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Abstract

To facilitate the measurement of U-Th isotopic compositions suitable for high-precision and high-resolution 2**Th dating
of coral and speleothem carbonates, secondary electron multiplier (SEM) protocol techniques for multicollector inductively
coupled plasma mass spectrometry (MC-ICP-MS) have been developed. The instrumental sensitivities are 1-2%, with a pre-
cision of £1-2%, (2¢) for abundance determination of 50-200 fg **U (1-4 ng >**U) or 2*°Th. This method features chemistry
refinements, improvements to procedural and instrumental blanks, spectral inference reductions, and careful consideration of
non-linear SEM behavior. Measurement consistency of this MC-ICP-MS combined with previous mass spectrometric results
on U-Th standards and a variety of carbonates demonstrates the validity of the SEM protocol method. For fossil corals, a
routine U-Th isotopic determination at permil-level precision requires only 10-50 mg of carbonate. As little as 200 mg of
young coral with an age of less than 20 yr can be dated with a precision of +0.3-0.8 yr. About 20-200 mg speleothem samples
with sub-ppm-to-ppm U are required to earn a 59, precision on ages from 5 to 100 kyr. Requirement of small sample size, 10—
100s mg carbonate, can permit high temporal resolution to date speleothems with slow growth rates, i.e., 1-10 mm/kyr. This
high-precision 2**Th chronology is critical to accurately establish age models, date events and splice geochemical proxy time
series records from multiple samples in the fields of paleoclimatology and paleoceanography. The U-Th isotopic determina-
tion techniques described here can also be applied to different environmental samples, such as waters, rocks, and sediments.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION Shen, 1996; Gagan et al., 2000; Edwards et al., 2003; Fair-

child et al., 2006; Grottoli and Eakin, 2007; Cheng et al.,

Carbonates, such as marine corals and speleothems, are 2009; Fairchild and Treble, 2009; Lachniet, 2009; Shen
widely used as climatic and environmental archives (e.g., et al.,, 2010; DeLong et al., 2012; Kanner et al., 2012).

One of the most important advantages of these archives is
that 2°°Th dating techniques offer precise chronologies for
proxy records over the last 600 thousand years (kyr) (e.g.,
Edwards et al., 1986/87; Wang et al.,, 2001; Edwards
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et al., 2003; Richards and Dorale, 2003; Wang et al., 2004,
2008; Andersen et al., 2008; Cheng et al., 2009, 2012a; Stir-
ling and Andersen, 2009; Zhao et al., 2009). Weekly-to-dec-
adal resolved ***Th-dated climate coral and speleothem
records over the last glaciation have been reconstructed
with precisions of +10-100s yr (e.g., Wang et al., 2001,
2005; Cobb et al., 2003; Yuan et al.,, 2004; Fleitmann
et al., 2007; Cheng et al., 2009; Griffiths et al., 2009; Sikl6sy
et al., 2009; Shen et al., 2010; Jiang et al., 2012; Li et al.,
2011; Sinha et al., 2011; Kanner et al., 2012).

Following the a-counting methods from the 1950s (e.g.,
Barnes et al., 1956; Broecker and Thurber, 1965; Ivanovich
and Harmon, 1992; Bourdon et al., 2003), thermal ioniza-
tion mass spectrometry (TIMS) techniques with permil-le-
vel precision have offered significant advantages in *°Th
dating since the 1980s (e.g., Chen et al., 1986; Edwards
et al., 1986/87). In the 1990s, a number of inductively cou-
pled plasma mass spectrometric (ICP-MS) techniques were
developed to promote higher throughput and increased ver-
satility. These include: ICP-quadrupole (Q)-MS (e.g., Shaw
and Francois, 1991; Shen et al., 2006; Douville et al., 2011),
ICP-sector field (SF)-MS (e.g., Shen et al., 2002), and mul-
ticollector (MC)-ICP-MS (e.g., Luo et al., 1997; Halliday
et al., 1998; Goldstein and Stirling, 2003).

With an instrumental sensitivity of 1-2% for the latest
generation of MC-ICP-MS in the 2000s, epsilon-level preci-
sion can be achieved with Faraday cup protocols using
20-40 pg >**U (400-800 ng of >**U). These capabilities have
been applied to frontier topics, such as the tracing of river-
ine U in Arctic seawater (Andersen et al., 2007) and accu-
rate 2°Th dating of 500 kyr-old carbonates with a
precision of +£4-8 kyr (Cheng et al., 2012a). Despite refine-
ments of MC-ICP-MS techniques (e.g., Goldstein and Stir-
ling, 2003 and reference therein; Andersen et al., 2004,
2007, 2008; Hoffmann et al., 2005, 2007; Stirling et al.,
2007; Ball et al., 2008; Cheng et al., 2009; Stirling and
Andersen, 2009), difficulties still exist for U-Th isotopic
determinations with SEM methods, particularly those asso-
ciated with SEM characteristics (Richter et al., 2001, 2009;
Hoffmann et al., 2005; Ball et al., 2008), spectral interfer-
ences (e.g., Pietruszka et al., 2002; Shen et al., 2002), and
procedural blanks (e.g., Shen et al., 2003, 2008).

To establish high-precision and high-resolution carbon-
ate 2°Th dating techniques for precise cross-correlation of
proxy records and accurate determination of the timing of
climatic events with precisions of +1-10s yr or better, we
developed a MC-ICP-MS technique with single-SEM pro-
tocols as follows. First, labware cleaning processes and
chemistry procedures were modified from the methods pro-
posed by Edwards (1988) to effectively reduce spectral inter-
ferences and procedural blanks. Second, the SEM behavior
was carefully addressed using uranium standard solutions
with different ion beam intensities, 10?-10° counts per sec-
onds (cps) and different spiking ratios, 2*>U/**U = 10—
4750. Third, an 18-month measurement period of U stan-
dards was performed to evaluate reproducibility. Fourth,
international and in-house U and Th standards and diverse
carbonate samples were analyzed to examine precision and
accuracy of this methodology. Fifth, coeval 10-100s mg
coral and stalagmite subsamples with ages from <10 yr to

110 kyr were **°Th-dated to evaluate the improvements in
chemistry procedures and instrumentation. Finally, the
developed MC-ICP-MS technique with SEM protocols
was applied to natural coral and speleothem examples. A
precise age model using *°Th dates with errors of +0.4—
0.5 yr was built for a 35-cm living Porites coral head, with
a hiatus at 13.5 cm from the top, collected from the western
South China Sea. Another example given is that a high-res-
olution chronology (19 #°Th dates with precision of
+10s yr) was established for a 27-mm depth interval of a
Japanese stalagmite which grew at a slow rate of 5-
15 mm/kyr.

2. EXPERIMENTAL
2.1. Storage and subsampling

To keep procedural blanks low, sampling and subsam-
pling procedures were improved and contamination-free
storage and workbench spaces were used. Young and old
samples were double-bagged individually and isolated in
different storage places. For modern and fossil corals with
porous skeletons, samples were protected in individual bags
to avoid cross contamination in the field. Different natural
carbonates, such as coral, speleothem, sclerosponge, and
tufa were stored separately (Shen et al., 2008).

Subsampling was performed on class-100 laminar flow
benches in a class-10,000 subsampling room. Separated
benches with independent labware were used for different
samples with diverse U-Th levels. The drilled/sawed subs-
amples were collected in acid-cleaned plastic vials. Coral
subsamples were further ultrasonicated 4-5 times prior to
chemical treatment (Shen et al., 2007, 2008).

2.2. Standards and samples

Two international standards, New Brunswick Laborato-
ries Certified Reference Material 112A (NBL-112A, also
called CRM-145 or formerly NBS SRM-960), and Harwell
uraninite, HU-1, were used. Ames Th standard solution,
with a low 2°Th/??Th atomic ratio of 0.603 (+0.004) x
1076, was prepared using purified thorium metal by the
Standard Materials Preparation Center, Ames Laboratory,
Towa, USA (Cheng et al., 2000, 2012b). Three in-house Th
standards, Th-1, Th-2, and Th-10, with 2**Th/**?Th ratios
of 107°-107% were made by mixing the standards Ames
Th and HU-1 (Shen et al., 2002).

One stalagmite, CC99-3, collected from Crevice Cave,
Missouri, USA (37°45'N, 89°50'W; Dorale et al., 1998,
2004), one modern coral Porites head, from Nanwan, Kent-
ing, Taiwan (21°57'N, 120°45'E), and one Holocene Porites
from Stone-Cow Bridge, Kenting, Taiwan (21°57'N,
120°47'E), were prepared as in-house carbonate standard
solutions, CAVE-1, CORAL-M, and CORAL-F, respec-
tively. A flowstone sample WM1-H1 was collected from
Wilder Mann Cave in the western part of the Northern Cal-
careous Alps of Austria (Meyer et al., 2009). Two secular
equilibrium carbonates, MO-1 and Kr-3, were collected
from Leana’s Breath Cave, Western Australia, and Krubera
Cave, Ukraine, respectively (Woodhead et al., 2006; Cheng
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et al., 2012b). Stalagmite samples, YZ2 and YK2, collected
from Yangzi Cave (29°47'N, 107°47'E) and Yangkou Cave
(29°02'N, 107°13'E) in Chongging, China, a stalagmite sam-
ple, Hiro-1, from Maboroshi Cave (34°50'N, 133°10’E) in
Yuki, Hiroshima Prefecture, Japan, and one living 35-cm
Porites, ST0506, at Son Tra Island, central Vietnam
(16°07'N, 108°18'E; Shen et al., 2008) on June 14, 2005, were
used to evaluate the validity of our developed techniques.

2.3. Chemistry

Water was purified using an ultrapure water tandem sys-
tem modified with Millipore Milli-Q ACADEMIC and
Milli-Q ELEMENT. Teflon bottles and beakers were
cleaned in acid baths, using modified methods described
in Edwards (1988). Teflon-ware was left in a 5-L glass bea-
ker, cleaned with 50% aqua regia at room temperature for
over 8 h and 90-100 °C for 8§-10 h, followed by 2% boiling
HCI (analytical reagent grade) for 6 h. Individual contain-
ers were then rinsed with ultrapure water and cleaned with
1% aqua regia (re-distilled grade + 0.1% HF) at 70 °C for
4-6 days. Reagents from SEASTAR or J.T. BAKER were
used in chemistry.

Different benches with independent labware were used
for different samples with different ages and diverse U-Th
levels. After being dissolved in HNOj and spiked with a
29Th-23U->*U tracer, the sample solution was added
with 0.2 ml HCIO,4 and refluxed at 90-100 °C for 6-10 h
to decompose organic material. Samples were usually
spiked with a 2*U/**3U atomic ratio of 10-30 in the mixed
solution, which results in adequate precision for U concen-
tration and isotopic composition determinations (Edwards
et al., 1986/87; Cheng et al., 2000; Shen et al., 2002). Ura-
nium and thorium were purified with chemical methods,
similar to those described by Edwards et al. (1988) and
Shen et al. (2003), including Fe co-precipitation and an-
ion-exchange chromatography. After the final column sep-
aration step the separated U and Th aliquots were further
treated with 0.05-0.2 ml HCIO,, refluxed with beaker cap
closed at 90-100 °C for 5-8 h, and dried to effectively re-
move organic material and reduce this polyatomic interfer-
ence. U and Th fractions were then dissolved in 1% HNO;3
(+0.05% HF) for instrumental analysis.

The improved chemical procedure results in low U-Th
blank levels. Procedural blanks were measured regularly
and six-month average values were 0.02 £ 0.01 pmol **%U,
0.002 £ 0.002 pmol  ***Th, and 0.0003 + 0.0003 fmol
29Th. For the young coral and stalagmite samples with
ages less than 500 yr and low **’Th content, the procedural
232Th and 2*°Th blanks are as low as 0.0005 = 0.0005 pmol
and 0.0002 4 0.0001 fmol, respectively, which is 2-2.5 times
lower than previous values (Shen et al., 2008; Ludwig et al.,
2011). The low 2*°Th blank corresponds to an age error less
than 4+ 0.1 yr for 0.5 g late Quaternary coral samples.

2.4. Instrumentation
2.4.1. Instrumental settings and abundance sensitivity

A high resolution MC-ICP-MS, Thermo Fisher NEP-
TUNE housed at the High-precision Mass Spectrometry

and Environment Change Laboratory (HISPEC), National
Taiwan University, was employed, equipped with eight mo-
vable Faraday cups, one fixed central cup, one MasCom
secondary electron multiplier (SEM), SEV TE-Z/17, and
four multiple ion counters. The initial kinetic energy spread
of ions was reduced to ~5¢eV with a grounded platinum
guard electrode, decoupling the plasma from the load coil,
in the plasma interface. A retarding potential quadruple
lens (RPQ), acting as a selective filter for ions with dis-
turbed energy or angle in front of the SEM can be tunable
to improve abundance sensitivity. The MC-ICP-MS was
operated at low resolution (M/AM =400). Radio fre-
quency (RF) power was set at 1100-1200 W. Argon flow
rates were set at 16 L/min for the plasma gas, 0.8-1.0 L/
min for the auxiliary gas and 0.7-0.9 L/min for the sample
gas. The detailed instrumental description is available in
Wieser and Schwieters (2005).

A dry introduction system, Cetac ARIDUS, with a PFA
ESI-20 or ESI-50 nebulizer was used. Sample solution up-
take rate was 20-70 pL/min. Combined with an X-shape
skimmer cone overall sensitivity (ion detected/atom intro-
duced) was enhanced up to 1-2%. A ***U (**°U) ion beam
of 0.4-0.8 V (1.8-3.6 x 10° cps) could be generated by 1-
ppb U with an uptake rate of 50 pL/min. The observed
UH"/U" and ThH'/Th ratios are in the range of 107’
and UO"/U" and ThO"/Th* ratios are 1-2%. Tempera-
tures of the spray chamber and desolvator were set at
110°C and 160 °C, respectively. An optimal condition
was given with a sweep Ar flow rate of 4-6 L/min and a
N, gas flow rate of 5-25 mL/min.

Different sources of background noise and interference
affect ICP-MS systems (e.g., Shen et al., 2002). The dark
noise of the multiplier was 0.01-0.05 cps. Using the ARI-
DUS nebulization system, the instrumental memory blank
was about 0.01-0.04%, from previous sample with a 5-10-
min clean step. For routine isotopic measurements, instru-
mental blanks were only about 0-0.1 cps at 234, 01 cps
at 233 and 236, and 30-50 cps at 235. They were measured
and corrected off-line (Shen et al., 2002). The whole intro-
duction system should be cleaned or replaced when switch-
ing from Faraday cup protocols to SEM protocols. For
examples, after running samples with high ***U-***U ion
beams of 10-100s mV for hours, the background at 233
and 236 could be up to 10-20 cps for a 2.3 V->*3U case of
determining sensitivity abundance using unspiked NBL-
112A shown in Fig. 1. The polyatomic interference of 3—
20 cps, from organics or complexes, was observed at 0.35
atomic mass unit (amu) lower than U-Th isotopic masses.
The isobaric polyatomic background is ~0.8 cps for
229Th, 232Th, 2**U, #*°U and 2*°U (Fig. 1), and less than
0.05 cps for 2°Th and ***U. Another spectral background
is related to the abundance sensitivity, which should also
be corrected.

The degree of abundance sensitivity depends on vacuum
conditions (Shen et al., 2002). Without the RPQ energy fil-
ter, the vacuum spectral background is mainly from 2*¥U
tailing for U (e.g., Shen et al., 2002; Ball et al., 2008).
235U makes a significant contribution to the baseline over
the mass interval 235.5-236.5. The abundance sensitivity
of 23U with 2-50 V is about 2-3 ppm at m/z = 237.04,
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Fig. 1. The intensity ratios of counts at masses 232.4-237.7 to 28U
ion beam of 2.3V (black lines) and 48 V (gray lines) with RPQ
(solid lines) and without RPQ (dashed lines), for unspiked U
standard NBL-112A solution. With the RPQ set to 80-85%
transmission, the abundance sensitivity of 2*U can be improved
from 1-0.1 to 0.1-0.001 ppm at 2-5 amu differences. It is notable
that polyatomic interferences, 1-10 cps, exist at low-mass sides of
masses 234, 235, and 236. For the 48 V->33U case, the intensity of
25U jon beam, 2 x 107 cps, was not measured on SEM.

0.4-0.7 ppm at 236.05, 0.2-0.3 ppm at 235.04, 0.2 ppm at
234.04 and 0.1 ppm at 233.04 (Fig. 1). The spectral back-
ground from 2*Th at low mass domain, following an expo-
nential function, is 3-4 ppm at 231.03, 0.5-0.8 ppm at
230.03 and 0.2-0.3 ppm at 229.03. With the RPQ set to
80-85% transmission, tailing contributions were only 0.2—
0.3 ppm at 1 amu difference and 0.02-0.04 ppm at 2 amu
difference for 2**U, and 0.3-0.4 ppm and 0.04-0.06 ppm
respectively for 2*Th.

2.4.2. Non-linearity characteristics of SEM

Precise and accurate isotopic determination requires a
full understanding of SEM mass and intensity biases. Mass
bias is offset from the true isotope ratio due to different
SEM response related to different isotopic masses (Cheng
et al., 2000). Its behavior is similar to mass discrimination
and can be described by an exponential law (Cheng et al.,
2000; Shen et al., 2002). There are three reported types of
intensity biases. The first bias is related to multiplier dead
time, which can be obtained with a precision of +0.2 ns
by measuring 2**U/?***U ratios in the diluted aliquots with
different >**U intensities of 0.3-1.5 x 10° cps of the same
spiked uranium standard solution (Shen et al., 2002). The
second intensity bias is an offset from the true ratio associ-
ated with beam intensity differences between isotopes,
which can be corrected using an exponential function
(Cheng et al., 2000; Shen et al., 2002). The third bias, re-
lated to the non-linearity of SEM output across the dy-
namic range, is observed for the previous ETP and
MasCom SEMs and can be compensated with empirical
algorithmic correction methods (Richter et al., 2001,
2009; Hoffmann et al., 2007). The second and third biases
cannot be noticed for the latest updated MasCom SEM
with an enlarged first discrete dynode (Figs. 2a and 3a).

Additional biases, different from the reported intensity
bias in Cheng et al. (2000) and Shen et al. (2002), were ob-
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Fig. 2. Evaluation of non-linearity of the NEPTUNE SEM.
Without the RPQ turned on, the normalized measured 25y /28U
ratios did not vary with >*°U intensities from 10? to 10° with
different instrumental settings on (a) June 04 (large circles) and
June 10, 2007 (small circles). With the RPQ on, additional permil-
level non-linearity characteristics at low- and high-intensity were
variable with different instrumental settings on (b) June 03 and (c)
June 09, 2007 (gray symbols). The apparent intensity biases can be
fully corrected (black symbols) with empirical functions (see text).

served in our system. They were evaluated with the RPQ on
and off by comparing the measured >**U/?*®U ratios at dif-
ferent count rates. Ion beams of >**U on a Faraday cup and
25U on the SEM were measured simultaneously with 2*°U
intensities spanning from 500 cps to 1.4 x 10° cps in differ-
ent diluted aliquots of uranium standard NBL-112A solu-
tion. The SEM yield drift was corrected with a precision
of £0.3%, by running a bracketed standard aliquot with a
constant 2*°U intensity of 1-2 x 10° cps. The measured
B5U/2*8U atomic ratios were normalized to the ratio with
the 2*°U intensity of 1 x 10° cps.

There is no difference between measured >>>U/**U ra-
tios with the RPQ off (Fig. 2a). The measured >**U/***U ra-
tio changes distinguishably with the RPQ on (Fig. 2b and
c). The intensity bias at count rates >10° cps, following
the dead time characteristics (Hayes and Schoeller, 1977),
is called apparent dead time. An additional dead time of
a few nanoseconds can be applied to compensate for this
bias. The exponential-function intensity bias at count rates
<10° cps can be corrected with an empirical logarithmic
algorithm, modified from Richter et al. (2001): Ceorr = Cpnpa
{1 — m[log(Cpra) — Log(Cn)]}, where C.o denotes the
corrected count rate, Cp,.q the measured count rate, and
Cy is the 10° cps base frequency for correction (Fig. 2b
and c).

The additional non-linear SEM behavior is not observed
for TIMS (e.g., Cheng et al., 2000). It is likely caused by the
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Fig. 3. Uranium isotopic measurements of under-spiked NBL-
112A standard solutions. (a) No distinguishable offsets of deter-
mined **U/*3U from gravimetric values and (b) no significant
difference between ***U/**®U ratios with different under-spiking
ratios of 2°U/*3U =411-4750 and 30-4750, respectively. This
demonstrates the validity of the double-spike techniques and SEM
non-linearity correction methods. Precision offered by the devel-
oped MC-ICP-MS techniques is better than the previous ICP-SF-
MS methods with no energy filter, especially for under-spiked
standard solution (solid symbols, Shen et al., 2002).

slightly defocused ions with a wide kinetic energy spread of
~5 ¢V in the ICP source, 10 times broader than the TIMS
thermal ion source, passing through the RPQ lens to the
SEM, which is installed behind the focal plane.

During the daily measurements with the same settings
for the inlet system, source lenses, zoom optics, and RPQ,
the rate-effect parameter, m, did not change. When the
instrumental settings were re-tuned, m was observed to vary
slightly. The variation of the parameter was from +0.001 to
—0.002 over the course of 27 months during January 2008
to March 2010. To evaluate the validity of SEM non-linear-
ity correction methods, U isotopic compositions of aliquots
of standard NBL-112a, spiked with various 2*°U/***U ra-
tios of 10-4750, and the in-house standard CAVE-1,
over-spiked with a 235U/?3U ratio of 5.6, were determined.

2.4.3. Data acquisition protocol and data processing

With the RPQ on, the tailing background at 236.05 amu
over the **U signal ratio is 0.03-0.3%,, insignificant for U
isotopic measurements with spiking ratios of 2**U/?*U of
10-100. The significant 2*°U tailing background correction
of >0.99, is necessary for isotopic determination of sample
uranium with an under-spiked 2*°U/?**U ratio >300. The
spectral background at 236.44 amu was, therefore, mea-
sured to correct for the tailing background at 236.05 amu
with an empirical ratio of 0.43. A scan cycle of 2.5-2.6s,
including idle time, was used to measure beam intensities
of U (0.40s), 2**U (1.00s), 2°U (0.26'5), *°U (0.40 s)
and at 236.44 amu (0.26s). For the under-spiked sample
U, integration time of 23U and ?*°U was increased.

For Th isotopic measurements, the background signals
at half masses were not measured for samples with
239Th/?32Th atomic ratios of >1073; however, the >*>Th tail-

ing background was still corrected based on the determined
abundance sensitivity. To measure >**Th content with a
precision of 1-2%, for samples such as igneous rocks, terres-
trial and marine sediments, and surface seawater that have
230Th/?2Th atomic ratios <107%, the signal at 230.53 amu
was monitored to correct for 2*2Th tailing background with
an empirical relationship. The variations of tailing charac-
teristics result in a trivial uncertainty of <0.29, on Th iso-
topic measurements. A scan cycle of 2-4 s, including idle
time, was used to measure beam intensities of ***Th
(0.26-1.0's), 2°Th (1.0-2.0s), and ***Th (0.26s), and at
230.53 amu (0-0.26 s).

Routine sequencing of sample U-Th measurements fol-
lowed the method described in Shen et al. (2002). Th frac-
tion was first measured 10-15 min (100-400 cycles) and
then the counterpart U fraction 15-20 min (300-500 cy-
cles). Between measurements, introduction system was
cleaned with 1% HNOj3 (4+0.05% HF) 4 min and instrumen-
tal blanks were measured 2 min. The total U-Th instrumen-
tal time was 30-45 min for each sample. Sample **Th and
25U intensities were adjusted to <1.2 x 10° cps. For sam-
ples with low 230Th/32Th ratios, 107°-107°, beam intensi-
ties of >*Th and *°Th of an additional concentrated Th
solution were measured to obtain high-precision
230Th/??°Th ratio and [>*°Th]. To correct for mass discrim-
ination and mass bias, measured U-Th isotope ratios were
normalized to *U/?**U value using an exponential law
(Shen et al., 2002). Before and after all sample measure-
ments each day, spiked NBL-112A aliquots with a 2*°U
intensity of 1.0-1.5 x 10° cps were analyzed. The values
of apparent dead time and rate-effect parameter were ob-
tained by correcting the measured 2*°U/**U  and
B4U/*U ratios to the values earned with our Faraday
cup protocols, developed by Cheng et al. (2012b). A dy-
namic jumping mode with three steps at 234.5, 236.0, and
237.0 amu, was used for U isotopic measurements. The
two steps with 234.5 and 237.0 amu were measured on
SEM with the RPQ off to obtain tailing backgrounds.
The step at 236.0 amu was used to simultaneously measure
ion beam intensities of 2**U, 2**U, #*°U, and *°U with
10" Q resistors, and 2**U with a 10'° Q resistor. The mea-
sured NBL-112A 6**U is —38.6%, equivalent to —37.0%,
using the previous 2**U half-live value (Cheng et al.,
2000). For Th isotopic measurements, Th fraction was ad-
mixed 2*U-2*°U spike, used to correct for mass discrimina-
tion. The ion beams of 2**Th, 2*°Th, 2*Th, 2**U, and >*°U,
were determined in static mode. Detailed methodology is
described in Cheng et al. (2012b).

The SEM biases, spectral background, instrumental
blanks, mass discrimination, and errors associated with
quantifying the isotopic composition in the spike solution
were calculated in an off-line data reduction process, mod-
ified from Shen et al. (2002). The wvalidity of using
26U/*3U measurement to correct for the following Th
mass discrimination was verified using different in-house
Th standards. Decay constants used are 9.1705 x 1076 yr™!
for 2°Th and 2.8221 x 10~®yr~! for ?**U (Cheng et al.,
2009, 2012b), and 1.55125 x 107" yr~" for U (Jaffey
et al., 1971). Uncertainties in the U-Th isotopic data and
230Th dates given in this paper are calculated at the 20 level
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or two standard deviations of the mean (24,,) unless other-
wise noted.

2.4.4. Determination of **3U content

The sample 2*®U concentration ([**U)) is calculated
from [*>*U] measurement and a known **U/?**U atomic ra-
tio, determined with cup-protocol techniques. If 228U/ U
is not available, the precision and accuracy of U-series chro-
nologies could be compromised by 2*3U/?*°U variability
(Stirling et al., 2007, Weyer et al., 2008; Brennecka et al.,
2010). A range of 1.39%, was reported in natural samples,
such as basalts, granites, seawater, river water, corals, spele-
othems, sediments, and ferromanganese crusts (e.g., Stirling
et al., 2007; Weyer et al., 2008). Based on a new isotopic
standard, IRMM-074/10 with a 2®U/**U ratio of
1.000259 (Richter et al., 2009), the mean 2*3U/?**U value
is 137.818 for terrestrial materials (Hiess et al., 2012). This
value with an uncertainty of +0.65%, (Stirling et al., 2007;
Andersen et al., 2008; Weyer et al., 2008; Hiess et al.,
2012) is suggested to be applied for [***U] calculation if
the 2*U/?*U ratio is unknown.

For samples with trivial 2**U/*°U variation, a small
uncertainty of <#1%, can be applied. 28U/**>U ratios of
modern and fossil corals and of seawater samples, for
example, are consistent within epsilon-level errors (Stirling
et al., 2007; Andersen et al., 2008; Weyer et al., 2008).
For this case, marine carbonate [***U] can be calculated
from [>*°U]. Speleothem ***U/***U ratios vary over 1%, be-
tween caves worldwide, but only less than +0.29/, within a
single cave (Cheng et al., 2012b). A cave-specific 28U/>*U
ratio, determined by cup measurement, with an uncertainty
of +0.2%,, can be applied for [>**U] calculation.

3. RESULTS AND DISCUSSION
3.1. Isotopic determination of under-spiked NBL-112A

Determinations of 2>>U/**U and ***U/?*®U of different
under-spiked NBL-112A aliquots are plotted in Fig. 3. For
both 2*¥U/?**U and 2*U/*¥U ratios, the between-run pre-
cisions are similar to, or better than within-run values. This
observation indicates that all uncertainties are accounted
for, and that the internal error is an accurate measure of
the true uncertainty.

No distinguishable offsets of measured ***U/***U ratios
from gravimetric values for *°U/?3U = 411-4750 show
that non-linear SEM characteristics are fully described.
The determined ***U/***U atomic ratios of different aliquots
with diverse under-spiking ratios of 23°U/?**U = 30-4750
are consistent within analytical error (Fig. 3b). The results
clearly reflect the accuracy of our developed techniques. In
addition, the consistency between measured and gravimetric
B5U/2BU values for different spiked aliquots indicates that
our technique can be used to accurately analyze Th for sam-
ples with diverse >**Th/***Th ratios.

3.2. Precision and long-term reproducibility

Long-term performance was evaluated by running dif-
ferent diluted aliquots of a spiked NBL-112A solution over

a 19-month period, from January 2007 to July 2008 (Fig. 4).
Within-run precision is as good as +0.3%, for 2°U/**U
and +0.7%, for 2*U/?°U. 2**U/?*®U ratios were calculated
using our measured **U/?°U ratio of 137.834 4 0.021 gi-
ven in Richter et al. (2010). After error propagation, inter-
nal precision ranges from +0.4-1.7%, on **U/**U and
+0.8-2.7%, on 2*U/**U by running different ***U intensi-
ties of 0.1-1.7 x 10° cps with various sample sizes of 0.2—
8ng of U (Fig. 4). No significant difference in isotopic
determinations between different intensities for both
B35U/ABU and 2**U/*8U further verifies that the additional
SEM biases with RPQ turned on have been corrected effec-
tively. The long-term measured 2**U/***U atomic ratio of
52.88 4+ 0.09 x 107° is consistent with values with the Far-
aday cup protocol and on ICP-SF-MS (Shen et al., 2002).

The duplicated isotopic measurements of NBL-112A
show that external precision agrees with internal precision
(Fig. 5). It also suggests that the reproducibility of the U
isotopic measurements mainly follows counting statistics
and uncertainty sources during the instrumental analysis.
With known 2*¥U/**U ratios, samples of 200 fg of **U
(4 ng of *¥U) can give precisions of 1%, for 2**U/**U ra-
tios and 0.5%, for [>*¥U]. If 23U/?*°U is not available, the
natural uncertainty of +0.659, (Stirling et al., 2007; Ander-
sen et al., 2008; Weyer et al., 2008; Hiess et al., 2012) should
be propagated in the calculations of 23*U/?**U ratio and
23y,

3.3. Uranium in HU-1 and CAVE-1

Determined 6%*U values of HU-1 and CAVE-1 are
plotted in Fig. 6. Similar to NBL-112A, HU-1 samples with

Long-term reproducibility with 0.2-8 ng of U

13.3

523y atomic ratio

53.0

1
]
N
2]

2428y atomic ratio (x 10°)

0.0 0.5 1.0 1.5 2.0
25" intensity (cps x 10°)

Fig. 4. Long-term reproducibility of (a) 2°U/*?3U and (b)
234U/238U ratios on aliquots with different 23°U ion beam intensities
of 0.2-1.7 x 10° cps for a spiked U standard NBL-112A solution
over a course of 19 months (January 2007-July 2008). Dashed lines
denote the overall external 2-sigma ranges.
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generally lie on a 1:1 line, indicating that uncertainty sources have
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Fig. 6. 6***U determinations of (a) HU-1 and (b) CAVE-1 by
TIMS (triangles), ICP-SF-MS (solid squares) (Shen et al., 2002),
ICP-Q-MS (hollow squares) (Shen et al., 2006), and MC-ICP-MS
(circles) (this study).

4 ng 2%U (200 fg 22*U) can give an internal precision of 1%,
With the 3.6-times >**U abundance in CAVE-1, only 2 ng
238U (400 fg 2**U) is required for 2**U/**8U determinations
with an internal precision of +0.7%,. 6***U determinations
of the two standards measured by this SEM protocol are
not significantly different from two previous [CP-MS meth-
ods (Shen et al., 2002, 2006), and TIMS technique (Fig. 6).
For example, the 524U results, calculated with a 2*%U/?°U
ratio of 137.76 determined by Faraday cup protocols,
for HU-1 are —0.7 £ 1.2 by MC-ICP-MS, —0.1 &+ 1.4 by
ICP-SF-MS and —0.6 & 0.6 by TIMS.

3.4. Thorium in-house standard measurements

Concentrations of 2**Th and 2*°Th, and **Th/?**Th ra-
tios for three Th standards were measured. Th-1, Th-2 and
Th-10 all have low 2*°Th/*?Th ratios, at 2.222 +
0.007 x 1076, 3.651+£0.010 x 107, and 16.13 4+ 0.04 x
107, respectively. The concentration and isotopic data
from MC-ICP-MS, ICP-SF-MS, and TIMS measurements
are all consistent with gravimetric values within error
(Fig. 7). This indicates the MC-ICP-MS technique can be
accurately applied to determinations of isotopic composi-
tion and concentration for low 2*°Th/?**Th samples. Only
50 fg 2*°Th are needed to obtain a precision of 2-5%, for
both [>**Th] and **Th/**>Th (Fig. 7b and c). On ICP-SF-
MS, errors from tail corrections and counting statistics
are significant for 2*°Th/?**Th <6 x 107°, such as Th-1
and Th-2 (Fig. 7b and c; Shen et al., 2002). On MC-ICP-
MS with energy filtering, the precision is dominated by
countin% statistics, even with 2°Th/>*?Th ratios as low as
2x 107",

3.5. 20Th-34U-238U of old carbonate samples

Results from replicate analyses of six subsamples of
flowstone WM1-H1 (40-98 mg with 2-3 ppm >*¥U), are gi-
ven in Table Al and Fig. 8. Replicate measurements of
4U/*U and 2°Th/>®U values are consistent within er-

10l a [**Th]
of —ofn ol ofa
-10 A TIMS
b [230Th] m  |CP-SF-MS
- O MC-ICP-MS | - 2

L 1 -10

Offset from gravimetric value (94o)

20
10 |
| &
10 - 1
20 F — - —
Th-1 Th-2 Th-10
2.22 3.65 16.10

Z0Th/**2Th atomic ratio (x 10°)

Fig. 7. Measurements of (a) [*2Th], (b) [*Th], and (c)
230Th/?2Th ratio for three Th standards with low **°Th/**2Th
atomic ratios of 2-16 x 107¢ (open circles). The data for three Th
standards from measurements of TIMS (triangles), ICP-SF-MS
(squares) (Shen et al., 2002), and MC-ICP-MS (circles) (this study)
are all consistent within error. The observation of no significant
offsets of measured data from gravimetric values demonstrates the
accuracy of this methodology.
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Fig. 8. Measurements of (a) 2**U/***U and (b) **Th/>*®U ratios for one old speleothem, WM1-H1 (solid circles), and two secular-equilibrium
samples, MO-1 (solid triangle) and Kr-3 (solid diamond). For WM1-H1 measurements, the external uncertainty (gray lines) is comparable
with the internal error. The 2**U/**8U and 2*°Th/?*®U of WMI-H]1, Kr-3 and MO-1, from measurements of 1% -precision SEM protocol and

0.29,,-precision Faraday cup methods (hollow symbols), are all consistent within error.

ror. The external uncertainties of +0.047 x 107 and
+0.015 x 107° for **U/***U and ***Th/***U atomic ratios
are comparable to the internal uncertainties of 40.047-
0.071 x 107® and  40.014-0.018 x 107°,  respectively
(Fig. 8). The weight-averaged activity ratios of >**U/***U,
0.9996 + 0.0004, and ***Th/>**U, 0.9999 = 0.0004, are con-
sistent with cup-protocol values, 0.9997 4+ 0.0002 and
0.9997 £ 0.0002, respectively (Fig. 8). This correspondence
demonstrates the overall accuracy of the chemical and
instrumental techniques described here. For the two secular
equilibrium carbonates, MO-1 (400 mg with 0.94 ppm
28U) and Kr-3 (420 mg with 2.2 ppm **U), the measured
activity ratios of 24U/?*®U and »*°Th/***U with 0.9-1.0%,
precision match cup-protocol values (Fig. 8).

3.6. 2°Th dating on coral and speleothem examples

20Th dates of coral and speleothem subsamples mea-
sured by MC-ICP-MS and ICP-SF-MS (Shen et al., 2002)
are given in Tables A2 and A3 and plotted in Fig. 9. Only
200-400 mg of modern and fossil coral subsamples are
needed to provide age precision of +0.3 yr for an 8.8-yr-
old modern coral and +17-19 yr for a 6.9-kyr fossil coral
by MC-ICP-MS (Fig. 9a), superior to precisions of
40.6 yr and £+24-25yr measured using ICP-SF-MS on
700-1500 mg-sized samples.

To date speleothems with [U] of 4-16 ppm and 2*’Th
levels of 2000-6000 ppt, 2-sigma age errors are +29, +86,
4252, and 4+378 yr for samples with ages to 8.6, 23.6,
58.0, and 111 kyr, respectively, using MC-ICP-MS with
only 30-120 mg carbonate consumed. The dates agree with
those determined with ICP-SF-MS using 150-300 mg car-
bonate (Fig. 9b). The two data sets are all consistent within
error and provide further evidence that high-precision U-
Th isotopic measurements can be achieved with MC-ICP-
MS using small samples.

3.7. High-precision and high-resolution age models

U-Th isotopic compositions of sixteen subsamples from
four layers of a living Porites coral head, ST0506, were ana-
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Fig. 9. Comparison of 2**Th ages determined on ICP-SF-MS
(squares) (Shen et al., 2002), and MC-ICP-MS (circles) (this study)
for (a) a modern, Coral-M, and a Holocene, Coral-F, coral Porites,
and (b) four speleothem subsamples, YK2-1, YK2-2, YK2-4, and
YZ2-07-2, with ages from 9-1.1 x 10° yr. There is no significant
difference between data by the two techniques.

lyzed with MC-ICP-MS and ICP-SF-MS (Shen et al., 2002)
(Table A4). The **Th dates were corrected using the site-
specific initial 2°Th/**’Th ratio of 3.20 £0.32 x 107°
(Shen et al., 2008). For these layers with ages <20 yr, only
170-360 mg carbonate was required to achieve a dating pre-
cision of +0.8 yr by MC-ICP-MS techniques. In contrast, a
sample size of 490-930 mg is necessary to achieve the same
precision with ICP-SF-MS methods. Above the hiatus, the
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two mean >*°Th dates of AD 1998.21 +0.45 and AD
1996.15 + 0.52 are consistent with dates of AD 1998.3—
1998.6 and AD 1996.3-1996.6, respectively, estimated with
density-band counting and geochemical proxy records
(Fig. 10). Below the hiatus, the two mean ***Th dates of
AD 1990.45 + 0.54 and AD 1987.59 4+ 0.43 and the coral
Sr/Ca record constrain the occurrence of the discontinuity
to sometime after the summer of 1991 and likely the last
2-3 months at most, probably in the summer to fall of 1991.

Nineteen subsamples, 1 mm in width and 30-60 mg in
weight, from a short depth interval (54-81 mm) of stalag-
mite Hiro-1 were drilled for high spatial resolution >*°Th
dating (Table 1 of Shen et al., 2010). An average 2-sigma
precision of £70 yr (or 0.5%) was earned on ages from
7.88 to 15.81 kyr for the subsamples with [2*U] of 0.24—
0.78 ppm (Fig. 11). Duplicate 2°Th dates for coeval subs-
amples at depths of 60.8, 75.0, and 81.0 mm, and all ages
in stratigraphic order show the robust methodology
(Fig. 11). With this high-resolution *°Th dating the time
spans for the two hiatuses at depths of 55.0 mm and
65.4 mm are precisely determined. The hiatuses would be
difficult to be detected if wide subsampling width were re-
quired. A reliable age model can be established for this
depth window with slow growth rates of 5-15 mm/kyr
using the techniques described here.

3.8. Advantages and disadvantages of SEM protocol
techniques

Compared to the ionization-transmission efficiencies of

0.2-2%, on TIMS (e.g., Cheng et al., 2000) and 1-29, on
ICP-SF-MS (Shen et al., 2002), the developed MC-ICP-

239Th age (AD)

MS method offers a higher efficiency of 1-2% and allows
for smaller sample sizes. Coupled with the improved abun-
dance sensitivity using the RPQ, the precision offered by the
SEM protocol MC-ICP-MS technique is better than the
previous ICP-SF-MS methods with no energy filter, espe-
cially for wunder-spiked samples (Fig. 3) with low
230Th/*>Th atomic ratios, i.e., <10~> (Fig. 7). Only 1-
4ng U can offer a 2-sigma precision of +1-29%, for
24U/?8U ratios. For high-precision late Quaternary car-
bonate 2*°Th dating, however, 10-100s ng U is required
due to relatively low ***Th abundance.

For 2-3 ppm-U Holocene and Quaternary corals a rou-
tine U-Th isotopic determination at permil-level precision
requires 50 mg of carbonate. Age errors <0.5-1% are possi-
ble for subsamples that are only 1-20 mg in size. A decade-
century-old modern coral can be ***Th-dated with preci-
sions better than 1 yr (Fig. 10) with (1) low [>*?Th] of 10s
of ppt or (2) relatively high [***Th] of 100-1000s of ppt
and an initial 2°Th/?*?Th variation of only 10-20%. This
high-precision 2*°Th dating can be applied to living corals
with banding discontinuities, equatorial-zone corals with
intrinsically small seasonal geochemical cycles and obscure
density banding, and dead coral heads and fossils without
absolute ages (Shen et al., 2008). The coral-inferred climatic
anomalies and environmental events at the same site or dif-
ferent regimes can then be well-dated, spliced, coupled and/
or compared, providing accurate data for retrospective
understanding of global change (e.g., Cobb et al., 2003;
Shen et al., 2005; DeLong et al., 2012). In addition, high-
precision *°Th dating in corals can provide a chronological
tool to identify past abrupt events, such as earthquakes in
subduction-zone settings (e.g., Taylor et al., 1990; Sieh
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Fig. 10. 23°Th dates with precisions of +0.4-0.5 yr of four layers, two above and two below a hiatus (red dotted line) at 13.5 cm from the top
of a modern coral head, ST0506, collected from Son Tra Island, central Vietnam. An age model is built using the **Th dates, coupled with (a)
Sr/Ca and (b) Mg/Ca records and density banding (gray-white vertical bars). The discontinuity is suggested to last 2-3 months at most in

summer-fall of 1991.
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Fig. 11. (a) Photo of a 13 cm-long Japanese stalagmite, Kiro-1. (b) Enlarged section, 54-81 mm, with 19 subsamples from 16 layers for >*Th
dating. (c) Age model, established with the 2>°Th dates with precisions of £0.5% (vertical error bars). Horizontal bars represent the widths of

drilled subsamples.

et al., 1999, 2008), long-term variability in the occurrence of
tropical cyclones (e.g., Nott and Hayne, 2001), and giant
tsunamis (e.g., Frohlich et al., 2009; Gong et al., 2012).

For century-old speleothem samples with ppm-level U, a
29Th age precision of +1 yr is achievable (Zhang et al.,
2008). The small sample size requirement is particularly
important for high-resolution dating of slow growth-rate
samples. For speleothems containing 0.1 ppm >**U age er-
rors of 1-2% are routinely achievable for subsamples that
are <100 mg in size. Comparable precision by ICP-SF-
MS and TIMS typically required 5-50 times the sample
size. High-resolution 2*°Th dating will also be possible for
sclerosponge (e.g., Swart et al., 2002).

Disadvantages include the non-linearity of SEM behav-
ior with the RPQ turned on, which was not observed in
TIMS and ICP-SF-MS. Fortunately, the additional inten-
sity biases can be corrected using empirical formulas (Sec-
tion 2.4.2). The intensity of ***U ion beam could not be
measured with our proposed SEM-only protocols. Proto-
cols involving combined use of Faraday cups and SEM
(e.g., Ball et al., 2008; Sims et al., 2008) can be used to over-
come this obstacle; however, SEM yield correction should
carefully be addressed. Due to high sensitivity, spectral
interferences in MC-ICP-MS are 3-10 times higher than
those in ICP-SF-MS. Additional oxidation steps
should be taken to effectively remove organic material
(Section 2.3) or the accuracy of the measurements may be
compromised.

4. CONCLUSIONS

To precisely 2*°Th-date small coral and speleothem car-
bonates a technique for determination of U-Th isotopic

compositions and concentrations on MC-ICP-MS with
SEM protocols has been developed. A series of long-term
measurements of reference materials show that the analyti-
cal precision approximates counting statistics. This high-
sensitivity technique allows small sample sizes, as low as
1-100 mg carbonate samples with sub-ppm-to-ppm U,
and capacity for precise measurement of low Th samples,
such as young corals and speleothems. The given examples
of high-precision and high-resolution age models for a
modern Porites coral with a hiatus and a stalagmite with
slow growth rates indicate that our MC-ICP-MS tech-
niques can offer precise and accurate calendar ages to com-
bine with geochemical proxy records in coral, speleothem,
and other carbonates for paleoclimatic and paleoenviron-
mental applications.
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Table Al

Duplicate U-Th isotopic measurements for old speleothem carbonates, WM1-HI, MO-1, and Kr-3.

Sample Z}SU Z}ZTh ZSK!Th/ZEZTh 234U/218U 234U/218U ZSUTh/ZBSU ZSUTh/Z}XU

1D ppb ppt Atomic ratio, x 10°° Atomic ratio, x 10°° Activity ratio® Atomic ratio, x 10°¢ Activity ratio

WMI1-Hla 20,923 + 13 4338 +23 795,699 + 4244 54.953 4+ 0.049 0.99969 + 0.00089 16.927 +0.016 1.00068 + 0.00094

WMI-HIb 18,400 + 11 802.7+3.0 377,804 £ 1435 54.987 4 0.049 1.00031 =+ 0.00089 16.909 + 0.018 0.9996 + 0.0011

WMI1-Hle 17,587 + 10 261.5+22 11,08,620 + 9469 54.928 4 0.047 0.99924 + 0.00086 16.912 +0.015 0.99980 + 0.00089

WMI-H1d 30,445 + 18 1189.7+1.8 421,775 + 676 54.923 4 0.058 0.9991 £ 0.0011 16.909 + 0.014 0.99962 + 0.00083

WMI-Hle 27,026 + 18 2293+ 1.2 19,42,534 + 10,250 54.935 4+ 0.071 0.9994 +0.0013 16.907 + 0.015 0.99951 + 0.00086

WMI-HIf 23,401 + 13 11279+ 1.9 342,124 + 596 54.940 £+ 0.055 0.9995 +0.0010 16.918 +0.014 1.00012 =+ 0.00080

MO-1 936.93 + 0.46 4.81£0.29 32,10,483 £ 192,394 54.963 +0.055 0.9999 + 0.0010 16.915 £ 0.018 0.9999 £ 0.0011

Kr-3 22494 + 1.1 88.31 £0.29 420,170 £ 1417 54.999 + 0.050 1.00053 + 0.00090 16.923 +0.016 1.00045 £ 0.00095

Table A2

U-Th isotopic compositions and 230Th ages for NTU coral standards, Coral-M and Coral-F, measured by ICP-SF-MS (Shen et al., 2002) and MC-ICP-MS (this study).

Standard ICP-MS 28y 22T 84U [2°Th/?*U] [2*°Th/>*Th] Age Age P * Uil

1D Method ppb ppt Measured” Activity® ppm Uncorrected Corrected®® Corrected”

Coral-M ICP-SF-MS 2534.0+3.6 429.44 + 0.60 1475 +£1.5 0.0001446 + 0.0000054 14.07 £0.53 13.74 £ 0.52 8.99 +0.58 147.5+1.5
MC-ICP-MS 2537.0+£3.4 431.25+£0.45 1454 +£1.6 0.0001430 =+ 0.0000024 13.87+£0.23 13.61 £0.23 8.84 +£0.35 1454+ 1.6

Coral-F ICP-SF-MS 25774 +19 4676.9 +£8.7 143.6 £ 1.0 0.070623 4 0.000241 641.7+25 6942 + 25 6892 + 25 1464+ 1.1
MC-ICP-MS 25748+ 1.4 4679.5+£5.0 1445 £ 1.1 0.070600 £ 0.000173 640.5+ 1.7 6934+ 19 6883 + 19 1473 +1.1

Analytical errors are 2¢ of the mean.
* 67U = (U U Leriviey — 1) x 1000. -
b 67234an‘““| corrected was ca}culated based on **Th age (7), ie., F* Uit = 62_34Ummed x ¢ * T and T is corrected age.
© [“BUTh/BgU]acnvily =1 o 207 4 (37U measurea/ 1000)[ 2230/ (2230 — 2a3a)[(1 — e 20 = #97) where T is the age.
9 The degree of detrital 2*°Th contamination is indicated by the [>**Th/?**Th] atomic ratio instead of the activity ratio.
¢ Age corrections were calculated using an 2*°Th/?**Th atomic ratio of 4.86 (40.27) ppm (Shen et al., 2008).

98-1L (T107) 66 ¥IOV EONUIGOOWSO)) 1 EIIWIYI0ID) /6 10 WS DD

18



Table A3
U-Th isotopic compositions and 2**Th ages for speleothem subsamples measured by ICP-SF-MS (Shen et al., 2002) and MC-ICP-MS (this study).
Sample ICP-MS Weight  2%U 232Th L) [23°Th/?*¥U] [3°Th/>?Th]  Age Age 3 *Uhnitial
1D Method g ppb ppt Measured® Activity® ppm¢ Uncorrected Corrected™® Corrected®
YK2-la ICP-SF-MS 0.1467 16,224 + 68 4124 + 11 292424 0.07817 £ 0.00043 5070 £ 22 8610 + 53 8604 + 53 299+24
YK2-1b MC-ICP-MS 0.0424 14,985 + 26 5994 + 28 425+22 0.07936 + 0.00022 3271+17 8629 + 31 8619 + 31 43.5+£22
YK2-2a ICP-SF-MS 0.1545 10,041 + 31 4604 + 17 278 £2.6 0.2011 £ 0.0011 7229 +43 23,717 + 161 23,705 + 161 29.7+£2.7
YK2-2b MC-ICP-MS 0.0275 9599 + 15 5719 + 107 343+1.8 0.20133 + 0.00062 5571 + 105 23,577 +94 23,562 + 94 36.7+2.0
YK2-4a ICP-SF-MS 0.2593 3988 + 17 2970.1 +8.3 114.5+2.7 0.4635 +0.0024 10,263 + 42 58,018 4438 58,001 + 438 134.8 +£3.2
YK2-4b MC-ICP-MS 0.0607 4140.8 £7.6 2704 + 19 118.6 £2.5 0.4638 +0.0013 11,712 + 87 57,760 + 277 57,744 + 277 139.6 £2.9
YZ2-07-2a ICP-SF-MS 0.3044 407.42 +0.80 8951 + 21 27852 +59 2.6778 £ 0.0095 2009.6 + 7.5 111,283 + 654 111,162 + 656 3811+ 11
YZ2-07-2b MC-ICP-MS 0.0310 407.61 +0.87 8993 + 25 27759 £ 6.5 2.687 +0.011 2008.4 +9.2 112,321 £ 783 112,200 + 784 3810+ 12
YZ2-07-2¢ 0.0305 407.19 £ 0.87 9006 + 27 2784.0 7.8 2.685+0.010 2001.6 + 8.7 111,790 & 747 111,669 + 748 3815+ 13
YZ2-07-2d 0.0320 407.31 £0.94 8994 + 29 2782.6 £6.5 2.684 £0.011 2003.7+£9.5 111,767 £ 771 111,646 £ 772 3813+ 12
YZ2-07-2¢ 0.0303 407.70 £ 0.91 9009 + 26 2776.9 + 8.8 2.687 +0.013 2005 + 10 112,256 + 929 112,134 4930 3810+ 16
Wt-averaged date 111,690 + 400

Analytical errors are 20 of the mean.
Those are the values for a material at secular equilibrium, with the crustal **Th/?**U value of 3.8. The errors are arbitrarily assumed to be 50%.

02U = (U Uliegviey — 1) x 1000,

® 624U pitiar corrected was calculated based on 20Th age (7), i.e., 0**Uinitial = 0" Upeasurea X €= * 7, and T is corrected age.
N [23”Th/238U]Acuvlly =1 — e 7+ (0" Upneasurea/ 1000)[A230/( 2230 — A234) (1 — e ¥20 = #97) where T is the age.

9 The degree of detrital ***Th contamination is indicated by the [2**Th/***Th] atomic ratio instead of the activity ratio.

¢ Age corrections were calculated using an 2>*Th/?*>Th atomic ratio of 4 (£2) ppm.
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Table A4

U-Th isotopic compositions and **Th ages for subsamples of coral ST0506 measured by ICP-SF-MS (Shen et al., 2002) and MC-ICP-MS (this study).

Subsample  ICP-MS Weight 23U 232Th oP*u [2°Th/?*U] °Th/>Th]  Age 3 *Uinitial Age 20Th
Date

1D Method g ppb ppt Measured®  Activity® ppm¢ Uncorrected ~ Corrected” Corrected®®  AD'
la ICP-SF-MS 0.6246 2504 + 12 1103.3+1.5 1457+1.2 0.0002974 £+ 0.0000051 11.134+0.18 2831 +0.48 145.7+1.2 20.17 £ 0.94
1b 04872 2427+ 11 810.8+1.4 1455+ 1.8  0.0002757 +0.0000037  13.61 £0.18  26.25+0.36 145.6+1.8 20.07 £0.71
lc 0.6181 2528 + 11 10232+ 1.5 1457+ 1.5 0.0002918 +0.0000043 11.89+0.17 27.78 £0.41 1457+ 1.5 20.30 +0.85
1d 0.4945 2485+ 10 12223+2.0 1451+ 1.4 0.0002830 + 0.0000050 9.49 +0.16 2695+047 145.1+14 179+ 1.0

Wt-averaged date 19.76 +0.43  1987.59 + 0.43
2a ICP-SF-MS 0.8176 2592 +11 1553.7+2.7 1454 +1.7 0.0002944 + 0.0000048 8.10 +0.13 28.03+046 1454+1.7 170+ 1.2
2b 0.9258 2700 + 11 12054 +2.6 1455+ 1.5 0.0002673 £+ 0.0000041 9.87 +0.15 2545+0.39 1455+1.5 17.20 £0.91
2c 0.6636 2648 + 11 14813 +23 1462+ 1.5 0.0002771 £ 0.0000046  8.17 +0.13 26.36+044 1462+1.5 16.0 £ 1.1
2d 0.8849 2554+ 11 14932425 1455+ 1.5 0.0002953 +0.0000049  8.33 +0.14 28.11+0.47 1455415 17.3+1.2

Wt-averaged date 16.90 +£0.54 1990.45 + 0.54
3a MC-ICP-MS  0.2511 2059 £+ 11 673.5+1.7 1462+ 1.1 0.0001612 +0.0000079 8.13 £ 0.40 1534 +£0.75 1462 +1.1 93+1.0
3b 0.3303 1847 + 10 700.5+ 1.2 146.0 + 1.2 0.0001755 + 0.0000051  7.63 & 0.22 16.71 £ 0.48 146.0+1.2 9.70 +0.85
3c 0.3584 1900 £ 10 7183+1.2 1433412 0.0001660 + 0.0000049 7.24 4 0.21 15834+047 1433412 8.83+0.84
3d 0.2305 3250 £22 1328.6+3.5 145.1+1.3 0.0001917 £ 0.0000060  7.73 4 0.24 1826 £0.57 1451+13 10.70 +0.94

Wt-averaged date  9.60 + 0.45 1998.21 £ 0.45
4a MC-ICP-MS  0.1655 2133412 632.6 +3.1 1423 £1.6  0.0001818 £ 0.0000076 ~ 10.11+0.42 17.36+0.73 1423+ 1.6 11.87 £0.91
4b 0.2336 1983 £ 11 724 £ 11 143.0£ 1.6 0.0001878 £ 0.0000068  8.47 + 0.31 1791 £0.65 143.0+1.6 11.15+0.93
4c 0.3305 1802.3+9.2 1351.5+4.3 1448+ 14 0.0002625 + 0.0000088 5.77 4+ 0.19 2501+0.84 1448+14 11.1+1.6
4d 0.3233 17953 £89 7943+£22 1473+ 14 0.0002142 £ 0.0000063  7.98 4 0.23 20.36 £0.60 1473+ 1.4 122+1.0

Wt-averaged date  11.66 £+ 0.52  1996.15 £ 0.52
Analytical errors are 2¢ of the mean.

* 57U = (U U Leiiry — 1) % 1000,
® 524U it corrected was calculated based on 2*°Th age (7), i.e., 33 *Uinitial = 0 * U neasured X €24 * 7, and T is corrected age.

¢ 0T/ Ulietviey = 1 — ¢ 7+ (8% Unncasurea/ 1000)[ 2230/ (2230 — Za3a) |1 — ¢” % = %7T), where T is the age.
9 The degree of detrital >**Th contamination is indicated by the [2**Th/?*>Th] atomic ratio instead of the activity ratio.

¢ Age corrections were calculated using an 2**Th/*?Th atomic ratio of 3.2 (+£0.32) ppm (Shen et al., 2008).

f Chemistry date: 2007/04/06 for subsamples from la to 2d, 2007/09/22 from 3a to 4d.
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