this chapter, we describe in detail the 
instrumentation and important calibration 
procedures involved in obtaining high quality and 
accurate geochronological information using the 
LA–MC–ICP–MS analytical protocol outlined in 
Simonetti et al. (2006). We demonstrate the 
accuracy of the analytical protocol with several 
examples of LA–MC–ICP–MS age data obtained on 
petrographic thin sections for samples also dated by 
ID–TIMS. As a follow up to our earlier study 
(Simonetti et al. 2006) involving the use of the 
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standard 30 cm3 ablation cell, here we conduct 
analogous U–Pb dating experiments with thin 
sections using the 33 cm3 SuperCell™ (also 
manufactured by New Wave Research). Both 
ablation cells have similar volumes; however, the 
geometry and flow characteristics of the 
SuperCell™ have been specifically designed to 
enable rapid evacuation of ablated particles in a 
large cell format (Fig. 15-3). Another important 
reason for using the SuperCell™ is its capacity to 
house thin sections and mounts containing matrix-
matched external standards simultaneously (Fig. 
15-3). This feature permits the use of the ‘standard 
sample’ bracketing technique for monitoring the Pb 
versus U laser-induced elemental fractionation 
(LIEF) without the need to open the ablation cell 
(hence results in fewer perturbations to plasma 
conditions during an analytical session and 
increased productivity). 

MC–ICP–MS and laser ablation instrumentation 
 A summary of instrument parameters used for 
both the laser ablation system and MC–ICP–MS 
instrument is listed in Table 15-1. This collector 
configuration allows for simultaneous acquisition of 
ion signals ranging from mass 203Tl to 238U, with the 
207Pb, 206Pb, and 204Pb (+204Hg) ion beams measured 
on the three electron multipliers (Table 15-2; 
Simonetti et al. 2005). The NuPlasma MC–ICP–MS 
is coupled to a frequency quintupled (λ = 213 nm) 
Nd:YAG laser ablation system (New Wave 
Research, USA) and comparative tests were 
conducted using both ‘standard’ and ‘SuperCell™’ 
ablation cassettes. 
 
Discrete-dynode electron multipliers. The inform-
ation relative to the ETP electron multipliers 
presented in this section is summarized from 
resource material available at the SGE Analytical 
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FIG. 15-3. Comparative photographs of the standard ablation cell and Supercell and their corresponding sample holder 

cassettes from New Wave Research. The larger volume, geometric design of the Supercell allows for the simultaneous 
insertion of mounts containing standard grains adjacent to the thin section. 
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TABLE 15-1.  OPERATING CONDITIONS AND INSTRUMENT SETTINGS 

ICP  Laser  
MC-ICP-MS    
Model Nu plasma from Nu instruments Model UP213 Nd:YAG – New 

Wave Research with 
aperture imaging system 

Forward power 1300 W Wavelength 213 nm 
Reflected power ≤10 W Max. output 

energy 
3 mJ per pulse @ 20 Hz 
using a 160 µm spot size 

Cool gas flow rate 13 Lmin–1 (Ar) Pulse width 3 ns 
Auxiliary gas flow rate 1 Lmin–1(Ar) Energy density 2 -3 J/cm2 
Sample transport:  Focus Fixed at sample surface 
Ablation cell 1 Lmin–1(He) Repetition rate 4 Hz 
DSN-100 Membrane – 2.70 to 3.50 Lmin–1 (Ar) 

heated to 110ºC 
Spot size Single spot analysis – 

12, 40 µm 
 Spray chamber – 0.30 Lmin–1(Ar) 

heated to 110ºC 
Ablation cell 30 cm3 standard cell & 

33 cm3 Supercell™ 
Nebuliser - DSN Glass Expansion micromist (borosili-

cate glass) – 100 µLmin–1 equipped 
with Teflon PTFE adaptor & PFA 
Teflon tubing (1.3 mm OD x 0.25 
mm ID) 

  

Sampler cone Ni with 1.15 mm orifice   
Skimmer cone Ni with 0.6 mm orifice   

Conditions and instrument settings are identical for experiments using both the standard and Supercell™ laser ablation 
cells. 

Chemistry Ltd. website (http://www.sge.com). The 
purpose of an electron multiplier is to detect every 
ion of the selected mass that has passed through the 
energy (mass) filter of a mass spectrometer. The 
basic physical process that allows an electron 
multiplier to operate is referred to as secondary 
electron emission. When an ion or electron strikes a 
surface it can cause electrons located within the 
outer layers of atoms to be released. The number of 
secondary electrons released depends on the type of 
incident primary particle, its energy, and character-
istic of the incident surface. In general, there are 

two basic types of electron multipliers commonly 
used in mass spectrometric analysis: these are 
discrete-dynode (Fig. 15-4) and continuous-dynode 
electron multipliers. The three discrete-dynode 
electron multipliers contained within the ‘U–Pb’ 
collector block of the NuPlasma instrument are 
manufactured by ETP Electron Multipliers (a 
division of THE SGE Group). Discrete-dynode 
electron multipliers amplify the secondary electron 
emission process by using an array of electrodes 
referred to as dynodes. Ions hitting the first dynode 
cause secondary electrons to be emitted from the

TABLE 15-2. CONFIGURATION OF THE ‘U-PB COLLECTOR BLOCK’ USED FOR LASER ABLATION EXPERIMENTS 

EX-H H6 H5 H4 H3 H2 H1 AX L1 L2 IC0 IC1 L3 IC2 EX-L
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FIG. 15-4. Illustration depicts the ion optics of an ETP 

discrete-dynode electron multiplier showing the 
electron gain at each successive dynode. This electron 
cascading process can result in ‘gains’ up to 108 being 
achieved with ~21 dynodes (diagram taken from 
ETP’s website at www.etpsci.com). 

surface. The optics of the dynodes focuses these 
secondary electrons onto the next dynode of the 
array (Fig. 15-4), which in turn emits even more 
secondary electrons from its surface than the first 
dynode. Consequently, a cascade of electrons is 
produced between successive dynodes, with each 
dynode increasing the number of electrons in the 
cascade by a factor of 2 to 3; this process is allowed 
to continue until the cascade of electrons reaches 
the output electrode where the signal is extracted. A 
typical discrete-dynode electron multiplier has 
between 12 and 24 dynodes and is used with an 
operating ‘gain’ of between 104 and 108. For a new 
(unused) electron multiplier, the gain is achieved 
with a lower applied voltage (~1800 volts). With 
time and usage, the surfaces of the dynodes slowly 
become covered with contaminants from the high 
vacuum system, which results in a decrease of their 
secondary electron emission capacity (and 
consequently drop in ‘gain’). Thus, the operating 
high voltage applied to the electron multipliers must 
be periodically increased in order to maintain the 
required multiplier gain. In previous investigations 
Richter et al. (2001) and Hoffmann et al. (2005) 
have conducted detailed investigations of the 
analytical performances (e.g., linearity, relative 
yield, stability) of the same ETP electron multipliers 
employed here primarily for the purpose of U–Th 
disequilibrium series research using several types of 
MC–TIMS and MC–ICP–MS instruments. Several 
of the electron multiplier calibration procedures 
described here (e.g., determining optimal operating 

voltage and electron multiplier–Faraday detector 
calibration) are identical to those reported in both 
Richter et al. (2001) and Hoffmann et al. (2005). 
 The NuPlasma MC–ICP–MS instrument 
equipped with the U–Pb collector block contains 
slits that permit passage of ions to the three 
discrete-dynode electron (ETP) multipliers (labeled 
IC0, IC1 and IC2), which lie on the low mass side 
between the last four Faraday collectors (Table 
15-2). A small double ESA assembly that deflects 
the two outer ion beams into off-axes ETP 
multipliers is located behind the Faraday collector 
block. In contrast, the central ion beam passes 
through a slit in the middle part of the Faraday 
block. There is a small deflection imposed onto the 
central ion beam to ensure that the multiplier does 
not lie directly in line with its central channel. The 
latter offers a simple, but effective means of 
protecting the ion counters from excessive beams 
(typically >107 cps; counts per second) that may be 
incident on the devices. The multipliers can safely 
measure signals up to several million counts per 
second; however, ion signals were kept below 2 x 
106 cps in almost all of the laser ablation analyses of 
zircon so as to prolong the longevity of the ETP 
detectors. The linearity and stability of the ion 
counters are better than 0.2% during any one 
analytical session, whereas dark noise is 0.1 cps or 
less. 
 
Discrete-dynode–Faraday calibration: measure-
ment of 206Pb/238U values.  As stated earlier, with 
progressive use, electron multipliers experience 
degradation in ‘gain’ and this is compensated by 
periodic augmentation of the operating voltage. The 
frequency of the latter procedure is strictly 
dependent on the use of the electron multipliers; 
however it is typically in the order of several 
months. The relative gains (‘linearity’) between the 
three electron multipliers (relative to size of the 
different Pb ion signals) are measured before each 
analytical session. If these fall below values of 70% 
and 80% for IC0, IC1 and IC2, respectively, then 
the operating voltage is increased in order to yield 
relative gains of ~80% for IC0 and IC1, and ~90% 
for IC2 (as recommended by Nu Instruments Ltd.). 
The optimal operating voltage for each electron 
multiplier is determined by examining the 
relationship between high voltage and the relative 
yield (i.e., absolute ion signal), similar to the 
procedure outlined in Richter et al. (2001). A 
~1 ppb solution (2% HNO3) containing the NIST 
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SRM 981 Pb standard is aspirated continuously and 
the absolute count rates are recorded at different 
operating voltage settings for IC0, IC1, and IC2 
sequentially. Typical electron multiplier percent 
yield curves are shown in Fig. 15-5 and these are 
characterized by ‘horizontal operating plateaus’ at 
higher voltage settings for each ion counter. As 
outlined by Richter et al. (2001), the optimal high 
voltage setting is the area corresponding to the 
initial segment of the horizontal plateau, or just past 
the ‘knee’ of the curve (Fig. 15-5). 
 The relative gain between IC0 and IC1 
(measure 207Pb and 206Pb ion signals, respectively; 
Table 15-2) has been demonstrated to be extremely 
linear over a wide range of absolute count rates 
(Simonetti et al. 2005). However, the electron 
multipliers can become ‘non-linear’ after prolonged 
use and at higher operating voltages, the ‘linearity’ 
associated with the gain of any individual electron 
multiplier is lost. Therefore, it is imperative to 
monitor relative gains of the electron multipliers 
especially when operating at higher amplifier 
voltage. The electron multipliers within the 
NuPlasma instrument at the University of Alberta 
have experienced extensive use since October 2003 
and after four years are now at operating voltages of 
–2675, –2600, and –2075 for IC0, IC1, and IC2, 
respectively (starting operating voltages were 
approximately –2000). 
 It is also extremely important to monitor the 
relative gain between electron multiplier IC1 and 
Faraday collector EX–H, which measure the 206Pb 
and 238U ion signals, respectively (Table 15-2). 
Obviously, an accurate assessment of the relative 
gain between these two detectors is crucial for 
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electron multipliers IC0, IC1, and IC2 versus the 
operating voltage setting. The dashed arrows 
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at the initial segment of the ‘horizontal operating 
plateau’. 

determining 206Pb/238U values and hence the degree 
of concordance of mineral standards and unknowns 
(by comparing the Pb/U and 207Pb/206Pb values). In 
other words, the relationship (if any) between the 
absolute 206Pb ion signal recorded on IC1 and 
calculated 206Pb/238U has to be determined; the 
calibration procedure described below is conducted 
subsequent the adjustment and increase of the 
operating voltages for each electron multiplier as 
described above. 
 There are two possible methods for investi-
gating the relationship between the absolute 206Pb 
ion signal and measured 206Pb/238U values. One 
approach is to prepare gravimetric solutions with 
variable concentrations of Pb and U such that the 
206Pb ion signal recorded spans the typical range of 
signal intensities measured in unknown zircons (i.e., 
between >1 x 105 and <2 x 106 cps). This approach 
is similar to that described by Hoffmann et al. 
(2005). An alternative method would involve 
repeated laser ablation analysis of a well character-
ized internal zircon standard that yields concordant 
ages but contains variable Pb and U contents. 
However, in practice the latter option is currently 
not feasible because well established, international 
zircon standards (e.g., BR266, 91500) are 
characterized by relatively homogeneous Pb and U 
abundances; thus we have investigated the electron 
multiplier IC1–EX-H Faraday calibration using the 
first option. 
 A 100 ml gravimetric ‘shelf’ solution (in 2% 
HNO3) was established containing Pb (NIST SRM 
981) – natural U – Tl (NIST SRM 997) with 
concentrations of 2 ppb, 25 ppb, and 2 ppb, 
respectively. The solutions were analyzed using an 
introduction set up identical to that employed for 
laser ablation analysis; i.e., laser ablation cell 
sample-out line (flushed with He gas) is ‘Y’–
connected to DSN-100 (desolvating nebulizer, Nu 
Instruments) sample-out line (Simonetti et al. 
2005). This gravimetric ‘shelf’ solution was 
subsequently diluted in different proportions in 
order to vary the absolute 206Pb ion signal. The 
measured 206Pb/238U values were then recorded and 
the results are shown in Figure 15-6. The measured 
206Pb/238U values (Fig. 15-6a) and deviation relative 
to the stoichiometric value of the solution (Fig. 
15-6b) are plotted as a function of the absolute 206Pb 
ion signal. The data in both plots define well 
constrained arrays (r2 ~0.97) that can be described 
by logarithmic equations. Of importance, the 
deviation is confined to <3% for 206Pb ion signal 
intensities between ~2.5 x 105 and 1.5 x 106 cps, 
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FIG. 15-6. Plots of measured 206Pb/238U values (A) and 

deviation factor relative to stoichiometric value (B) 
versus 206Pb ion signal intensity in counts per second 
(cps) obtained for solution mode analyses of a 
gravimetric shelf solution containing natural U, Pb 
(NIST SRM 981) and Tl (NIST SRM 997). The same 
solution was analyzed consecutively with repeated 
dilutions using 2%HNO3. 

with an increase occurring particularly at extremely 
low 206Pb ion signal (<5 x 104 cps). The equation 
defined in Fig. 15-6b can then be inserted into an 
off-line excel data reduction spreadsheet as a 
correction factor for the 206Pb/238U values (and 
207Pb/235U) as a function of the absolute 206Pb ion 
signal. However, as explained in the Simonetti et al. 
(2005) study, the 207Pb/235U values reported are not 
those measured due to the very small 235U ion 
signals but instead are calculated by multiplying the 
207Pb/206Pb and 206Pb/238U (both mass bias and blank 
corrected), and the natural 238U/235U value of 137.88 
(Steiger & Jäger 1975). 
 
Standard ablation cell versus the ‘SuperCell™’–
Ion signal decay + ‘washout’ and ‘sensitivity’. 
Other important features to investigate are the 
signal ‘decay’ (relative to Faraday collector EX-H) 
and particle ‘wash-out’ times associated with the 
measurement of the 238U ion signal. This evaluation 
is critical for certain LA–MC–ICP–MS geochrono-
logical applications, such as dating a large 
population of detrital zircon (e.g., Lemieux et al. 

2007). For such ‘high volume’ sample applications, 
it is important to determine the minimum amount of 
time required to wait in between individual analyses 
in order to avoid cross-contamination. 
 In recent years, use of the standard laser 
ablation cell with the UP213 system at the 
University of Alberta was slightly modified in that 
1-inch diameter clear plastic inserts were placed 
within the central hole of the sample mount holder. 
This is done primarily to eliminate the ‘dead’ 
volume located beneath an epoxy mount or thin 
section being analyzed and hence reduce re-
equilibration time (for plasma conditions) 
subsequent sample exchanges. This practice also 
increased sensitivity by a factor of at least 2, such 
that the sensitivity of the standard cell is similar to 
that obtained with the SuperCell™ design 
(discussed later; see Fig. 15-8). Thus, the 
comparative tests described below between the 
standard and SuperCell™ ablation cassettes were 
conducted with the 1-inch plastic inserts placed in 
the former. 
 Figure 15-7 displays the results of combined 
‘wash-out’ + ‘decay’ patterns recorded on Faraday 
collector EX-H (Fig. 15-7a) and electron multiplier 
IC1 (Fig. 15-7b) subsequent to the standard 30 
seconds of laser ablation analysis for various zircon 
standards (with variable U contents). The in-house 
zircon standard LH94-15 was ablated using the 
SuperCell™, whereas the remaining zircon 
standards were analyzed using the standard laser 
cell. The analyses of LH94-15 yielded a 4-fold 
variation in 238U ion signal intensities (Fig. 15-7a) 
with the decay (+ washout) times averaging ~15 
seconds. Decay times for ablation runs of zircon 
standards BR266 (Stern & Amelin 2003) and 91500 
(Wiedenbeck et al. 1995) using the standard laser 
ablation cell also yielded comparable decay 
(+ washout) times of ~15 seconds; this despite the 
fact that 3 to 10 times more 238U ion signal (i.e., 
>0.2 volts) was recorded during the ablation of 
BR266 using a 40 μm spot size (Fig. 15-7). Decay 
(+ washout) patterns for the 206Pb ion signals 
measured on IC1 were also similar for both types of 
ablation cells and accomplished in <10 seconds 
(Fig. 15-7b); thus a little faster than that observed 
for 238U (Fig. 15-7a). Thus, the results shown in Fig. 
15-7 indicate that both types of laser ablation cells 
are characterized by similar washout times. 
Moreover, 15 seconds is much shorter than the total 
amount of time taken in between consecutive zircon 
analyses (~1 minute). The latter is the time required 
to displace the cell to the position of the subsequent 
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FIG. 15-7. Diagram illustrates the variation in 238U (A) 

and 206Pb (B) ion signals versus time (seconds) 
measured on Faraday bucket EX-H and electron 
multiplier IC1, respectively, subsequent to switching 
‘off’ the laser unit following the completion of a 30-
second ablation analysis of various zircon standards. 
Filled diamonds = ablation runs of internal zircon 
standard LH94-15 using the SuperCell™; Open 
triangles = ablation runs of international zircon 
standard BR266 using the standard cell; Open squares 
= ablation runs of international zircon standard 91500 
using the standard cell. 

grain to be analyzed and precisely locate the 
analysis spot within the grain with the aid of either 
back-scattered electron or cathodoluminescent 
images. 
 The ‘sensitivity’ or ion signal yield was also 
investigated for both the standard ablation cassette 
and SuperCell™ with repeated measurements of 
zircon standard BR266 analyzed using identical 
instrument conditions. Despite having conducted 
the tests during different analytical sessions, any 
bias with regards to differing sensitivity resulting 
from other instrument parameters (e.g., cones, 
quartz torch assembly) is eliminated by normal-

ization of the 238U and 206Pb to equivalent 205Tl ion 
signals (Fig. 15-8). The latter is introduced via the 
desolvating nebuliser (DSN-100) in solution mode 
and thus independent of the laser ablation 
conditions. The laser ablation results shown in Fig. 
15-8 indicate that the SuperCell™ yields slightly 
higher ion signals for both Pb and U compared to 
the standard cell. However, compared to the 
standard cell laser ablation runs, the analyses 
conducted with the SuperCell are characterized by 
slightly less stable ion signals, in particular during 
the last 5 seconds of analysis (Fig. 15-8). Despite 
this feature, the results from the laser ablation runs 
obtained with the SuperCell™ in general yield 
measured Pb/Pb and Pb/U values with similar 
internal precision relative to those obtained with the 
standard cell (examples provided in ‘Results’ 
section below). Given the overall similarity in 
performances relative to ion signal yield and ion 
signal decay (+washout) times for the standard and 
SuperCell™ cassettes, both were utilized in 
conducting the laser ablation analysis of unknown 
accessory minerals within petrographic thin 
sections. 
 
Petrographic examination, measurement proto-
col and data reduction 
 Prior to any analytical session, the petro-
graphic thin sections to be investigated are carefully 
examined. This serves both to locate the accessory 
minerals and evaluate the paragenesis of the grains 
in the context of deformational fabrics and other 
salient features in the section. Petrographic 
examination is typically followed by backscattered 

0.1
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FIG. 15-8. A plot of log 206Pb/205Tl and 238U/205Tl values 

versus time (seconds) for ablation runs of BR266 (i.e., 
same epoxy mount) using both the standard ablation 
cell and SuperCell™ and identical instrument 
conditions. The curves represent average values of 
three individual measurements. 
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electron imaging of the selected grains by electron 
microprobe. This step highlights compositional 
zonation or metamict areas within the grains and 
thereby enables optimal citing of spots for isotopic 
analysis. The carbon coat required for BSE imaging 
is subsequently removed and areas containing 
accessory minerals to be analyzed are circled with a 
marker pen (Fig. 15-9). 
 The following description of the LA–MC–
ICP–MS analytical protocol is summarized from 
more detailed descriptions in Simonetti et al. (2005, 
2006). At the start of each analytical session, the 
Faraday-ion counter bias is determined using a 
mixed 0.4 ppb standard solution of Pb (NIST SRM 
981) and Tl (NIST SRM 997). The Faraday-
multiplier calibration is calculated using a two 
sequence acquisition cycle, where the 207Pb/206Pb 
(= 0.914585; Todt et al. 1996) is measured on the 
IC1 (ion counter #1)–L3 (Faraday) combination. 
The IC0 (ion counter #0) and IC2 (ion counter #2) 
calibrations are determined against the IC1 bias 
using the measured 207Pb/206Pb and 206Pb/204Pb 
(=16.9356; Todt et al. 1996) values, respectively. 
This approach is similar to that adopted in previous 

isotopic studies involving MC–ICP–MS instruments 
equipped with multiple ion-counting devices 
(Taylor et al. 2003). A routine U–Pb analysis 
consists of a 30 second blank measurement (He + 
Ar gases + 2%HNO3 acid) prior to the commence-
ment of the laser ablation. Background levels of 
206Pb and 207Pb are typically less than 200 cps each, 
and the combined 204Pb+204Hg background ion 
signal is generally <1000 cps; these background ion 
signal intensities are extremely stable and 
reproducible during the course of an analytical 
session. The ablated particles are transported into 
the sample-out line (Saint-Gobain Tygon® tubing) 
with a He carrier gas and mixed with nebulized Tl 
via a ‘Y’-connection located just prior to the torch 
box. The simultaneous introduction of laser-induced 
and dried solution aerosols was developed several 
years ago as an alternative calibration method for 
various laser ablation-ICP–MS instruments (e.g., 
Chenery & Cook 1993, Günther et al. 1997). A 
NIST SRM 997 Tl isotopic standard solution (1 ppb 
in 2% HNO3) is nebulized using a DSN-100 
desolvating introduction system (Nu Instruments, 
UK) and aspirated (free aspiration mode) into the

 
FIG. 15-9. Photomicrographs of areas delineated with a blue marker pen containing zircon in petrographic thin section of 

sample 243-336E (see main text for petrographic description). The zircon grains contain laser ablation pits of 40 µm in 
diameter and the corresponding U–Pb isotope data are shown in Figure 15-11 and listed in Table 15-3 for zircon grains 
labeled #1 (A), #2 (B), #3 (C), and #4 (D). Please note that zircon #2 (B) and #4 (D) indicate inherited ages of ca. 2.5 Ga. 
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ICP source during the laser ablation run. Both the 
spray chamber and desolvating membrane of the 
DSN-100 are heated to 110ºC, with the Ar (Argon) 
flow rate set to 0.3 L min–1 and 2.7–3.2 L min–1 for 
the spray chamber and desolvating membrane, 
respectively. The measured Pb/U values are 
positively correlated with the membrane gas flow 
rate (Simonetti et al. 2005), and this is an expected 
result since varying the mixture of He and Ar within 
the main sample-out tube will most certainly change 
the plasma characteristics (e.g., Eggins et al. 1998, 
Horn et al. 2000). The measured 205Tl/203Tl value is 
used to correct the measured Pb isotope ratios for 
instrumental mass bias using the reference value of 
2.3871 (Dunstan 1980). The analytical protocol 
adopted here involving a Tl-doping method for 
monitoring of instrumental mass bias yields 2σ 
relative standard deviations that are 0.3 to 1% 
(207Pb/206Pb) and 1 to 3% (206Pb/238U and 
207Pb/235U). Figure 15-10 illustrates the average and 
typical external reproducibility (2σ level) obtained 
for the 207Pb/206Pb ratio during repeated measure-
ment of the in-house external zircon standard 
LH94-15 (described below) using the Tl-doped 
protocol described here during an analytical session. 
Simonetti et al. (2005) investigated the external 
reproducibility for both Tl-doped and non-Tl-doped 
(i.e., mass bias controlled solely by external matrix-
matched standard) methods and these yielded 0.5% 
to 0.34% (2σ level), respectively; this is entirely in 
agreement with the external reproducibility (0.32%; 
2σ level) obtained for the analyses shown in Fig. 
15-10. Moreover, the average 207Pb/206Pb of 
0.11191 ± 0.00036 shown in Fig. 15-10 is within 
uncertainty to the ID–TIMS value (0.111869; 

Ashton et al. 1999) and validates the analytical 
method employed here.  
 Correction for LIEF (laser induced element 
fractionation) during a single laser ablation session 
of unknowns using the Tl-doping method was 
achieved by analysis of the matrix-matched 
‘external’ standards of zircon (BR266 – Stern & 
Amelin 2003; 91500 – Wiedenbeck et al. 1995; 
LH94–15 – Ashton et al. 1999), and monazite 
(Western Australia and Madagascar – Heaman et 
al., unpublished ID–TIMS data). The measured 
Pb/U values for the unknowns are compared to 
those obtained for their respective standards 
(ablated using identical run conditions) at the start 
of an analytical session, and normalization (= 
measured value/’true’ value) factors are determined. 
Analytical uncertainties associated with the 
207Pb/206Pb and Pb/U values for individual analyses 
were propagated relative to the external 
reproducibility obtained for the external zircon 
standard and followed the procedure outlined in 
Horstwood et al. (2003). Subsequent to the study by 
Simonetti et al. (2006), the uncertainty associated 
with the common Pb correction based on the 
calculation of the absolute count rate of 204Pb (cps; 
Simonetti et al. 2005) is propagated as part of the 
total error associated with the 207Pb/206Pb values. 
This error propagation is significant primarily when 
accessory minerals are characterized by a high 
amount of common Pb, or yield relatively low Pb 
ion signals (e.g., young zircon <200 Ma old). A 
more detailed discussion of the error propagation 
associated with the common Pb correction is given 
in Horstwood et al. (2008). As outlined in Simonetti 
et al. (2005), the true amount of common 204Pb

 

 
 
 
 
 
 
FIG. 15-10. Plot of measured 

207Pb/206Pb versus analysis number 
(n= 35) for repeated laser ablation 
measurements of the in-house 
LH94-15 zircon standard during a 
single analytical session (~9 hours) 
using the Tl-doped method to 
monitor instrumental mass bias. The 
average 207Pb/206Pb value of 0.11191 
± 0.00036 (2σ) is indistinguishable 
compared to the accepted ID–TIMS 
value of 0.111869 ± 0.00006 (2σ; 
Ashton et al. 1999). 
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present within the zircon (or monazite) as opposed 
to 204Hg possibly produced during the ablation 
process is evaluated off-line by graphical means 
using a plot of total 204 ion signal intensity versus 
the measured 207Pb/206Pb ratio. In theory, if the 204 
ion signal is derived entirely from common Pb 
intrinsic to the zircon, then one should obtain a 
horizontal line on such a plot. A negative 
correlation between the total 204 ion signal and 
measured 207Pb/206Pb diagram most likely indicates 
the presence of 204Hg produced during the ablation 
process (unless of course a common Pb-bearing 
mineral inclusion was ablated during the analysis). 
In the case of the latter situation, the true amount of 
204Pb intrinsic to the mineral is taken to be zero.  
 The data presented in the ‘Results’ section 
have been obtained using all of the calibration 
procedures and data reduction protocols outlined in 
this paper and those described in Simonetti et al. 
(2005, 2006). The correlation coefficients (‘rho’ 
values) for the Pb/U ratios were calculated 
according to the equations defined in Ludwig 
(2003). 
 
RESULTS 
Background 
 U–Pb geochronology of uranium-bearing 
accessory minerals is based on the radioactive 
decay schemes of the two unstable uranium 
nuclides, 238U (decay constant = 1.55125 x 10–10   
yr–1) and 235U (decay constant = 9.8485 x 10–10 yr–1; 
both constants from Jaffey et al., 1971); these decay 
through a series of intermediate daughter products 
to the stable daughter isotopes of 206Pb and 207Pb, 
respectively. Thus, two independent apparent ages 
(dates) can be obtained from each geochronometer, 
i.e., 206Pb/238U and 207Pb/235U, for every isotopic 
analysis of a U-bearing accessory mineral (e.g., 
zircon, monazite, titanite, baddeleyite, perovskite). 
If the mineral being analyzed has remained ‘closed’ 
with regards to either gain or loss of parent and/or 
daughter isotopes since its time of formation, then 
the two Pb/U chronometers shall yield identical 
ages. This is then referred to as a ‘concordant’ 
analysis or age. A plot of 206Pb/238U vs. 207Pb/235U is 
referred to as a ‘concordia’ diagram and illustrates 
the ‘concordia’ curve; the latter represents the locus 
of identical or ‘concordant’ Pb/U ages throughout 
geologic time (e.g., Fig. 15-11). Analyses of 
accessory minerals that have undergone gain or loss 
of either Pb and/or U typically do not yield 
concordant analyses (i.e., plot on the concordia 
curve) but rather define colinear arrays on the 

 
FIG. 15-11. Concordia plots that contain the U–Pb age 

results for (A) sample 242-335A (ID–TIMS results) 
with arrows indicating position of individual analyses 
(Table 15-3); (B) sample 243-336E obtained by LA–
MC–ICP–MS; and (C) enlarged view of lower 
intercept region from plot shown in B. These 
concordia plots and those shown in subsequent 
diagrams were constructed with Isoplot version 3.00 
(Ludwig 2003). 

concordia plot; these analyses are referred to as 
‘discordant’ and the best-fit line through these data 
is called a ‘discordia’ or mixing line (e.g., Fig. 
15-11a, b). Both the upper and lower intercepts 
between the discordia line and the concordia curve 
are interpreted to represent ages of geological 
events, such as time of magma emplacement and 
much later metamorphic event (e.g., Fig. 15-11a, b). 
In subsequent sections, several ages or dates are 
also reported as ‘weighted mean’ 207Pb/206Pb or 
206Pb/238U ages as calculated by Isoplot version 3.0 
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(Ludwig, 2003); this algorithm takes into account 
the scatter (MSWD – mean square weighted 
deviation). If the latter is not much greater than 1, 
then the weighted mean is determined by weighting 
each data point by its inverse variance and 
associated uncertainty. In contrast, a ‘concordia 
age’ is the most probable age for an analysis (or 
weighted mean) on a concordia diagram, where the 
true location of the analysis is assumed to fall 
precisely on the concordia curve (Ludwig, 2003). 
 
Zircon – Cardamom Hills Massif, southern India 
Samples 243-336E and 247-339C are from the 
‘Cardamom Hills’ massif, one of the large 
charnockite massifs of the southern Indian granulite 
terrain. The massif is characterized by at least three 
different types of charnockite that formed at 
different times and have variable major- and trace-
element compositions. 
 Sample 243-336E is a late stage felsic dyke 
that clearly cross-cuts the foliation in one of the 
charnockite/enderbite units. The dyke is coarse 
grained and consists of perthitic alkali feldspar, 
quartz, subordinate plagioclase, biotite and retro-
gressed orthopyroxene. Accessory minerals include 
coarse grained zircon and abundant Th-rich, U-poor 
monazite. The U–Pb ID–TIMS results for eight 
small multi-grain and single zircon grains (Table 
15-3) in a broadly similar charnockite (242-335A) 
from nearby outcrops define a discordia line that is 
interpreted to indicate that the rocks which host the 
dyke formed at ca. 2.5 Ga and experienced a Pan-
African overprint at ca. 550 Ma (Fig. 15-11a). 
 A petrographic thin section of sample 243-
336E was analyzed using the standard laser ablation 
cell and the Pb/U LIEF was monitored and 
bracketed by repeated analysis of the in-house 
zircon standard LH94-15 (Ashton et al. 1999; Fig. 
15-2). The LA–MC–ICP–MS U–Pb dating results 
for 4 zircon grains analyzed at 40 micrometres 
spatial resolution are listed in Table 15-3 and shown 
in Fig. 15-11b. These four analyses plot along an 
identical mixing line with overlapping upper and 
lower intercept ages compared to the ID–TIMS data 
for charnockite 242-335A (Fig. 15-11a). In 
addition, 10 analyses from three zircon grains in 
sample 243-336E yielded a precise concordant age 
of 588.4 ± 4.5 Ma (2σ; Fig. 15-11c), which we 
interpret to be the crystallization age of the felsic 
dyke.  
 Sample 247-339C is a very coarse grained 
patch or pod (partial melt?) hosted within the finer 
grained charnockite. It comprises alkali feldspar, 

quartz, and plagioclase along with large grains of 
orthopyroxene, which in some cases have rims of 
hornblende; accessory minerals include apatite, Fe-
Ti oxides and zircon. U–Pb ID–TIMS analysis of 
three zircon fractions from a nearby charnockite of 
similar major- and trace-element composition (188-
281a, b) to the host charnockite of sample 247-
339C yielded a discordia line with an upper 
intercept ~820 Ma and a lower intercept ~520 Ma 
(Table 15-3; Fig. 15-12a). 
 A petrographic thin section of sample 247-
339C was analyzed using the SuperCell™ laser 
ablation cassette. As mentioned earlier, one 
advantage of this cell compared to the standard 
ablation cassette is the capacity to house zircon 
standards mounted on glass slides simultaneously 
and placed adjacent to the thin section to be 
analyzed (in the central area). The Pb–U ‘LIEF’ 
was monitored by intermittent analysis of the in-
house zircon standard LH94-15 grains mounted on 
a glass slide (~0.5 cm x ~0.5 cm). The LA–MC–
ICP–MS results for 17 analyses of 6 zircon grains  

 
FIG. 15-12. Concordia plots illustrating the U–Pb age 

results for (A) sample 188-281a, b (by ID–TIMS); (B) 
LA–MC–ICP–MS results for sample 247-339C.  
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within one petrographic thin section of sample 247-
339C are listed in Table 15-3 and shown in Fig. 
15-12b. The data can be separated into three distinct 
age groups: zircon samples 1, 4B and 5 define the 
youngest concordant age at 544.6 ±5.0 Ma (2σ), 
whereas zircon samples 2, 3, and 4A yield a 
concordant age at 598.1 ±8.0 Ma (2σ); the core 
analysis (3-2) of zircon #3 yields an inherited age of 
669 ±24 Ma (2σ). Anchoring the ID–TIMS data for 
sample 188-281a, b to the more precise lower 
intercept age of 544.6 ± 5 Ma obtained by LA–MC–
ICP–MS yields an upper intercept age of 850 ± 20 
Ma. This upper intercept date most probably 
represents the magma crystallization age of the host 
charnockite or its granitoid protolith. The 544.6 ± 
5.0 Ma date represents the time at which the coarse 
grained melt patch/pod formed, and the 598.1 ± 8 
Ma and ca. 670 Ma age populations most probably 
reflect the ages of zircon inherited from the host 
charnockite. Of interest, the ca. 590 Ma age 
component in the host charnockite determined at 
this location was also documented in a previous 
geochronological study conducted on this 
charnockite massif (Miller et al., 1996). Thus, 
combining the laser ablation and ID–TIMS data, 
there is evidence for four major events in the 
Cardamom massif at ca. 2500 Ma, 850 Ma, 590 Ma 
and 545 Ma. 
 During the same analytical session, a second 
glass mount (~0.5 cm x ~0.5 cm) containing zircon 
fragments from aliquot GJ-1-32 (obtained from 
Macquarie University) was placed adjacent to the 

mount bearing the LH94-15 grains. Eight ID–TIMS 
analyses of four separate GJ-1-32 fragments by F. 
Corfu (University of Oslo) yielded a weighted mean 
207Pb/206Pb age of 608.53 ±0.37 Ma (2σ; Jackson et 
al. 2004). ID–TIMS analysis of five GJ-1-32 zircon 
fragments conducted at the University of Alberta 
yield a weighted mean 207Pb/206Pb age of 606.7 ±2.3 
Ma (2σ). Repeated laser ablation analysis (n=12) of 
GJ1-32 zircon grains using a 40 micrometre spot 
size yielded a weighted mean 207Pb/206Pb age of 
608.8 ± 7.0 Ma (2σ; Fig. 15-13). The ID–TIMS and 
LA–MC–ICP–MS ages obtained in this study are 
indistinguishable within their associated uncertain-
ties, and also overlap the ID–TIMS age for GJ–1 
zircon reported by Jackson et al. (2004). 
 
Zircon: Voisey’s Bay Granite. Sample LH98-239 is 
a medium grained clinopyroxene-fayalite granite 
from the Voisey’s Bay intrusion, Labrador. In 
decreasing abundance, it consists of perthitic alkali 
feldspar, plagioclase, quartz, amphibole, clino-
pyroxene, fayalitic olivine and ulvospinel with 
subordinate zircon, pyrite, apatite and secondary 
biotite. Clinopyroxene and olivine typically form 
irregular clusters commonly surrounded by 
amphibole. Zircon is an abundant accessory mineral 
in this sample, has high Th/U (0.79), and forms 
relatively large euhedral oscillatory zoned crystals 
intergrown with a variety of minerals.   
 ID–TIMS analyses were conducted at the 
University of Alberta on two small multi-grain 
zircon fractions from sample LH98-239 and these

630

590

0.086

0.090

0.094

0.098

0.102

0.106

0.72 0.76 0.80 0.84 0.88

207
Pb/

235
U

2
0
6
P

b
/2

3
8
U

LA-MC-ICP-MS
601.9 ± 4.6 MaConcordia age =

(2 decay-const. errors included)
MSWD= 3.1, probability = 0.078

n= 12 analyses

�

LA-MC-ICP-MS

MSWD= 0.55, probability = 0.87
n= 12 analyses

WM Pb/ Pb age =
207 206

608.8 ± 7.0 Ma

Data-point ellipses are 2�

ID-TIMS

606.7 ± 2.3 MaWM Pb/ Pb age =
MSWD= 0.052, probability = 0.995

n= 5 analyses

207 206

GJ-1-32

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 15-13. Concordia plot 

containing the U–Pb dating 
results for zircon GJ1-32 
obtained by LA–MC–ICP–
MS using a 40 micrometre 
spot size. WM= weighted 
mean. 

 



REDUCED  VOLUME APPROACH FOR IN SITU U–PB DATING OF ACCESSORY MINERALS 

17 

yielded a weighted mean 207Pb/206Pb age of 1305.3 
±2.2 Ma (2σ , Fig. 15-14a). LA–MC–ICP–MS 
analyses were conducted on one petrographic thin 
section of sample LH98-239 using the SuperCell™. 
The Pb–U LIEF was monitored by intermittent 
analysis of the in-house zircon standard LH94-15 
located on a glass slide mount adjacent to the 
LH98-239 thin section. Figure 15-14a and Table 
15-3 illustrate the U–Pb data obtained by LA–MC–
ICP–MS analysis for a total of 18 analyses on 7 
zircon samples. The 14 most concordant analyses 
yield a weighted mean 207Pb/206Pb age of 1304.1 
±5.7 Ma (2σ) or ‘concordia age’ of 1306.2 ± 6.2 Ma 
(2σ; Fig. 15-14a). The two LA–MC–ICP–MS and 
ID–TIMS ages are identical and once again 
corroborate the accuracy of the methodology 
employed in our lab. Of particular interest, the inset 

in Fig. 15-14a displays a high resolution back-
scattered electron image of the petrological context 
in the immediate vicinity of euhedral zircon grain 
#6. The elongate, zircon crystal contains an 
appendage of pyrite; all are hosted by a larger 
ulvospinel grain that has exsolved to a trellis-
textured intergrowth of magnetite and ilmenite. The 
fact that the U–Pb results from grain #6 are 
identical to those of the remaining zircon grains 
within the sample strongly suggests a genetic 
relationship between the sulfide mineralization and 
granite magmatism. This ability to document the 
textural context of the dated mineral highlights one 
of the principal advantages of the U–Pb protocol 
outlined here. 
 As with the previous sample, a glass slide 
mount containing zircon grains from sample GJ1-32
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FIG. 15-14. Concordia plots illustrating the 
U–Pb age data for sample LH98-239, a 
clinopyroxene-fayalite granite from 
Voisey’s Bay (A) obtained by ID–TIMS 
and LA–MC–ICP–MS, and (B) age results 
for GJ1-32 zircons using a spot size of 40 
microns. Inset in (A) is a back-scattered 
electron image of the area within the 
petrographic thin section that surrounds 
zircon grain #6; z= zircon, CP= 
chalcopyrite, PY= pyrite, Usp= ulvospinel, 
Ilm= ilmenite, Mgt= magnetite. White 
circles represent locations of the laser 
ablation sites. WM= weighted mean. (B) 
Age results for GJ-1-32 zircons using a spot 
size of 40 microns. 
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was placed adjacent to the LH94-15 in-house zircon 
standard. Eleven laser ablation analyses using a 40 
micron spot size yielded a weighted mean 
207Pb/206Pb age of 607.4 ±6.9 Ma (2σ ; Fig. 15-14b). 
Once again, this result is indistinguishable from the 
LA–MC–ICP–MS data obtained during an earlier 
analytical session (Fig. 15-13) and ID–TIMS ages 
obtained at the University of Alberta and Macquarie 
University (Jackson et al. 2004). 
 
Monazite: Queen Maud Block  In a recent 
study, Schultz et al. (2007) report in situ U–Pb ages 
obtained on monazite and zircon in petrographic 
thin sections obtained by LA–MC–ICP–MS using 
the protocol described here. Granitoid and 
metasedimentary samples from the main lithologies 
of the Queen Maud block, located on the 
northwestern margin of the Rae province (Arctic 
Canada), were analyzed in order to understand 
better the tectonic history of northwestern 
Laurentia. In particular, monazite grains from three 
metasedimentary samples were investigated in order  

to delineate the timing of regional metamorphism. 
 U–Pb data for monazite from a sample of 
garnet-bearing migmatite leucosome (ST-3a) were 
obtained with the standard ablation cell, and are 
illustrated in Fig. 15-15 and listed in Table 15-3 
(from Schultz et al. 2007). The Pb versus U LIEF 
was monitored using the Western Australia 
monazite standard (2842.9 ± 0.3 Ma; Heaman et al. 
unpublished ID–TIMS data). The data for sample 
ST-3a define a two-part history; cores from two 
monazite grains are characterized by patchy 
compositional zonation and mantled by comp-
ositionally homogeneous rims (Fig. 15-15). Laser 
ablation–MC–ICP–MS analyses of the cores 
conducted using a 12 μm spot size yielded a 
weighted mean 207Pb/206Pb age of 2481 ±7 Ma (2σ), 
which is coeval with the 2460 to 2500 Ma zircon 
ages obtained on granitoid rocks from the Queen 
Maud block. In contrast, LA–MC–ICP–MS 
analyses of rims (n=3) and homogeneous grains 
(n=10) yield a weighted mean 207Pb/206Pb age of 
2385 ±5 Ma (Fig. 15-15). The ca. 2.5 Ga is
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FIG. 15-15. (A) Back-scattered 

electron images of grain #3 and 
grain #4 (B) from sample ST-3a 
with locations of 12 μm ablation 
spots delineated; black open circles 
= core, white open circles = rim. 
(C) Concordia diagram that clearly 
illustrates the distinct age 
differences between cores and rims 
(diagram modified from Schultz 
et al., 2007). 
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interpreted as an igneous crystallization event, 
whereas the ca. 2.39 Ga most likely represents the 
timing of granulite-facies metamorphism since 
monazite with these ages occurs in melt leuco-
somes. Given the rather thin (~10 to 30 μm) nature 
of the metamorphic rims within the compositionally 
zoned monazite grains (Fig. 15-15), LA–MC–ICP–
MS analysis of such grains in raster mode over a 
larger area would have resulted in geologically 
meaningless ‘mixed’ U–Pb ages (between ~2500 
and ~2390 Ma). Hence, this study again 
demonstrates the importance of the ‘reduced 
volume’ approach. 
 
Perovskite: Ice River Complex. Perovskite 
(CaTiSiO3) is a useful mineral for dating mantle-
derived melts of mafic or ultramafic (e.g., 
kimberlite) and alkaline (e.g., ijolite; Fig. 15-16) 
affinities since it occurs as a magmatic phase and is 
not known to record inheritance. Its occurrence in 
rocks of economic importance such as kimberlite 
has provided the impetus for geochronological 
investigations of perovskite using conventional 
isotope dilution methods (e.g., Heaman & 
Kjarsgaard 2000) or SHRIMP analysis (e.g., Kinney 
et al. 1997). However, successful dating of 
perovskite hinges upon the correction of the 
common Pb component. Recently, Cox & Wilton  

(2006) accurately dated perovskite from the Oka 
carbonatite by LA–ICP–MS using the ‘Tera-
Wasserburg’ technique. This method involves 
calculating a regression line through uncorrected 
data on a measured 207Pb/206Pb vs. measured 
238U/206Pb plot, i.e., Tera-Wasserburg diagram (e.g., 
Fig. 15-17a). The y-intercept value represents the 
207Pb/206Pb ratio of the common Pb component; 
whereas the 207Pb/206Pb value of the radiogenic 
component is given by the age defined by the lower 
intersection of the regression line and the concordia 
curve. Both the radiogenic and common Pb 
207Pb/206Pb values are used in the formula below to 
calculate the proportion of common Pb (ƒ) for each 
analysis (after Compston et al. 1984): 

( )
( )radiogeniccommon

radiogenicmeasured

PbPbPbPb
PbPbPbPb

f 206207206207

206207206207

−

−
=  

The latter approach was also adopted by Simonetti 
et al. (2006) to date titanite by LA–MC–ICP–MS 
successfully in petrographic thin section (e.g., 
Banerjee et al. 2007), another accessory mineral 
that is characterized by a significant amount of 
common Pb. The reader is referred to the studies 
cited above for a detailed description of both the 
perovskite and titanite dating protocols using the 
‘Tera-Wasserburg’ method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 15-16. Photomicrographs and 

back scattered electron images of 
perovskite grains taken from the 
petrographic thin section of sample 
I92-30 and subsequently analyzed 
by LA–MC–ICP–MS. A) and B) 
are pictures for grains labeled 2b 
and 2c in Table 15-4, whereas C) 
and D) represent images for grain 5 
(Table 15-4). 
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FIG. 15-17. A) Tera-Wassserburg plot 

illustrating the results obtained by 
LA–MC–ICP–MS for perovskite 
from the petrographic thin section 
of sample I92-30. B) Diagram 
depicting the individual, common 
Pb-corrected 206Pb/238U ages 
obtained for LA–MC–ICP–MS 
analyses of perovskite from sample 
I92-30 and corresponding cal-
culated weighted mean age of 
352.7 ± 3.2 Ma (2σ). 

 

This analytical protocol was used to date perovskite 
within a sample of melteigite (Melanocratic end 
member of the ijolite series) from the Early 
Carboniferous Ice River ultramafic alkaline 
complex, British Columbia (Locock 1994, Pell & 
Höy 1989). The Ice River Complex is an arcuate 
shaped, zoned alkaline ultramafic intrusion covering 
an area ~30 km2 and consists of two intrusive suites 
(from Pell & Höy 1989): an early, layered (feldspar-
free) ijolite, jacupirangite, and urtite that is cored by 
a carbonatite plug and cut by carbonatite dykes; this 
was later intruded by a series of zoned syenite 
bodies associated with zeolitic and feldspathic 
carbonatite. 
 Six perovskite crystals from a petrographic 

thin section of sample I92-30, a perovskite-
kaersutite-bearing melteigite (Fig. 15-16), were 
ablated predominantly at 40 µm for U–Pb age 
determination (Table 15-4; Fig. 15-17). The 
perovskite grains were ablated using the standard 
laser ablation cell and the Pb vs. U LIEF was 
monitored with repeated analysis of a perovskite 
external standard. The latter was also obtained from 
the Ice River Complex but from ijolite sample IR-6 
(collected by T.D. Peterson, GSC Ottawa), which is 
characterized by abundant nepheline, clino-
pyroxene, perovskite with minor titanite, melanite 
garnet, apatite and ilmenite (pers. comm. from B. 
Kjarsgaard, GSC Ottawa). The external perovskite 
standard from sample IR-6 was dated by ID–TIMS
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 TABLE 15-4. U-PB LASER ABLATION DATA FOR ICE RIVER PEROVSKITE 

Anal. # 
Spot 
size 
(µm) 

206Pb 
cps 

207Pb/ 
206Pb 

2σ 
uncert. 

206Pb/ 
      238U 
meas. 

2σ 
uncert. 

% 
Rad. 
Pb 

206Pb/ 
      238U 
corr. 

2σ 
uncert. 

206Pb/ 
     238U 
Age 
(Ma) 

2σ 
uncert. 

Gr 1 -1 60 282691 0.0574 0.0029 0.0995 0.0011 95.7 0.0549 0.0028 345 18 
Gr 1 -2 60 318103 0.0575 0.0027 0.0972 0.0010 95.9 0.0552 0.0026 346 16 
Gr 1 -3 60 338572 0.0607 0.0025 0.1331 0.0043 92.5 0.0561 0.0023 352 15 
Gr 1b -4 60 311926 0.0586 0.0028 0.0987 0.0010 95.8 0.0561 0.0027 352 17 
Gr 1b -5 60 296524 0.0587 0.0027 0.0968 0.0010 95.9 0.0563 0.0026 353 16 
Gr 2a -6 40 156959 0.0603 0.0041 0.0960 0.0010 96.0 0.0579 0.0039 363 24 
Gr 2a -7 40 156225 0.0584 0.0035 0.0982 0.0011 95.8 0.0560 0.0034 351 21 
Gr 2a -8 40 170053 0.0590 0.0038 0.1017 0.0012 95.5 0.0564 0.0036 353 23 
Gr 2b -9 40 156842 0.0595 0.0037 0.0982 0.0011 95.8 0.0570 0.0035 357 22 
Gr 2b -10 40 160258 0.0596 0.0036 0.0989 0.0010 95.7 0.0570 0.0035 358 22 
Gr 2b -11 40 164301 0.0600 0.0039 0.0999 0.0011 95.7 0.0574 0.0037 360 23 
Gr 2c -12 40 171447 0.0607 0.0038 0.1001 0.0011 95.6 0.0580 0.0036 364 23 
Gr 2c-13 40 147706 0.0603 0.0041 0.0951 0.0010 96.1 0.0580 0.0040 363 25 
Gr 3a-14 40 158686 0.0596 0.0035 0.0960 0.0010 96.0 0.0573 0.0034 359 21 
Gr 3a-15 40 153350 0.0603 0.0034 0.1094 0.0032 94.8 0.0571 0.0032 358 20 
Gr 3a-16 40 214423 0.0575 0.0032 0.0910 0.0010 96.5 0.0555 0.0031 348 19 
Gr 3a-17 40 217238 0.0599 0.0034 0.1075 0.0011 94.9 0.0568 0.0033 356 20 
Gr 3b-18 40 246560 0.0583 0.0038 0.1059 0.0012 95.1 0.0554 0.0036 348 22 
Gr 3b-19 40 186671 0.0570 0.0037 0.1075 0.0012 94.9 0.0541 0.0036 340 22 
Gr 3b-20 40 173684 0.0573 0.0036 0.1041 0.0017 95.3 0.0546 0.0034 343 21 
Gr 4a-21 40 159137 0.0604 0.0041 0.1201 0.0013 93.8 0.0567 0.0039 355 24 
Gr 4a-22 40 167574 0.0584 0.0038 0.0978 0.0011 95.8 0.0559 0.0036 351 23 
Gr 4a-23 40 161580 0.0590 0.0036 0.0993 0.0011 95.7 0.0565 0.0035 354 22 
Gr 4a-24 40 189951 0.0584 0.0038 0.0956 0.0010 96.1 0.0561 0.0036 352 23 
Gr 4a-25 40 157063 0.0597 0.0040 0.1008 0.0014 95.6 0.0570 0.0038 357 24 
Gr 4b-26 40 150064 0.0582 0.0039 0.0985 0.0010 95.8 0.0558 0.0037 350 23 
Gr 4b-27 40 166885 0.0600 0.0045 0.1316 0.0041 92.7 0.0556 0.0042 349 26 
Gr 4c-28 40 151734 0.0548 0.0029 0.0970 0.0012 95.9 0.0525 0.0027 330 17 
Gr 4c-29 40 164872 0.0551 0.0035 0.0965 0.0011 96.0 0.0529 0.0034 332 21 
Gr 5-30 40 160266 0.0586 0.0039 0.1002 0.0011 95.6 0.0560 0.0037 351 23 
Gr 5-31 40 160920 0.0600 0.0039 0.1071 0.0014 95.0 0.0570 0.0037 357 23 
Gr 5-32 40 177411 0.0588 0.0035 0.1037 0.0011 95.3 0.0561 0.0034 352 21 
Gr 5-33 40 157318 0.0617 0.0042 0.1220 0.0021 93.6 0.0578 0.0039 362 25 
Gr 5-34 40 173758 0.0603 0.0043 0.1247 0.0014 93.3 0.0562 0.0040 353 25 
Gr 5-35 40 152028 0.0597 0.0042 0.0960 0.0011 96.0 0.0573 0.0040 359 25 
Gr 6a-36 40 158165 0.0599 0.0037 0.0971 0.0010 95.9 0.0575 0.0035 360 22 
Gr 6a-37 40 171996 0.0595 0.0037 0.0917 0.0010 96.4 0.0574 0.0036 360 22 
Gr 6a-38 40 163006 0.0602 0.0038 0.1011 0.0011 95.5 0.0575 0.0037 360 23 
Gr 6a -39 40 166792 0.0597 0.0041 0.0993 0.0017 95.7 0.0572 0.0039 358 24 
Gr 6a -40 40 179446 0.0601 0.0040 0.1099 0.0014 94.7 0.0569 0.0038 357 24 
Gr 6b -41 40 166895 0.0597 0.0038 0.0965 0.0010 96.0 0.0573 0.0037 359 23 
Gr 6b -42 40 162029 0.0608 0.0039 0.0962 0.0010 96.0 0.0583 0.0037 365 23 
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and has yielded an age of 356.4 ± 1.1 Ma (2σ; n= 8 
analyses; Heaman et al., in prep.). A total of 42 
laser ablation analyses of perovskite from sample 
I92-30 define a lower intercept of 353 ± 15 Ma (2σ; 
Fig. 15-17a) and a weighted mean 206Pb/238U age of 
352.7 ± 3.2 Ma (2σ; Fig. 15-17b). This date 
corroborates the ID–TIMS age results obtained on 
the IR-6 external perovskite standard (356.4 ± 1.1 
Ma) and that of 356.2 ± 5.9 Ma (2σ) based on 
analyses of mineral separates of pyrochlore, 
perovskite, and schorlomite from various intrusive 
phases of the Ice River Complex (Locock 1994).   
 
SUMMARY 
 The U–Pb protocol described here involving 
the use of a unique collector array consisting of a 
combination of three discrete-dynode electron 
multipliers and twelve Faraday collectors provides 
distinct advantages for U–Pb dating of accessory 
mineral phases by LA–MC–ICP–MS. These are: 
1. Measurement of the 207Pb, 206Pb, and 204Pb ion 

signals using the three electron multipliers 
allows for the laser ablation of a number of 
accessory phases to be conducted at low fluence 
and hence consumes much less sample volume 
without lowering the precision of the 207Pb/206Pb 
analyses. This ‘reduced volume’ approach 
readily allows for the U–Pb dating of accessory 
phases including zircon, monazite, titanite and 
perovskite within standard petrographic thin 
sections. The capacity to date accessory 
minerals precisely and accurately in their 
petrological context is invaluable for resolving a 
wide range of geological questions. 

2. The typical 2σ uncertainty associated with 
measurement of the 207Pb/206Pb value with our 
LA–MC–ICP–MS protocol is lower than that 
typically obtained by SHRIMP. The 2σ 
uncertainty associated with the calculated 
weighted mean 207Pb/206Pb age approaches that 
obtained by ID–TIMS. Thus, the analytical 
protocol described here is certainly more cost-
effective than either of these two methods. 

3. The comparative laser ablation tests conducted 
using either the standard or SuperCell™ ablation 
cells seem to yield similar performances relative 
to sensitivity, signal ‘washout’, and overall 
quality of the U–Pb data. The important 
advantage of the SuperCell™ relative to the 
standard laser ablation cell is its capacity to 
incorporate glass mounts containing matrix-
matched standards simultaneously. This enables 
more frequent monitoring of the Pb versus U 

laser induced element fractionation during a 
single analytical session and also increases 
sample through-put. 

4. When using a combination of discrete-dynode 
electron multipliers and Faraday collectors for 
U–Pb age dating by LA–MC–ICP–MS, high 
quality data is achievable when the ion-counting 
devices are properly calibrated relative to one 
another, and against the Faraday bucket 
recording the 238U ion signal. 
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