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In situ rutile U-Pb dating by laser ablation-MC-ICPMS
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A method for in situ rutile U-Pb dating was developed using a multiple-collector (MC) ICPMS coupled to an excimer
laser-ablation system. Compared with single collector Quadruple ICPMS used by previous in situ rutile U-Pb dating
studies, the Neptune Plus MC-ICPMS used in this study has higher sensitivity and is capable of simultaneous acquisition
of all the isotope signals required for rutile U-Pb dating. These advantages are important to achieve precise and reproduc-
ible in situ U-Pb dating results for rutiles, which typically contain low abundances of U and radiogenic Pb. The analytical
results in this study on three reference rutile standards (R10, JDX and DXK) and one nature rutile sample (07RU3) agree
with literature/known values, thereby demonstrating that this technique can yield precise and accurate U-Pb dating results

for Paleozoic to Paleoproterozoic rutile, even with ~1 ppm U.
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INTRODUCTION

Laser ablation combined with inductively coupled
plasma mass spectrometry (LA-ICP-MS) has been widely
used in geochronological research in the last two dec-
ades. The LA-ICP-MS method has been widely applied
to U-Pb zircon dating, which can yield analytical preci-
sion comparable to that of the secondary ion microprobe
(SIMS) technique (Horn et al., 2000; Simonetti et al.,
2008; Xia et al., 2004). Rutile (TiO,) is a common acces-
sory mineral, which is common in many igneous, meta-
morphic and sedimentary rocks. It is stable over a wide
range of P-T conditions and is resistant to weathering,
transportation and diagenesis (Morton and Hallsworth,
1994) and hosts measureable U and radiogenic Pb. Pre-
vious studies have demonstrated that rutile can be used
as a precise geochronometer and in particular has impor-
tant applications for metamorphic rocks (Kylander-Clark
etal.,2008; Li et al., 2011). Traditional isotope dilution-
TIMS method has been applied to several U-Pb rutile
dating studies, although it often suffers from mineral in-
clusions and retrograde rims of titanite with high propor-
tions of common lead (Xiao et al., 2006). Single collec-
tor LA-ICPMS has been employed for in situ U-Pb rutile
dating in pioneering works by Storey et al. (2007), Birch
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et al. (2007), Zack et al. (2011) and Kooijman et al.
(2010). This method is limited to rutile grains with suffi-
cient U in order to get suitable Pb signal intensity (Zack
etal.,2011). It is well known that multi collector ICPMS
offers advantages in terms of higher sensitivity, flat top
peak shape and simultaneous acquisition, features ideal
for precise isotope ratio analyses. Some researchers have
applied LA-MC-ICPMS to U-Pb rutile dating such as Vry
and Baker (2006), Warren et al. (2012) and Bracciali et
al. (2013), but the amount of works using this method
are limited, and Vry and Baker (2006) only obtained Pb—
Pb ages and no U-Pb ages. Therefore the potential of LA-
MC-ICPMS to rutile U-Pb dating has not been fully ex-
plored. We hereby report a new analytical protocol and
the analytical results for 4 different natural rutile sam-
ples using LA-MC-ICPMS in this paper. Our results dem-
onstrate that this technique can yield precise and accu-
rate U-Pb dating results for rutile even with ca. 1 ppm U.

ANALYTICAL METHOD

Instrumentation

A Neptune Plus multi collector ICP-MS installed at
the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (GIGCAS) was employed in this study. The
MC-ICPMS is fitted with a collector block containing 9
variable position Faraday cups and 8 Ion Counters (com-
pact discrete dynamic multiplier, CDD or SEM). This
collector system has a relative mass range of more than



Table 1. Operating conditions and instrument parameters

Laboratory and Sample Preparation
Laboratory name
Sample type/mineral
Sample preparation

Rutile

Laser Ablation System
Make, model and type
Ablation cell and volume

State Key Laboratory of Isotope Geochemistry, Guangzhou

Conventional mineral separation, 1 inch resin mount

Resonetics LLC USA, RESOlution M-50, ArF excimer
Two-volume laser-ablation cell (Laurin Technic, Australia), effective volume ~1-2 cm?

Laser wavelength 193 nm

Pulse width ~20 ns

Fluence 4J.cm™

Repetition rate 5 Hz

Spot size 44 um

Sampling mode/pattern Spot

Carrier gas 700 ml/min He + 2 ml/min N,, Ar make-up gas

Ablation duration 30 seconds

ICP-MS Instrument
Make, model and type
Sample introduction
RF power
Make-up gas flow
Detection system
Masses measured

Ablation aerosol
1200 W
400 ml/min Ar

202, 204, 206, 207, 208, 232 238

Data Processing
Gas blank
Calibration strategy
Reference Material info
Data processing package used
Uncertainty level and propagation

30 seconds on-peak zero subtracted

R19 rutile standard used as primary reference material

R19 2Pb/>8U 489.5 £ 0.9 Ma, 2"Pb/**Pb 489.8 + 9.3Ma (Zack et al., 2011)
In-house created spreadsheet program

Ages are quoted at 2 sigma absolute, propagation is by quadratic addition.

Thernmo Fisher Scientific, Neptune Plus, MC-ICP-MS

Mixed Faraday-multiple ion counting array

Reproducibility and age uncertainty of reference material are propagated.

Other information

Sample line of 2.5 m from ablation cell to torch and a 30 seconds washout time after the laser stopped firing

17%, allowing simultaneous acquisition of ion signals
ranging from mass 2°?Hg to 2*%U, an important factor in
obtaining highly precise and accurate U-Pb age
determinations. With a 100 yuL/min PFA standard con-
centric nebulizer, dual-pass spray chamber, standard sam-
ple cone and H-skimmer cone, this instrument commonly
gives a sensitivity of >1200 V for 1 ppm solution of 2*U.
The ICP-MS was equipped with an ArF excimer 193 nm
RESOIlution M-50 (Resonetics LLC, USA), which has
been described in detail by Miiller et al. (2009). This sys-
tem can wash out 99% of the signal in less than 1.5 sec-
onds due to its innovative sample cell design. Helium gas,
which carries the laser-ablated sample aerosol from the
sample cell, is mixed with argon carrier gas along with
nitrogen as an additional di-atomic gas to enhance sensi-
tivity, and finally flows into the MC-ICPMS torch. The
operating conditions for this study are summarized in
Table 1.

Analytical protocols

Samples were prepared as grain mounts. The mounts
were well polished to expose the fresh interior of the crys-
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tals. Thorough cleaning were made by polishing the sur-
face with alumina powder and then putting in an ultra-
sonic bath for 5 minutes with milli-Q water and finally
drying with ethanol-soaked kimwipe paper.

Prior to analysis, gas flow rates of argon make-up gas,
helium and nitrogen carrier gas were optimized to achieve
maximum sensitivity with low oxide production (*>*U0Q/
238U < 1%). Laser settings used for sample analyses in-
clude a beam diameter of ca. 44 um, 5 Hz repetition rate,
and energy intensity on target of about 4.0 J. The rutile
was pre-ablated by five laser pulses before analysis in
order to remove the surface common-lead contamination.
Each analysis incorporated a background acquisition of
approximately 30 seconds (gas blank, closing the laser
shutter) followed by 30 seconds of data acquisition for
the sample, which usually leave ablated pits with depth
of ~20 um. 208pb, 207pb, 206ph, 204Ph (+204Hg) and 29’Hg
signals were measured on the ion counters, whereas 238U
and 2*Th were acquired on the Faraday cups. In order to
check the linearity of the ion counters, the rutile R10 (see
below) is ablated with variable laser fluences, spot size
or repetition rate so as to achieve 2°°Pb signal from <50000



0.094

0.090 -

Iy
il m

0.078

20 2

0.074 f .
Witd by data-pt errs only, 0 of 72 rej.

MSWD = 0.44, probability = 1.000

Mean=0.08331+0.00065 [0.79%] 95% conj

0.070

0.068

0.064

- W W W |
W

0.048

il Jb il
g

0.044 - Wid by data-pt errs only, 0-of 72 rej.

MSWD = 0.17, probability = 1.000

Mean=0.05617+0.00099 [1.8%] 95% conf\}

0.040

Fig. 1. Measured raw ratios of *?°Pb/?3U (a) and ?°’Pb/>*°Pb (b) for external calibration standard rutile R19. Data-point error

bars are 10.

to >1000000 counts per second. Consistent common lead
corrected 20Pb/?°Pb ratios with external precision of
<0.3% demonstrated a good linearity of the ion counters.

Corrections for instrumental drift, mass bias and 2°°Pb/
238U fractionation were all conducted by a “standard-
sample-standard” bracketing external standardization
technique. One piece of standard rutile R19 with a size
of ~2 X 1 X 2 mm was used for this purpose. The crystal
from which it is derived is a ca. 500 mm? sized single
crystal from Blumberg, Australia. Detailed trace elements,
Hf isotope and U-Pb age studies have been conducted
for this standard (Luvizotto et al., 2009; Zack et al., 2011).
A weighted mean 2°°Pb/?*U age of 489.5 + 0.9 Ma ob-
tained by the TIMS method (Zack et al., 2011) was
adopted as the reference material in this study. It was
analyzed three times every five analyses of unknown. A
multi-collector ICPMS cannot measure an internal ele-
ment standard if it requires a large mass jump such as
needed for *°Ti, and so accurate U and Pb concentrations
were impossible to obtain. However, in order to charac-
terize the analyzed piece of rutile, approximate U con-
centration data were obtained by direct comparing the
signal intensities between the unknown and external
standard NIST SRM 610 assuming they have the same
signal yield for the same analytical conditions. NIST SRM
610 was analyzed twice every five analyses of unknown.
The U concentration value of NIST SRM 610 used for
external calibration was taken from Pearce et al. (1997).

Off-line data reduction (including selection and inte-
gration of background and analyte signals) was performed
by a spreadsheet program created by the authors. The
time-resolved signal of single isotopes and isotope ratios
was carefully inspected to verify the presence of
perturbations related to inclusions, fractures and mixing
of different age domains. The mean ratios of 2*’Th/>*U,

206pty208pp  207pp/206p and 209Pb/>38U were calculated
directly based on the background subtracted raw signals.
No 2%Pb/23U fractionation is corrected for individual
analyses besides the external standardization. The ana-
lytical uncertainties of the ratios were calculated based
on standard deviation divided by square root of (n—1), n
being the number of the time-resolved isotope ratios.
Common-lead correction was performed by estimating the
common-lead content based on the 2°’Pb signal intensity
assuming all the 2®®Pb measured is non-radiogenic, as
rutiles contain extremely low content of Th (Zack et al.,
2011). A two-stage Pb evolution model of Stacey and
Kramers (1975) was adopted. Time-dependent machine
drift, mass bias and elemental fractionation were all cor-
rected using a linear interpolation (with time) for every
five analyses, according to the variations of the standard
rutile R19.

In this study a dataset of 72 spot analyses were col-
lected during about 6 hours for the external standard R19,
which gave a reproducibility of 0.79% (95% confidence,
MSWD = 0.44) for 2*’Pb/?°Pb and 1.8% (95% confi-
dence, MSWD = 0.17) for 2°°Pb/?*8U (Fig. 1). This un-
certainty was propagated for each individual sample
analysis following Horstwood et al. (2003). Therefore the
ratio/age error quoted in the Table 2 comes from two
sources: uncertainty of individual (single spot) analyses
mainly due to counting statistics of the signals, and ex-
ternal standardization. The 2°’Pb/?*U ratio is derived from
the normalized and error propagated 2°’Pb/?°Pb and
206p/2381 ratios assuming a 2*8U/**U natural abundance
ratio of 137.88, and the uncertainty is derived from the
quadratic addition of the propagated uncertainties of both
ratios. Concordia diagrams and weighted mean calcula-
tions were made using Isoplot V3.
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Fig.2. U-Pb concordia diagrams showing the analytical results for standard rutiles R10 (a), DKX (b), JDX (c) and the unknown
sample 07RU3 (d). Data-point error ellipses are 10. MSWD is the mean square of weighted deviations.

RESULTS AND DISCUSSION

Secondary rutile standards used in this study are one
international rutile standard (R10) (Luvizotto et al., 2009),
two in-house rutile standards (JDX and DXK) (Li et al.,
2011) and one unknown nature rutile sample 07RU3. The
analytical results obtained in this study are listed in the
Table 2.

Rutile standard R10

This rutile has been widely used in LA-ICPMS and
SIMS labs for U-Pb isotope analyses (Kooijman et al.,
2010; Li et al., 2011; Zack et al., 2011). A piece of R10
rutile fragment separated from a large single crystal was
used in this study. TIMS analyses for this rutile yield rela-
tively high U concentration (ca. 50 ppm) and rather con-
stant U-Pb age ranging from 1086.3 to 1096.6 Ma (**°Pb/
238U age) and from 1085.1 to 1096.2 Ma (**’Pb/**>U age)
(Luvizotto et al., 2009). The 23 U-Pb spot analyses for

this rutile obtained in this study are shown on the
Concordia diagram (Fig. 2a), yielding a Concordia age
of 1091.5 £ 9.6 Ma (20, decay constant errors included,
MSWD = 0.21, Fig. 2a), which is vary consistent with
the TIMS results. The weighted mean 2°Pb/>*%U age is
1093 £ 10 Ma (95% confidence, MSWD = 0.33, Fig. 3a)
and the weighted mean 2°’Pb/?*U age is 1090 + 10 Ma
(95% confidence, MSWD = 0.14, Fig. 3b). Both ages are
within the range of the reported TIMS ages.

Rutile standard DXK

This studied rutile comes from a rutile deposit located
in Henshan Mountain of the Trans-North China Orogen,
which has been described by Shi ez al. (2012). It is one of
the largest rutile deposits in China, with a resource of 6
million metric tons of titanium. Rutiles are hosted mainly
by anthophyllite gneisses and mostly occur as euhedral
tetragonal crystals or fragments with lengths ranging from
0.02 to 0.50 mm. They are mostly translucent and dark

LA-ICPMS rutile U-Pb dating 465
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Fig. 3. Corrected ratios of *°°Pb/*8U and **’Pb/>*3U for standard rutiles R10 (a, b), DKX (c, d), JDX (e, f) and unknown sample

07RU3 (g, h). Data-point error bars are 10.

red to dark brown. Thirty rutile grains or fragments have
been analyzed previously by Shi et al. using the SIMS
method (sample RZ-1) (Shi ef al., 2012). Their results
indicate different rutile grains from this sample have rela-
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tively consistent and high U concentrations (~20 ppm)
and almost identical U-Pb isotopic compositions, thus it
is suitable to be used as an in house standard for quality
control of in situ U-Pb rutile dating studies. The weighted



mean SIMS 297Pb/?*3U age is 1779 * 13 Ma (95% confi-
dence, MSWD = 0.73) and the weighted mean of SIMS
206pp/238U age is 1775 + 23 Ma (95% confidence, MSWD
=0.75) (Shi et al., 2012). Thirty five rutile grains analyzed
in this study comes from the same sample (RZ-1) analyzed
by Shi et al. (2012). Our analytical results for this sam-
ple gave a Concordia age of 1781 = 15 Ma (20, decay
constant errors included, MSWD = 0.17, Fig. 2b) with a
weighted mean 2%°Pb/>*8U age of 1777 + 24 Ma (95%
confidence, MSWD =0.102, Fig. 3c) and a weighted mean
207pb/235U age of 1781 + 15 Ma (95% confidence, MSWD
= 0.074). These results are very similar to the SIMS re-
sults.

Rutile standard JDX

Rutile JDX is a large gem-grade euhedral crystal,
which is 5 cm in length and 2.5 cm in thickness. This
rutile has been used as an in-house standard for SIMS
analyses by the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing (Li et al., 2011).
Previous SIMS analyses on this rutile show that it con-
tains 5-10 ppm of U and yields a weighted mean 2’Pb/
235U age of 513 £ 9 Ma and a weighted mean 2°°Pb/?*8U
age of 509 = 8 Ma (Li et al., 2011). In this study thirty
four spots were analyzed on eight small fragments (~300
X 300 x 200 um) in one mount. The U-Pb data cluster
together on the Concordia diagram with a Concordia age
509.7 £ 6.2 Ma (20, decay constant errors included,
MSWD =0.37, Fig. 2¢) and yield a weighted mean 2°°Pb/
238U age of 509.3 + 6.1 Ma (95% confidence, MSWD =
0.107, Fig. 3e) and a weighted mean 2°’Pb/?*U age of
511.7 = 8.3 Ma (95% confidence, MSWD = 0.041, Fig.
3f), which are within the error of the SIMS age.

Rutile sample 07RU3

The sample 07RU3 was collected from the eclogite
block along the Akyazhi River, southwestern Chinese
Tianshan. It is a rutile-bearing vein and the rutiles are
centimeter-sized oriented acicular. Previous SIMS results
for a single large crystal (~5 cm in diameter) from this
sample indicated it has relatively uniform U content of
1.5 £ 0.3 ppm (1SD) (Li et al., 2011). Applying a >°’Pb
based common lead correction method yields a weighted
mean 2°Pb/2*8U age of 320 + 10 Ma (95% confidence,
MSWD = 2.0, SIMS method) (Li et al., 2011). Twenty
four rutile grains from the same mount were analyzed in
this study. The U-Pb data are displayed on the Concordia
diagram (Fig. 2d), which yields a Concordia age of 325.2
+ 5.6 Ma (20, decay constant errors included, MSWD =
0.56, Fig. 2d). These data give a weighted mean 2°Pb/
238y age of 325.4 £ 5.4 (95% confidence, MSWD = 0.14,
Fig. 3g) and 2°’Pb/?*3U age of 318 + 18 (95% confidence,
MSWD = 0.055, Fig. 3h), consistent with the previous
SIMS results.

CONCLUSIONS

This paper reports a new rutile U-Pb dating protocol
using a MC-ICPMS coupled with an excimer 193 nm la-
ser ablation system and its successful application to three
reference rutile standards (R10, JDX and DXK) and one
rutile sample (07RU3). The analytical results obtained by
this protocol agree well with literature values or previ-
ous results, thereby demonstrating that this technique can
yield precise and accurate U-Pb dating results for
Paleozoic to Paleoproterozoic rutile even with ~1 ppm
U.
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