
International Journal of Mass Spectrometry 247 (2005) 10–17

High precision Faraday collector MC-ICPMS thorium isotope
ratio determination

Emma-Kate Pottera,∗, Claudine H. Stirlinga, Morten B. Andersena, Alex N. Hallidayb

a Institute of Isotope Geochemistry and Mineral Resources, ETH-Zentrum, Sonneggstrasse 5, CH-8092 Zürich, Switzerland
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Abstract

Uranium-series dating of carbonate materials requires precise determination of the spike sample thorium isotope ratio,230Th/229Th. This ratio
is commonly measured using ion counting techniques, however the precision of analyses using ion counting devices suffers from beam intensity
limitations, drift in multiplier gain and non-linearities in electron multiplier response. Here, we describe the application of multiple-collector
inductively coupled plasma mass spectrometry (MC-ICPMS) to determine thorium isotope ratios at hitherto unattained precision. For the first
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ime, thorium isotope analyses were performed using only Faraday collectors coupled to 1011 � feedback resistors in the amplifier system. Sp
horium solutions were concentrated to produce230Th and229Th signal intensities of around 50 mV and 100 mV, respectively (across a 111 �

esistor) and are run at high intensity for a short period of time (∼1 min). These analyses yield a230Th/229Th external reproducibility of better tha
.3‰ for∼25–30 pg of consumed230Th. This is a factor of two better than the best published thermal ionisation mass spectrometry (TIM
C-ICPMS techniques for similar sample sizes, and represents up to an order of magnitude improvement over many other establishe
ombined with new techniques for high precision Faraday measurement of uranium isotopic composition[1], this permits improvements in t
ncertainty of U-series ages to better than 0.1 thousand years (ka) at 100 ka and 1 ka at 300 ka. It should also be possible to reso
14 ka at 600 ka. Using these techniques, the U-series dating limit can be extended from 500–600 ka to 800 ka enabling a more deta

he frequency of late Pleistocene climate events.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Late Pleistocene carbonates such as corals and speleothems
re important archives for paleoclimate studies, such as track-

ng sea-level changes through the glacial–interglacial cycles of
he Quaternary and constraining records of continental climate
hange. Uranium-series analysis is a uniquely appropriate dating
ool for this time period and takes advantage of the disequilib-
ium of isotopes within the uranium decay series at the time of
eposition of the carbonate matrix[2]. Uranium is highly solu-
le in its oxidised (VI) state, compared to the relatively insoluble

horium. Providing there is no initial detrital contamination and
he sample remains a closed system, the230Th/238U activity
atio of the sample is initially zero and evolves towards unity

∗ Corresponding author. Tel.: +41 1 632 3765; fax: +41 1 632 1827.
E-mail address: potter@erdw.ethz.ch (E.-K. Potter).

as the system approaches secular equilibrium at a rate t
determined by the decay half-lives of238U’s daughter isotope
234U and230Th (∼245 ka and∼76 ka, respectively[3]). The dat
ing limit of the U-series technique depends on the precision
which the relevant isotope ratios (234U/238U and230Th/238U) can
be determined. Precision of these analyses is limited by the
low abundance isotopes of234U and230Th, which are present
coral samples, for example, at levels of less than 200 pg/g
50 pg/g, respectively.

The precision of U-series analytical techniques has un
gone significant advancement since the introduction o�-
spectrometry analyses in the 1950s, for which 10 g of a 12
coral sample (3 ppm U) would yield an age uncertainty of±10 ka
(not including uncertainties in decay half-lives)[4]. The devel
opment of U-series measurements using thermal ionisation
spectrometry (TIMS) led to an order of magnitude impro
ment in age uncertainty (±1 ka at 120 ka) for much small
sample sizes (200 mg of coral)[2]. Further improvement in me

387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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surement precision of thorium isotopes, using charge collection
TIMS (CC-TIMS) [5,6], produced even smaller age uncertain-
ties (0.4 ka at 120 ka).

Multiple-collector inductively coupled plasma mass spec-
trometry (MC-ICPMS) offers a number of advantages over
conventional TIMS techniques. In particular, the ICP source
produces highly efficient ionisation of most elements, including
those that are difficult to ionise by TIMS, such as thorium. Fur-
thermore, the ionisation efficiency is not dependent on load size.
Because the sample is introduced as a solution, the signal inten-
sity can be adjusted simply by changing the concentration of the
solution. Also, to a first approximation the instrumental mass
discrimination in one element can be corrected for by admix-
ing with another element[7]. The application of MC-ICPMS
to U-series dating has led to improvements in measurement
precision and reductions in both analysis time and sample size
[8–12]. U-series age uncertainties of 0.2 ka (for a 120 ka sam-
ple) have been achieved for sample sizes similar to those used in
TIMS analyses[9]. Continuing development and improvements
in the design of the plasma source interface has led to further
improvements in sensitivity of second-generation MC-ICPMS
instruments.

Among the variety of modern TIMS and ICPMS analysis
techniques currently employed in the measurement of uranium
and thorium isotope ratios, most make use of single or multi-
ple ion counting devices to obtain high precision data for the
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2.5 ppm at the time of our experiments. Sample solutions are
introduced via an ARIDUS or CETAC MCN-6000 microcon-
centric nebuliser (uptake rate 70–110�l/min).

2.2. Chemical preparation

The ratio of230Th/238U is an important parameter for U-
series dating and is determined by isotope dilution using a mixed
229Th–233U (229Th–236U) spike of known composition. The
232Th concentration is a useful indicator of detrital contami-
nation. During thorium analyses, the230Th and232Th signals
are measured relative to a229Th spike. The Faraday analysis
protocol described in this paper requires: (1) a high degree of
separation of the uranium and thorium and (2) a very clean solu-
tion that is free of residual matrix elements and organics. First,
the samples are dissolved and spiked with a229Th spike tracer.
For high matrix samples, i.e., with uranium concentrations of
≤50 ppm, the uranium and thorium are concentrated from the
matrix by iron co-precipitation. The sample is loaded in 1.5N
HNO3 onto a 0.5–0.6 ml TRU resin (Eichrom) column (after
[8]). Matrix elements are eluted with 3N HCl and the uranium
and thorium are then eluted together in 0.1N HCL + 0.3N HF.
For a second cleaning step and final separation, the U–Th mix
is loaded in 3N HNO3 on a 0.5–0.6 ml column of UTEVA resin
(Eichrom). Residual matrix is further eluted in 3N HNO3 and
the thorium is then eluted in two steps with a 3N HNO+ trace
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ow abundance isotopes,234U and 230Th. However, the accu
acy and precision of measurements using ion counting de
re potentially threatened by limitations on maximum b

ntensity, dead-time corrections, drifts in multiplier gain a
on-linearities in electron multiplier response[3,13]. In con-

rast, Faraday collectors are characterised by high stabilit
inearity. Instead, their relatively high (Johnson) noise plac
onstraint on the minimum intensity of the ion beam that ca
recisely measured.

In this study, the potential for measuring thorium isot
atios in a single, static cycle analysis using only Faraday
ectors is examined. It is demonstrated that the precision att
sing this technique represents up to a factor of 10 improve
ver many established protocols, while significantly redu
nalysis time by two orders of magnitude. The improved
ision of uranium and thorium isotope measurements u
araday methods not only improves the uncertainty of a
ulated U-series age, but also extends the dating limit o
echnique.

. Experimental procedures

.1. Instrumentation

Analyses were conducted on a Nu Plasma MC-ICPMS
nstruments, Wrexham) which uses variable mass dispe
oom optics to direct the ion beams into a fixed-spacing arr
araday collectors and ion counter(s). Each Faraday collec
oupled to a 1011� feedback resistor in the amplifier syste
he abundance sensitivity of the instrument, defined by the

ng contribution of238U at mass 237 varied between 2 ppm
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F mix followed by 3N HCl. Finally, uranium is eluted wi
.1N HCL + 0.3N HF. This procedure yields excellent sep

ion of the uranium and thorium (less than 0.2% of the uran
n the thorium fraction) and is virtually free of residual ma
lements. A fraction of the separated uranium is admixed

he thorium for instrumental mass bias correction during a
sis (see Section2.4 for details). Organic matter associa
ith the sample and/or resin is destroyed by rigorous t
ent with mixed H2O2/HNO3. Samples are dried down a

hen diluted in∼0.2N HCL + 0.05N HF for analysis on th
C-ICPMS.

.3. Data acquisition

Due to the low concentrations of230Th and232Th in coral
amples (<50 pg/g), in conventional TIMS and MC-ICP
horium-analysis protocols the thorium isotopes are eithe
ycled through a single ion counter (e.g.,[2]) or (2) mea
ured simultaneously with parallel ion counters (e.g.,[10]). The
nstabilities and non-linearity effects associated with ion co
ng/electron multiplier devices are well recognised and p
imitations on the accuracy and precision of ion counter an
es[3,13].

To avoid the problems associated with electron multip
nalyses, the measurement protocol described here uses
le Faraday collectors (Table 1) to measure the thorium isotop
imultaneously in high concentration thorium solutions.
eak analyses are conducted over a period of 1.0–1.5 min
minimum230Th signal intensity of∼5× 10−13 A (∼50 mV

n a 1011� resistor). Total230Th consumption during a 1 m
nalysis is approximately 25 pg. Admixed uranium from
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Fig. 1. Measurements are conducted using the “time-resolved” software supplied with the Nu Plasma MC-ICPMS. A 1 min on-peak analysis (0.2 s integration time)
is bracketed by two 90 s background measurements with a deflected beam (238U signal is not to scale). The interpolated background measurements are applied to the
on-peak analysis.

sample, with a signal intensity of between 1× 10−10 A and
1.5× 10−10 A (10–15 V on a 1011� resistor), is used to correct
the thorium isotope ratios for instrumental mass discrimina-
tion in the ICPMS (discussed further in the following sections)
(Fig. 1).

The contribution to each of the 50–100 mV thorium isotope
signals from the238U peak tailing is very small, equivalent to
less than 0.06‰ of the thorium beam intensity, and is effectively
removed by normalising to the bracketing standard. Because
of the very small thorium signals on the Faraday collectors, it
is important to monitor the variability in the Faraday detector
noise before and after the on-peak analysis. The background zero

Table 1
MC-ICPMS collector configuration

Part (A) Part (B)

H6 238 Pos 1 (238)
– Pos 2
H5 Pos 3 236
H4 235 Pos 4 (235)
H3 Pos 5
H2 Pos 6 233
H1 232 Pos 7 232
Ax Pos 8
L1 230 Pos 9 230
L2 229 Pos 10 229

( . The
k tru-
m alysi
d ctor
c to
c

corrections, which represent the electronic noise of the detectors,
are measured as “on-mass” zeros, while deflecting the ion beam
off-axis. The magnitude of the drift in the detector noise of a
given collector varies and if not reliably monitored and corrected
for, can offset the measured thorium isotope ratios from the true
values by up to 0.3‰. For this reason, an extended 90 s zero is
monitored both before and after the sample analyses and a linear
interpolation of the zero measurement is applied to the data set.
This interpolation method improves the reproducibility of a set
of analyses.

Memory effects are generally less of a problem in these Fara-
day analyses because the short duration, high intensity runs have
a higher memory tolerance than long duration, low intensity
analyses. To minimise the effects of residual thorium memory,
the230Th/229Th of each sample is matched to the230Th/229Th of
the bracketing standard. The most effective washout is achieved
with progressive strengths of HCl + HF acid mixes. To ensure a
negligible effect on the measured230Th/229Th ratio, the required
background signal of230Th prior to measurement is set to less
than 1× 10−16 A (500–600 cps on an ion counter), which is
achieved very rapidly, within 5–10 min.

2.4. Standard normalisation

All thorium isotope analyses are measured relative to an in-
h mix
o -
i 45).
T term
r the
m tions
A) Collector configuration for the Nu Plasma instrument used in this study
nown ratio of238U/235U in the admixed uranium is used to correct for ins
ental mass bias. If the cup configuration of the instrument used for an
oes not allow for238U–235U mass bias correction then an alternative colle
onfiguration can be used (B) for which a233U–236U double spike is used
orrect for instrumental mass bias.
s

ouse bracketing standard, which consists of an artificial
f the thorium isotopes229Th, 230Th and232Th (in the approx

mate ratio 2:1:1) with a uranium metal standard (CRM 1
he purpose of this bracketing standard is to monitor long-
eproducibility in thorium isotopic ratios. In most cases,
easurement “sessions” referred to in the following sec
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represent the new start up of the machine and tuning after a
break of weeks or months.

The large mass discrimination in an ICP source and trans-
fer region reflects the enhanced transmission of heavier isotopes
over lighter ones (on the order of 0.5% per amu). The known iso-
topic composition of the admixed uranium (235U/238U) is used
to calculate the instrumental mass bias and this correction is then
applied to the measured thorium ratios. Because of the varying
behaviour of different elements in the ICPMS, it may not always
be appropriate to apply the mass bias factor of one element to
another[14]. Generally, this effect is considered unimportant
for Th–U external normalisation at the current levels of thorium
isotope measurement precision, e.g.,[10]. However, because of
the improved precision attained using the Faraday method, the
standard was monitored regularly throughout each measurement
session in order to monitor the veracity of externally normalising
Th measurements using U.

The absence of a certified thorium isotopic standard with
a 232Th/230Th ratio similar to that of well preserved corals
combined with the uncertainties arising from mass bias cor-
rection of thorium using admixed uranium creates difficulties in
demonstrating the accuracy of an absolute thorium isotope ratio
measurement. For the purposes of U-series dating, this uncer-

tainty is overcome by using the in-house standard to bracket and
normalise the thorium analyses of both the unknown samples
and the spike calibration runs. The229Th/233U ratio calibra-
tion of the spike is made by analysing a spiked sample with
an assumed secular equilibrium230Th/238U value. In this way,
any shifts in the thorium isotopic ratios that are introduced
by assuming the uranium and thorium mass bias factors to be
equal is cancelled out in the final calculation of the sample
230Th/238U. Hence, for the purpose of U-series dating, it is suffi-
cient to measure thorium ratios relative to an in-house standard,
even if the isotopic composition of that standard is not known
absolutely.

3. Results

3.1. Bracketing standard

The results for repeat measurements of the230Th/229Th in
the bracketing standard over several measurement sessions are
given inFig. 2A. On average, the within-run measurement pre-
cision of 230Th/229Th for the in-house standard with a230Th
signal size of 50–60 mV is 0.26‰ (2σ, 2 standard deviations),
which is identical to the average within-session reproducibil-

F
d
m
w
t
s
o
a

ig. 2. Repeat measurements of: (A)230Th/229Th and (B)232Th/230Th over eight m
escribed in this paper. The light-shaded and dark-shaded bands representσ u
easurement session respectively. For display purposes, the right axis shows t
ithin-session reproducibility of230Th/229Th measurement for a sample size of

echnique. The mean value of the standard for each session is used to norm
tandard’s analyses for each session is incorporated statistically into the norm
n the within-session reproducibility) between the Aridus (sessions 1–6) and
nd 8 probably reflects small but significant memory effects on the232Th signal.
easurement sessions for the bracketing standard used in the analysis protocol
the 2ncertainty and the 2σM (error of the mean) of the standard analyses for each
he permil deviation from the mean of all measurement sessions. The 0.26‰ (2σ) average
25–30 pg of230Th is superior to any other currently used TIMS or MC-ICPMS

alise the samples measurements for each session. The error of the mean (2σM) of the
alised sample isotope ratios. There is no significant difference inperformance (based

the MCN desolvators (sessions 7 and 8). The small shift in232Th/230Th in sessions 7
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Fig. 3. Repeat measurements of thorium isotopic ratios (A and B)230Th/229Th and (C and D)232Th/230Th for an aliquot of spiked HU-1 and a spiked coral standard
over three measurement sessions. The230Th/229Th and232Th/230Th are normalised to the mean value measured for the in-house standard for each session. Both
solutions have a comparable reproducibility to the in-house standard.

ity. Fig. 2A shows that there is some variability in the mean
230Th/229Th between sessions. This may be due to the external
normalisation of thorium using uranium. Therefore, all sam-
ples are normalised to the mean value of the standard for each
session.

The 232Th/230Th values for the standard are shown in
Fig. 2B. The within-run 2σ reproducibility on these measure-
ments is 0.4‰. However, the session-to-session reproducibility
is slightly poorer, most likely due to more significant memory
effects on232Th. In most geological samples232Th is by far the
most abundant thorium isotope (99.99%) and is likely to domi-
nate any memory introduced to the desolvating nebuliser system
by other MC-ICPMS users. However, the232Th/230Th measure-
ments are used only for monitoring detrital contamination and
high accuracy measurement of this ratio is not required for the
purposes of U-series dating.

3.2. Samples

To test the reproducibility of the thorium analyses for natural
samples separated from matrix, repeat measurements were con-
ducted on a number of solutions, including the HU-1 Harwell
uraninite (Fig. 3A and C), an in-house coral standard (Fig. 3B

and D), and six Barbados coral samples (Fig. 4, samples 1–6).
In all cases the measurements have been carried out over two or
three independent sessions and the230Th/229Th reproducibility
is of the same order as the standard (better than 0.3‰).

To demonstrate that matrix effects in natural samples are
not dependent on chemical processing, splits of two coral sam-
ples were processed independently (Fig. 4, samples 7 and 8).
Although the internal precision for these particular measure-
ments are larger due to the slightly lower intensity beams during
that session, the splits agree very well within their respective
0.4–0.6‰ uncertainties.

4. Implications for the precision of U-series dating

An improvement in precision of230Th/229Th has impor-
tant consequences for the uncertainties attained for U-series
ages. The230Th/238U of a sample can be determined by com-
bining the measured sample-spike uranium and thorium ratios
(230Th/229Th and238U/233U) and the known229Th/233U value
of the mixed spike. This230Th/238U is then used in conjunction
with the measured uranium isotopic composition of the sample
(234U/238U) to calculate its U-series age (seeFigs. 5 and 6).
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Fig. 4. Repeat230Th/229Th measurements for a suite of eight coral samples spiked with229Th. For samples 1–6 (with internal errors of around 0.3‰), the measurements
represent repeat analyses on single solutions. Samples 7 and 8 (with slightly higher errors of 0.4–0.6‰ because of lower bean intensities in session 9) were spiked
and then split for separate chemical processing (the two splits are shown with the closed and open circles). The normalised230Th/229Th values measured in different
analysis sessions are in excellent agreement and show that the chemical processing does not introduce additional matrix effects. It is important to note that using the
mass bias factor determined for U to correct the measured Th isotope ratios appears to work well, even at the high levels of precision attained with thistechnique.

Fig. 5. Graphical representation of improvements in U-series age uncertainties for ages ranging between 80 ka and 600 ka as a result of improving either the�234U
analytical precision from 1.3‰ to 0.3‰ or improving the230Th/238U precision from 1.5‰ to 0.4‰ or both. The age uncertainties are calculated using a Monte
Carlo method, with and without the inclusion of decay constant uncertainties[3]. By improving the analytical precision of either�234U or 230Th/238U by the amounts
quoted above, the age uncertainty is reduced by up to a factor of 1.5 (excluding the decay constant uncertainties). If both�234U and230Th/238U are improved by the
stated amount, the age uncertainties are decreased by up to a factor of five. When decay constant uncertainties are taken into account, the relative improvement for
old ages is particularly profound for very old samples, for which the improvement is almost a factor of six at 600 ka. The absolute value of the “old” and “new” (both
�234U or 230Th/238U improvements) age uncertainties are given in the table beneath the plot.
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Fig. 6. A diagrammatic representation of the improvement in measurement
precision for a 600 ka coral. (A) The “evolution” curve of a coral that was
deposited with an initial�234U equal to that of modern seawater. (B) A zoom-in
on the evolution curve at a sample age of 600 ka. The large ellipse represen
the uncertainties representative of some currently used measurement protoco
The smaller, shaded ellipse represents the precision achievable with our ne
thorium (this study) and uranium[1] techniques.

The 230Th/238U precision of better than 0.4‰ achieved
with our new thorium (230Th/229Th) and uranium (238U/233U)
[15] isotopic methods represents up to an order of magnitude
improvement over currently used TIMS and MC-ICPMS tech-
niques, most of which report U–Th analytical precision ranging
between 1‰ and 7‰[9,10,16–18].

Fig. 5 shows the effect of improving230Th/238U and/or
234U/238U errors on U-series age uncertainties for a hypotheti-
cal suite of samples with ages between 80 ka and 600 ka. Als
included in this comparison is a demonstration of the effect of
including decay constant uncertainties in the age-uncertaint
calculations. Excluding the decay constant uncertainties (Fig. 5,
left panel), the effect of reducing the230Th/238U analytical
uncertainty from 1.5‰ to 0.4‰ is a reduction in the U-series age
uncertainty of up to a factor of 1.7. Keeping the230Th/238U error
constant and reducing the234U/238U analytical uncertainty from
1.3‰ to 0.3‰[1] leads to a similar improvement in age uncer-
tainty. The implications for the precision of U-series analyses
are even more profound when the thorium techniques describe
here are combined with high precision Faraday uranium isotopic
analyses[1]. If both 230Th/238U and234U/238U analytical errors
are reduced from 1.5‰ and 1.3‰ to 0.4‰ and 0.3‰, respec
tively, then the U-series age uncertainty is improved by a facto
of four, regardless of the sample age.

If decay constant uncertainties are also taken into account
(Fig. 5, right panel), the improvement in age precision is par-
ticularly striking for old samples (600 ka). If the analytical
uncertainties on230Th/238U and234U/238U are both improved
by the proportion described in the previous paragraph, then the
U-series age uncertainty for a 600 ka sample is reduced dramati-
cally from±72

45 ka to±14 ka. This represents up to a factor of six
improvement compared with previous techniques. Also impor-
tant to the U-series dating of corals is the back-calculated initial
�234U value, which provides an indication of the reliability of
the sample age. For very old samples the initial�234U uncer-
tainty is reduced by a factor of five (excluding decay constant
uncertainties) or two (including decay constant uncertainties)
(Fig. 5).

5. Conclusions

We have developed a new method that uses Faraday collectors
to measure thorium isotope ratios. Measurement precision of
better than 0.3‰ for230Th/229Th has been achieved, while con-
suming only 25 pg of230Th. To achieve this precision, purified
and highly concentrated thorium solutions are run in “time-
resolved mode” for very a short duration (1 min on-peak). To
minimise the effect of variability in the electronic background
noise of the detectors, the thorium beams are maintained above
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× 10 A (50 mV across a 10 � resistor). The mass bias c
ection to the thorium isotopic measurement is calculated
ormalisation against the238U/235U of admixed uranium. B
ormalising230Th/229Th measurements to an in-house stan
ny drift caused by variability in the mass bias of thorium rela

o uranium is eliminated in the final calculation of230Th/238U.
The thorium Faraday analysis technique presented here

lements recent advancements in uranium isotopic analys
C-ICPMS [1]. Combined, these developments yield sign

ant improvements in U-series age uncertainties. Examp
he age-precision achievable for corals using these new
iques are <0.1 ka for 100 ka samples, <1 ka for 300 ka sam
nd∼14 ka for 600 ka samples. The relative improvemen
recision are most profound for older samples that were

o the previous dating limit of U-series analysis (500–600
he combined effect of analytical improvements in thorium
ranium analyses (this study and[1]) together extend the datin

imit of U-series analysis from∼600 ka to 800 ka. These hi
recision techniques allow, for the first time, a detailed exam

ion of the relationships between climate, sea-level chang
limate forcing mechanisms during interglacial–glacial cy
rior to 300 ka.
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