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Abstract

This paper outlines the CHIME (chemical Th—U-total Pb isochron method) dating method, which is based on precise electron microprobe
analyses of Th, U and Pb in Th- and U-bearing accessory minerals such as monazite, xenotime, zircon and polycrase. The age-mapping technique that
is applicable to young monazite and zircon is also described. CHIME dating consists of analyzing multiple spots within homogeneous age domains
that show sufficient compositional variation, and then these data are used to construct a “pseudo-isochron” from which an age can be obtained via
regression. This method, when coupled with discrimination of possibly concordant age data by chemical criteria such as the (Ca+Si)/(Th+U+Pb+S)
ratio for monazite and Ca and S contents for zircon, has the potential advantage of significant precision, and the ability to work with minerals that have
a significant initial common Pb component. This technique can identify two or more homogeneous domains that are separated by age gaps smaller
than the error on individual spot age analysis. Many features that are insignificant in major element analysis can have major impact in the acquisition
of trace element data. Critical factors include the roles of collimator slit, detector gas, background estimation, accelerating voltage, probe current, X-
ray interferences and count rate in affecting the accuracy, and a way to apply the Th and U interference correction without pure Th- and U-oxides or
synthesized pure ThSiO,4. The age-mapping procedure for young monazite and zircon includes acquiring PbMa (or PbMP) intensity of individual
pixels with multiple spectrometers, correcting background with background maps computed from a measured background intensity by the intensity
relationships determined in advance of the measurement, calibrating of intensity with standards and calculating of ages from the Th, U and Pb
concentrations. This technique provides age maps that show differences in age domains on the order of 20 Ma with in monazite as young as 100 Ma.
The effect of sample damage by irradiation of intense and prolonged probe measurement is also described.
© 2008 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Chemical dating using the electron probe microanalyzer
(EPMA) has become increasingly popular since the proposal of
the CHIME method which was a novel approach for micron-
scale dating of monazite, zircon and other Th- and U-bearing
accessory minerals (Suzuki et al., 1991; Suzuki and Adachi,
1991a,b). Prior to the CHIME method, chemical mineral dating
on EPMA had been carried out by Cameron-Schimann (1978),
Parslow et al. (1985), Lumpkin and Chakoumakos (1988) and
Bowles (1990). These pioneers had used uraninite, huttonite and
thorite as a target, because these minerals yield large amounts of
Pb during a given time span. Uraninite, huttonite and thorite,
however, are likely to be metamict, and show discordant rela-
tionships in the Th—U—-Pb system. Since the EPMA measures
element concentrations rather than isotopes, it is important that
the analyzed domain has remained closed after formation and as
such the isotopic data yields concordant ages.

Monazite gives essentially concordant U-Pb and Th—Pb ages
(e.g. Burger et al., 1965; Kdppel and Griinenfelder, 1971; Grauert
et al., 1974; Koppel, 1974), and contains little initial Pb compared
with radiogenic Pb (Williams et al., 1983; Corfu, 1988). The con-
cordance in Th—Pb and U-Pb systems has also been noted in
xenotime (Hawkins and Bowring, 1997). Zircon, on the other hand,
often shows a discordant U-Pb relationship (Tilton et al., 1957;
Silver and Deutsch, 1963). Williams et al. (1984) revealed a reverse
discordance: the concentration of radiogenic Pb is higher than what
can be generated by radioactive decay of coexisting U and Th. The
discordance is explained in terms of Pb-loss and gain owing to the
migration of gaseous daughters (Rn) through radiation damage
(Suzuki, 1987a). Schérer and Allegre (1982), however, showed by
the fragment analysis that micron-scale domains within a single
zircon can remain as a closed system. Th- and U-rich accessory
minerals, at least in microdomains, can remain as a closed system,
and are feasible to be dated chemically with EPMA.

Most EPMA dating studies utilize monazite (e.g., Suzuki
et al., 1991; Suzuki and Adachi, 1991a,b; Montel et al., 1996;
Cocherie et al., 1998; Williams et al., 1999, Williams and Jer-
cinovic, 2002; Pyle et al., 2005b; Santosh et al., 2003). This
technique has been also applied to zircon and xenotime (Suzuki
and Adachi, 1991a,b; Geisler and Schleicher, 2000; Asami
etal., 2002, 2005; Biju-Sekhar et al., 2003; Hokada et al., 2004;
Santosh et al., 2003), and baddeleyte (French et al., 2002).
Xenotime and allanite potentially dissolve Pb-bearing end-
members, wakefieldite-Ce ((Ce,Pb)VO,, originally named as
kusuite; Deliens and Piret, 1977) and hancockite ((Ca,Pb,Sr),
(ALFe*")5(Si0,)(Si,0,)(OH); Dunn, 1985). The amount of

these components, however, is negligibly small under favorable
circumstances. Although euxenite—polycrase and allanite tend
to show discordant Th—U—Pb relations, some give reliable age
information (Suzuki et al., 2006). Thus the EPMA dating tech-
nique is now commonly applied to the wide spectra of geo-
logical examples. Articles that use the dating technique are
published by many scientific journals including Gondwana
Research (Nishiya et al., 2003; Santosh et al., 2003, 2004, 2005,
2006a,b,c, 2007; Suzuki et al., 2006; Souza et al., 2006;
Upadhyay et al., 2006; Dunkley et al., 2008-this issue; Kusiak
et al., 2008-this issue; Tetsopgang et al., 2008-this issue).

In this paper, we summarize the critical components of
EPMA chemical dating: (1) the basis of CHIME age calculation
method, (2) hardware configuration including accelerating vol-
tage, beam current, background measurement and correction of
elemental interferences, and (3) protocols for spot by spot
analysis and age mapping. Several other considerations will be
briefly discussed for proper understanding of the appropriate
limitations and the potentials of chemical dating to decipher
chronological aspects of geological processes.

2. CHIME age calculation

Each EPMA chemical dating method is based on the bulk
parent—daughter relation in the Th—U-Pb system. Natural Th
consists mainly of a radioactive nuclide of ***Th and natural U
consists mainly of two radioactive nuclides, **°U and ***U.
These nuclides decay into Pb:

22Th—6 alphas + 4 betas +2% Pb (1a)
#3U—7 alphas + 4 betas +2°7 Pb (1b)
#¥U—8 alphas + 6 betas +2°° Pb. (1c)

The number of atoms of 208Pb, 207pp and 2°°Pb which accumulate
in a time 7 is given in terms of the present-day number of **Th,
23507 and 28U

208phy =22Th {exp(Aast)—1} (2a)
207Pb :235U {exp(/1235t)—1} (2b)
206ppy =280 {exp(Aazst)—1} (2¢)
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where A symbolizes the decay constant of each nuclide; 1,3,=
4.9475x10° "y 2,35=9.8485x107'% y ! and dy3s=
1.55125x107 1% y~! (Steiger and Jiger, 1977). Thorium- and
uranium-bearing minerals contain initial Pb as well as radiogenic:

Total Pb = Pbypiga 4 2°° Pb + 2""Pb 4 2°Pb
= Pbinigar + - Th{exp (Z232f) — 1}
+235U{exp(Aaast) — 1}
+28U{exp (Josst) — 1} (3)

Because the >**U/*°U ratio is 137.88 (Steiger and Jiger,
1977), Suzuki and Adachi (1991a,b) converted the above
equation into:

Total Pb = Pbiyiga + Th {exp(A2320)—1}

—|—U[{CXP(/12351‘) + 137886)([)(/12381)}/138‘88*1].

(4)

If initial Pb is assumed to be zero, we can calculate the age
from a single set of Th, U and Pb concentrations. This assump-
tion, however, is not self-evident.

The CHIME procedure is as follows. We obtain first an ap-
parent age (¢) from each set of the ThO,, UO, and PbO deter-
minations (wt.%) by solving the age equation:

PbO/WPb = (ThOz/WTh)x{exp(lz32t)—l}
+(UO2/Wy)x[{exp(A23st)
+137.88exp(Jasst)}/138.88—1] (5)

where I symbolizes the gram-molecular weight of each oxides;
Wrn=264 (232+32), Wy=270 (238+32), Wp,=224 (208 +16)
for Th-rich minerals and Wp,=222 (206+16) for U-rich mi-
nerals. Taking the apparent age, we convert the sum of measured
ThO, and UO, into ThO% (Th-rich minerals) or UO% (U-rich
minerals) by

ThO;k = ThO; + UOz(WTh/WU)X[{eXp(/’{BSr)

+137.88€Xp(/1238t)}/ 138.88_1}/{6)(13().2321)_1}
(6a)

UO; =U0O; + 138.88Th02><WU{exp(let)—l}/UO;‘
=UO, + 138.88Th02><WU{exp(let)—l}
/[WThX{137.886Xp(lz3gt) + exp(/1235t)—138.88}].
(6b)

Mineral grains show a variation in Th and U concentrations
within domains of a single generation as is demonstrated by
sector zoning. Domains of a single generation within individual
grains may be identified by means of optical microscope, back-
scattered electron (BSE) image, cathode luminescence image
and elemental mapping. If domains and/or mineral grains of a
single generation have the same amounts of initial Pb but dif-
ferent amounts of Th and U, and have remained in a closed
system, all analytical data will lie on a straight line with the slope

(m) and intercept (b):

PbO = m x ThOy +b  (Th—rich mineral) (7a)

PbO = m x UOS + b (U—rich mineral). (7b)
We determine the best-fitting regression line through the pro-
cedure proposed by York (1966), taking account of uncertainties
in the microprobe analysis, and calculate the first estimation of
age (7') from the slope (m) of equations:

T = In{m(Wn/Wpp) + 1}/2232  (Th—rich mineral) (8a)

m(Wy/Wey) = {exp (Aa3sT) + 137.88 exp (Aa3sT)}

/138.88 — 1 (U—rich mineral). (8b)
Then, we can obtain the improved estimation by replacing the
apparent ages (7) with the first age estimate (7), and by iterating
the operation. The intercept (b) of the line is assumed to represent
the concentration (in wt.%) of the initial PbO of all data points. A
sufficient amount of initial Pb or Pb-loss, if present, would deviate
the line from the origin, or result in scattering of data points. The
statistical measure of the goodness of fit of data to a line is given
by mean square of weighted deviation (MSWD):

(Y; — mX; — b)*/ (v + m*x;)

MSWD =
SW n—2)

©)

where x; and y; represent variances of individual data point (X,Y;),
m and b the slope and intercept of a fitted line and » the number of
data points. The MSWD decreases with improving fit, but can
become unacceptably low ifthe analytical errors in the microprobe
analyses are overestimated. Readers can calculate the CHIME age
and MSWD using the CHIME age calculation program (e.g., Kato
et al., 1999: http://www.nendai.nagoya-u.ac.jp/gsd/CHIME/).

As initial Pb in monazite is always low (Parrish, 1990),
Montel et al. (1996) proposed the calculation of monazite age
from the age Eq. (4) by assuming no initial Pb, and estimation
of'a probable age from several determinations after propagating
uncertainties with a representation by a bell-shaped probability
curve. This graphical representation allows, to some extent, the
visualization of whether or not the population of age data is
consistent with a single geological event, unambiguously de-
fines two successive events, or is too broadly dispersed or just
shows a few outliers. Rhede et al. (1996) represented the age
equation (3) for monazite by an equation of a plane in three-
dimensional ThO,—UQO,—PbO space:

PbO = aThO, + b + cUO, (10)

with a=(1/ W) *x [exp(Aa32f) — 1] and ¢=(1/ W) x [ {exp(da3st) +
138 exp(Aa3gf)} /139 —1]. The parameters a, b and ¢ are estimated
through error-weighted least-square regression, and then the U/Pb
and Th/Pb ages are determined independently of the estimated
parameters. The parameter b represents the average initial Pb of
all data points. Because initial Pb in monazite is assumed to be
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Fig. 1. Detailed WDS step scans around the PbMa region of monazite with
collimators of 300 pm, 550 pm and 3 mm (open), together with the step scan
obtained on the JEOL JXA-5A with a small sized PET crystal. The vertical
intensity scale is arbitrary, and the horizontal axis represents the sample-
diffraction crystal distance (mm) that is specified to the radius (Rg =140 mm) of
Rowland circle by Lpgr (in mm)=(Rg/dpgr) % ni, where dpgr is the d-spacing
of the PET (002) diffraction crystal (8.74 A).

very low, Cocherie and Albarede (2000) ignored the parameter b
and proposed new Th/Pb=fU/Pb) representation, which is able
to calculate the Th-age and U-age independently and then
examine the concordance of the U-Pb age with the Th—Pb age.
Th/Pb=£f{U/Pb) is a simpler and graphically explicit 2-dimen-
sional representation that makes this visualization easier.

3. EPMA hardware
3.1. Instrument

Variation in EPMA hardware has little effect on the resultant
concentrations. However, certain difficulties that are normally
unimportant in major element analyses become more acute
in EPMA dating, i.e. accurate determination of Th, U and Pb
concentration in minerals. The analytical protocols, therefore,
must be developed with a specific EPMA in mind. All expe-
rimental results presented in this study were obtained by using
JEOL JCXA-733 manufactured in 1984. The JCXA-733 em-
ploys a tungsten filament, and can achieve beam energies of 1—
50 keV by 1 keV steps and beam current of 100 pA to 2 pA with
probe diameters adjustable between 1 and 50 pm. It has 4
wavelength dispersive spectrometers (WDS) with a 140 mm
radius of the Rowland circle, and individual WDS equips a PET

(002 pentaerythritol) diffraction crystal and a sealed Xe X-ray
detector.

The spectral resolution of the JCXA-733 WDS compares
unfavorably with that of JXA-5A WDS (Fig. 1), owing to the
large-sized (30 % 12 mm) crystal of the Johann (1931) focusing
arrangement. To minimize Bragg angle defocusing, X-ray col-
limator slits are placed between the diffraction crystal and the
detector. Although there is no significant difference in U, Th,
and Pb peak to background (P/B) ratio for different collimator
width (Pyle et al., 2005a), improvement in the spectral reso-
lution is carried out by adopting 0.55 mm or 0.3 mm collimator.
The disadvantage of the collimator setting is a lowering in the
count rate; the count rate and P/B ratio on the Pb-standard
glass (PbO=10.18%, Suzuki and Adachi, 1998) at 15 keV are
5.13 cps/nA and 24 for collimator open (3 mm), 4.43 cps/nA
and 29 for 0.55 mm collimator setting and 3.42 cps/nA and 33
for 0.3 mm collimator setting. Higher spectral resolution is
desirable to enlarge spectral interference-free regions on con-
tinuum for background measurement as well as to minimize the
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Fig. 2. Comparison of 1 atm gas flow Ar- and sealed Xe detector scans around
ThMy-ThMa (a) and PbMPB—PbMa (b) regions of monazite. The resolvable
X-ray lines are indicated with notation. Explanation for vertical and horizontal
axes is the same as in Fig. 1.
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Fig. 3. Detailed WDS intensity step scan (40 s per point at 188 nA) for the Pb—M spectral region with PET crystal and sealed Xe detector on natural monazite. The
insert enlarges the CeLa(2) to PbMS5-O3 and shows presence of a narrow interference-free window at around 165 mm. Solid curve represents exponential regression
on the basis of readings at c. 165 and 174 mm, and dashed curve does exponential regression on the basis of 155 and 174 mm readings. Explanation for horizontal axes

is the same as in Fig. 1.

effects of spectral interferences such as ThM¢ on PbMa and
ThM~y on UMP. We prefer 0.3 mm collimator setting to the
wider setting for EPMA dating on the JEOL JCXA-733.

3.2. X-ray detector

Fig. 2 shows X-ray emission spectra around the ThMvy—
ThMa and PbMPB—PbMa regions of monazite on both 1 atm gas

flow Ar (P10) and sealed Xe (Xe—CO, with a low Px.) detectors.
The Ar K-absorption edge appears at 3.871 A (123.98 mm)
between UMP and UMa on the 1 atm Ar spectrum, resulting in a
significant decrease in UMa, ThMpP and ThMa intensity re-
lative to UM and ThM~y. Monazite contains La and Ce as major
constituents. The wavelengths of second-order LaLa (5.33 A)
and CeLa (5.12 A) are close to those of PbMa (5.29 A) and
PbMp (5.07 A), respectively. Particularly, the second-order
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Fig. 4. ThMa X-ray intensity and absorbed current in monazite as a function of time and probe current at constant beam diameter of 3 jum. The carbon-coat thickness is
about 25 nm, and the sampling period is 80 s. Five times high background (40 s) — peak (80 s) — low background (40 s) measurements of Th, U, Pb and Y followed by
two high background (20 s) — peak (40 s) — low background (20 s) measurements of other elements need about 17 min (see the analytical sequence given in Fig. 9).
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CeLa lines (CeLal(2)=5.123 A and CeLa2(2)=5.1412 A)
interfere with the spectral region between PbMp (5.076 A) and
PbM5-04 (5.168 A), and prevent the selection of a small offset
value for background determination. Because the energy of the
Ar escape peak from CeLa (1.87 keV) overlaps partly the
energies of PbMa (2.34 keV) and PbMp (2.44 keV), the second-
order CeLa lines are not filtered by pulse height analyzer. The
Xe escape peaks from the second-order CeLa are largely ex-
cluded by the pulse-height window occupied by PbMa or PbMp.
This coupled with the adoption of 0.3 mm collimator slit provide
us a narrow interference-free window between CeLa2(2) and
PbM5-03 (Fig. 3). Another interference-free window is located
between LaLp3(2) and ThM1-03(2). The background value at
the PbMa line position for a monazite with about 12 wt.% ThO, is
0.1677 cps/nA by exponential fit between 165 mm (0.1935+
0.0022 cps/nA) and 174 mm (0.1434+0.0019 cps/nA), and
0.1662 cps/nA by exponential fitting between 155 mm (0.2615+
0.0022 cps/nA) and 174 mm. The difference between those two
exponential fittings is possibly due to the depression in count
rate at the larger offset position through discrimination by the
pulse-height window occupied by PbMa. Without a facility
for automatic adjustment of the threshold and the window of
the pulse-height analyzer, we select windows at 165 mm and
174 mm for the measurement of the monazite background at the
PbMa line position. Linear interpolation between 165 and
174 mm gives a background of 0.1696 cps/nA at the PbMa
position. Incidentally, the difference in background values
between exponential and linear models corresponds 50—-60 ppm
in the PbO determination. Exponential fitting is desirable for
background calculation of low Pb minerals as demonstrated by
Jercinovic and Williams (2005). In the case of the same con-
figuration of pulse-height analyzer for peak and offset positions,
the exponential fitting potentially results in under estimation of
background intensity, and linear interpolation gives a better
approximation. A rigorous modeling of background determina-
tion is indispensable.

3.3. Accelerating voltage and electron beam current

Excitation efficiency depends on the overvoltage ratio (inci-
dent electron energy/critical excitation energy of a relevant shell).
High accelerating voltage, therefore, is desirable to give the
maximum count rate and the higher peak to background (P/B)
ratio; the count rate and P/B ratio of PbMa on the Pb-standard
glass (PbO=10.18 wt.%; Suzuki and Adachi, 1998) are 3.42 cps/
nA and 33 at 15 keV, 4.07 cps/nA and 36 at 20 keV and 5.42 cps/
nA and 38 at 25 keV, respectively. However, the X-ray generation
volume in a sample rapidly increases with increasing incident
electron energy. Pyle et al. (2005a) carried out Monte Carlo
simulations of the electron interaction and X-ray generation
volume in monazite at 15 keV and 25 keV, and showed that the
radius of the volume is about 1 um at 15 keVand 3 pm at 25 keV.
Because Th- and U-bearing accessory minerals are composi-
tionally inhomogeneous, we prefer 15 keV rather than higher
accelerating voltages to obtain a high spatial resolution. An al-
ternative way to the higher count rate is the adoption of a higher
beam current. Almost the entire energy of the incident electron

beam is dissipated in the form of the heat at the point of irra-
diation, which may be sufficient to cause significant damage to
the sample. Adopting a coating layer of higher thermal con-
ductivity can reduce the temperature rise. Jercinovic and Williams
(2005) showed that a 10 nm gold coating significantly reduces the
surface damage with a small decrease in PbMa, UMPB and ThMa
count rates relative to 25 nm carbon coating. Application of gold
coating, however, generates a problematic AuMry peak between
the PbMpP and PbMa peaks. Further, the gold coating causes
attenuation of incident electron energy (Osada, 2005; Kato, 2007)
and a significant distortion in the depth distribution of X-ray
generation (Kato, 2007), leading to inaccuracy in the quantitative
matrix correction.

Fig. 4 shows the measured absorbed current and X-ray in-
tensity of carbon-coated (c. 25 nm in thickness) monazite at
15 keV accelerating voltage and a defocused (3 pm) beam. With
a 400 nA beam, the absorbed current decreases from 273
to 239 nA during five-160 s (80 s for peak plus two 40 s for
background) sampling periods. In this experiment, the beam
exposure was interrupted at every 17 min for a period of 2 s, and
then resumed. The absorbed current decreased gradually during
the first five-160 s of irradiation. It recovered incompletely
during the 2 s interruption, and then decreased during the next
five-160 s of irradiation. The behavior, as pointed out by Jer-
cinovic and Williams (2005), suggests that the decrease in
absorbed current is not a simple thermal effect. While the ab-
sorbed current decreases, the ThMa counts increases steadily;
the count at the 25th 80 s peak counting interval is 1.03 times
that of the first counting interval. These changes are ac-
companied by minor bright spotting on the monazite surface.
Irradiation of 400 nA beam on metamict parts of monazite
forms distinct crater with a significant variation in absorbed
current and X-ray intensity. With a lower beam current, the
absorbed current and X-ray count remains relatively constant
for an exposure time over 85 min. A current as high as 400 nA
coupled with defocused beam (3 pm in diameter) is acceptable
for an exposure time exceeding 20 min. We normally adopt a
150-200 nA defocused (2—6 pm) beam, and integrate the X-ray
intensity over a 300 to 600 s interval. As the response to beam
irradiation is unique on individual parts of a single monazite
grain, absorbed current and X-ray intensity must be monitored
during the measurement if carbon is used as the conductive
coating material.

3.4. Detection limits of electron microprobe analyses

The detection limits of the JCXA-733 were estimated from
the correlation between the X-ray intensity and the element
concentrations in a series of standard glasses whose composi-
tions were determined by wet chemical and instrumental neutron
activation analyses (Suzuki, 1987b). The calibration suggests
that the practical limits of determination at 3¢ confidence level
are about 20 ppm for Cr. Further estimation shows that the
intrinsic responses of the JCXA-733 counting systems with a
PET crystal and a sealed Xe detector are around 0.8—0.9 cps/nA
wt.% for ThMa, 0.7-0.6 cps/nA wt.% for UMp and 0.37-
0.32 cps/mA wt.% for PbMa. The background counts on
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monazite at the ThMa, UMpB and PbMa positions are 0.59—
0.49, 1.02-0.92 and 0.18-0.13 cps/nA, respectively. By
adopting a 400 s integration time and a 150 nA probe current,
the detection limits of Pb, U and Th in monazite at 2o confidence
level are 100, 200 and 90 ppm, respectively.

3.5. X-ray lines used for Th, U and Pb determination and
interferences

For analysis of Th, U and Pb in Th- and U-bearing minerals,
M lines are preferable to L lines, because the critical excitation
energy for the L-shells of Th and U are higher than 15 keV.
Fig. 5 shows the X-ray emission spectra in the ThMy—ThMa
region for monazite, xenotime, zircon and polycrase.

The ThMa (4.14 A) line can be measured without significant
interferences for most Th- and U-bearing accessory minerals.
Incidentally, this line experiences interference from AgLa
(4.15 A) line. Carbon paint, therefore, is preferable to silver paint
for affixing a polished thin section on the sample holder. The
UMa (3.91 A) lined is overlapped by the ThMp (3.94 A) line
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and is rarely used for determination of U in Th-rich minerals.
The UMB (3.716 A) line is overlapped by the ThMy (3.679 A),
ThM3-N4 (3.718 A), ThM5-P3 (3.760 A), KSKa4 (3.716 A),
KSKa3 (3.721 A) and KK«1,2 (3.742 A) lines and the ThMS5
absorption edge (3.729 A). In general, Th- and/or U-bearing
accessory minerals do not contain detectable amount of K.
Therefore, analytical results are discarded, when a significant
amount of K (e.g. usually over 0.06 wt.% K,0) is measured.
Interference of 0.06 wt.% K,O on UMP is negligibly small,
around 0.002 wt.% UQO,. The combined effect of ThM~y, ThM3-
N4 and ThM5-P3 lines on UMP can be corrected through the
procedure described in Amli and Griffin (1975):

(in sample)
(11a)

IUMﬁ(net) = IUM[;(ObS) — Ithmy(0bS) X fThmy

where frimy is the correction factor and is defined as:
Jrmy = I(obs)at UMP detected position

/Ithmy(net) (in pure ThO, or U-free Th standard).
(11b)

Unfortunately, pure ThO, or synthesized U-free Th standards
are difficult to obtain in Japan due to legal regulations. We
estimate the correction factor with Th-rich and U-poor monazite.
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If monazite contains over 25 wt.% ThO, and a barely detectable
amount of UO, (no intensity increase at UMP line position; readers
are requested to refer Fig. 5 of Suzuki, 2005), the frnmy value
measured on monazite will be approximate to that measured on
pure ThO, or synthesized U-free Th standards, with typical value of
Jrmy around 0.0073. Alternatively, the “working standard”
technique developed by Kato et al. (2005) is adopted to eliminate
the interference correction. The solid lines labeled with BGH and
BGL are the segments for background measurement. Continuous
X-ray emission has a curved intensity distribution (Jercinovic and
Williams, 2005; Pyle et al., 2005a). However, our experiments
show that there is no significant difference in background estimates
by linear interpolation and exponential fitting for the case of small
offset positions, BGH and BGL.

Fig. 6 shows wavelength step scan of the PbMpB to PbMa
regions of monazite, xenotime, zircon and polycrase. Both PbM
lines are subject to several first order interferences. The PbMa
line is overlapped severely by YLvy2.3 line. Other interferences
for PbMa arise from ThMC1, ThMZ2, SKa3,4 and NbLB3 lines.
The PbM line is overlapped by UMG2 and NbL-y lines. Lead is
present in much lower abundance than Th and U in Th- and U-
bearing minerals, especially young ones, and Pb analytical
precision controls the precision of the estimated age. The PbMa
line as measured on the JCXA-733 is approximately 25% more
intense than the PbMp line. The PbM@ line has a disadvantage in
evaluation of background, because its high-energy side is
occupied by a series of NbLy, UMZ2, PbM4-O2 and SKp lines
and by second-order Lo and L lines of rare earth elements. We,
therefore, use the PbMa line for the Pb determination of monazite
and zircon. The interferences are empirically corrected by

Ippmax(net) = Ippmy (0bs) — InpLa(0bs) X fabLp — Iyrx(obs)

X fyLy — Ithma (0bS) X frime — Iska(0bs) X fsks
(12a)

where fubLp, fyiy and frmve are the correction factors and are
defined as

JSxwrp = I(obs) at PoMa detected position
(12b)
/InbLy(0bs) (in columbite standard)

JfyLy = I(obs) at PbMa detected position (12¢)

/IyLy(0bs) (in Y-bearing glass standard)

JSrve = {Ipbma (Obs,mz-std) — Ippyp(0bs,mz-std) (12d)
X Ippmo (0bs,Pb-std) /Ippvp (0bs,Pb-std) }
/Ithvy (Obs,mz-std)

(inahigh Th and low U monazite standard

and in a U- and Th-free Pb standard)

fsky = I(obs)at PbMa detected position (12€)

/Isk«(obs) (in barite standard).

The values of fabip, fyiy, frame and fsgy are machine-
dependent, and are typically around 0.0135, 0.0089, 0.00099
and 0.00061, respectively. Normally, monazite and zircon con-
tain little Nb, and the correction of the NbLp interference is
insignificant. Because YL interference with PbMa is severe
for xenotime and polycrase, the PbMp line is used for Pb
determination in these minerals. This line is interfered by NbL-y,
UMG2 and a series of SKP lines. Normally xenotime and
polycrase analyses showing detectable amounts of S are not
used for age calculation. Therefore, the NbLy and UM{?2 inter-
ferences only are corrected by,

Ipr/g(net) = Ipr[;(ObS) — IUMO( (ObS) XfUM{

— INbLac (ObS) X beLy ( 133)

where fapry and fume are the correction factors and are defined
as:

Jome = {Ippmp(0bs,xe-std) — Ipywi, (0bs,xe-std) (13b)
X Ippmp(0bs,Pb-std) /Tppniy (0bs,Pb-std) }
/Tump(obs,xe-std)

(interference corrected value in a high U

and low Th xenotime standard and in a

U- and Th-free Pb standard)

Jfxbry = I(obs)at PbMp detected position (13c¢)

/InbLy(0bs) (in columbite standard)

The fume and fapry values are typically around 0.00186 and
0.007, respectively. Monazites from some sample contain

cps
400

300

200

100

Threshold (V)

Fig. 7. Single-channel analyzer step scans of monazite (c. 15 wt.% ThO,) with
spectrometer at ThMa position and a window width of 0.5 V under different
probe currents from 70 to 250 nA.
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significant amount of sulfur, the S content range as high as 1 wt.%.
Correction of SKR1 and SKPX interferences is indispensable if
the PbMp is the line selected for Pb determination of monazite.
The correction factor for the combined SKB1 and SKBX inter-
ferences is typically around 0.00175.

3.6. Standards

Standards used in CHIME dating are euxenite provided by
Smellie et al. (1978) for Th, U and Nb, synthesized glass
provided by Suzuki and Adachi (1998) for Pb, Si and Ca,
synthesized Y-glass (Y,03;=10 wt.% and K,0=2 wt.%) for Y
and K, barite for S, zirconia for Zr, and xenotime for P. A high Th
monazite with little U is used to determine the X-ray correction
factors fruvy (Eq. (11b)) and frame (Eq. (12d)), and a high U
xenotime with little Th is used to determine fuym¢ (Eq. (13b)).
The correction factor for Nd interference is estimated by using
inhomogeneous columbite (Nb,Os=31-36 wt.%). Standards
for rare earth elements, when analyzed, are synthetic glass pro-
vided by Drake and Weill (1972).

All standards we used are in low concentrations. With stan-
dards of high concentrations, measurements of standards and
unknown samples are normally performed at different probe
currents. This procedure is sometimes unreliable, because of the
non-linearity of the ammeter. Ammeters of electron microprobe
analyzers cover a wide range (10 '? to 10> A) of probe current
by changing the range registers. Because the precision of
registers is in the order of +1%, the linearity of ammeters over
different ranges is not guaranteed on the JCXA-733. We nor-
mally measure both standards and unknown samples at the same
probe current. The low-concentration standards can be mea-
sured at reasonable count rates under a high probe current, 100—
200 nA, needed for analyses of trace-level Pb.

In the case of high-concentration standards, a pulse from
single channel analyzer can shift to lower voltage with in-
creasing count rate (Pyle et al., 2005a). Energy step scans of
pulse-height analyzer under various probe current conditions

(a)

Epoxy rcsm

////////

m&

reveal a significant pulse shift (Fig. 7). The X-ray entering the
detector ionizes counter gas to generate free electron—ion pairs.
Since the mobility of positive ions is 1000 times slower than the
faster moving electrons, the ions form a space-charge shield
around the anode wire (Geller and Herrington, 2002). This
reduces temporally the counter voltage and we can see the effect
as pulse shrinkage when going to a higher count rate. Normally
adjustment of the pulse-height analyzer is carried out on a
standard under higher count-rate conditions to ensure the 95%
confident level setting of the threshold and the window. En-
largement of the window size coupled with lowering the thres-
hold, in practice, can minimize the pulse shrinkage problem.
This configuration is also effective in minimizing the depression
in count rate on the large offset positions during background
determination (see Section 3.2).

4. Measurements
4.1. Sample preparation

EPMA analyses are carried out on in-situ mineral grains in a
polished thin section, or physically separated mineral fractions
embedded in epoxy grain-mounts.

Polished thin sections were prepared by conventional pro-
cedures making samples suitable for EPMA analysis. As the
presence of surface relief causes loss of continuity of the coating
film and results in a charging effect and rising temperature,
surface relief should be reduced carefully by polishing with
5 um Al,O3 powder on an agate plate and then with 0.5 and
0.25 um diamond powder on Doctor-Lap rotary polishers. A
distinct advantage of this approach is that the textural relations
can be observed: it is helpful in interpreting the derived ages.

Th- and U-bearing minerals are very sparse in some samples
such as sandstone. For such samples, mounts of separated grains
are favorable over polished thin sections for EPMA dating.
Samples of around 1 kg, sometimes more than 10 kg, were
crushed on a stamp mill. The size reduction was undertaken only

(c)

(d)
7 a7

7
(e)
DLz

Fig. 8. Mounting of separated grains on a glass slide (a), covering with epoxy resin (b), grinding with 15 and 5 pm Al,O; powder to one third in thickness (c),
remounting on a glass slide (d), and grinding the first glass slide followed by polishing with 15 and 5 pm Al,O5 and further with 0.5 and 0.25 pm diamond powder (e).
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SP-| SP-2 SP-3 SP-4 Spot No. X-axis Y-axis Z-axis
UMB  PbMa  ThMa Yla 2.032 8785 19186 11826
Ist  BGH (40s) SP-1 SP-2 SP-3 SP-4
Peak (80s)  Absorbed current UMp PbMo ThM o YLao  Absorbed current
BGL (40s) 1st 20892 2788 70914 6868 139000
2nd Egllj }gg:; Absorbed corrent 2nd 21106 2791 71968 6924 139000
BGL (40s) 3rd 21096 2821 72099 6769 139000
3rd  BGH (405) 4th 20944 2719 71894 7020 139000
]];sgallt :ig:; Absorbed current S5th 21026 2809 72707 6929 139000
4th  Peak (40s) BGH 79854 13556 31420 3940
T Rl 55604 10816 30136 2956
k Background 66635 12170 30771 3413

5th BGH (40s) :
Peak (80s) Absorbed current (linear) 67729 12186 30778 3448  probe current

BGL (40s) _ Probe current X-RAY 105064 13929 358582 34510 204000
SP-1 SP-2 SP-3 SPE || 000 ressercceeseswosom e g e e e s i b s e ey

CaKo SKo KKa PKo CaKo SKa KKa PKa
BaL. (03 5937 725 1574 442
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no no no ZrLo Peak counts Q87 2593
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Fig. 9. Analytical sequence of the CHIME dating (left) and an example of the analytical output (right). Monazite and allanite analyses skip the ZrLa measurement, and
xenotime and polycrase analyses prefer PbMp to PbMa. Elemental combination is optimized to make minimum displacement of analyzing crystals on the JCXA-733
spectrometer. Absorbed current is monitored after every U, Th, Pb and Y peak measurements and printed out. Italics give explanations for the output sheet.

to the extent necessary for disaggregation of monazite through including Th- and U-bearing minerals was concentrated from
periodic sieving to remove undersized (—60 mesh) particles be- each sieved sample by panning to a purity of about 80%.
fore further reduction of oversized ones. The heavy fraction Normally, further concentration by using heavy liquid was not

1 i -
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Fig. 10. Sulfur compositional map together with photomicrograph (plane polarized light), BSE image, a chronological map for S-bearing monazite in migmatite from
India. Analytical conditions for this mapping were 15 keV, 300 nA and 2 s dwell time for the S, Ca, K and background measurement, 300 nA and 4 s dwell time for the
Th, U, Pb and Y measurement, and pixel step=2 pm.
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done. The concentrates were washed with dilute HCI and purified
on an isodynamic magnetic separator. Mineral grains were hand-
picked under a binocular microscope, divided for every size,
mounted on a glass slide with an epoxy resin (Fig. 8a), and dried
on a hot plate at 150 °C. After covering with more epoxy resin
(Fig. 8b) and drying, the samples were polished with 15 and 5 um
AlLOj; powder until the grains were thinned approximately to one
third in thickness (Fig. 8c). This flat surface was mounted on a
glass slide with epoxy resin; the sample is sandwiched between
two slides (Fig. 8d). The first glass slide was removed by
grinding, and the exposed side was then polished with 15 and
5 pm Al,O; on an agate plate and further with 0.5 and 0.25 um
diamond powder on a Doctor-Lap rotary polisher to expose
midsections (Fig. 8e). This approach is desirable to make mineral
sections with rather constant thickness, which can be helpful in
observation of internal structure of individual grains under a
polarizing microscope.

The polished sections were then photographed in plane and
transmitted light, and also examined on a polarizing microscope
in order to identify compositional and textural variations, in-
clusions, internal cracks and metamict alternation within grains.
Plane and transmitted light images of individual grains were
obtained to aid in spot location. The samples were cleaned in a
surfactant solution, thoroughly rinsed in de-ionized water and
dried. The samples were then covered with roughly 25 nm of
carbon with JEOL JEE-420 vacuum evaporator.

4.2. Spot by spot analyses

If monazite contains 10 wt.% ThQO,, the PbO accumulated
during a 100 Ma time span is 421 ppm (c. 390 ppm Pb). With a
PET crystal and a sealed Xe detector, the responses of the JCXA-
733 counter system at 15 keV are around 0.34 cps/nA wt.% Pb
for PbMa and 0.15 cps/nA for background of monazite. To
analyze 420 ppm PbO at 1o counting error of 10% with 160 nA
probe current, a counting duration over 400 s is needed for peak
and background. As noted above, long irradiation of a high-
current beam sometimes changes the sample surface, recognized
by a decreasing specimen current coupled with spotting and
cratering. To monitor the specimen current, we normally repeat
the measurement of peak and background positions five times
for the simultaneous analysis of Th, U, Pb and Y (Fig. 9). In
addition to these age equation components, our analytical
schedule includes elements required for interference correction
or for evaluation of analyzing data set. CaKa, SKa, PKa, KKax,
SiKa and NbL« lines are also measured for monazite, xenotime,
euxenite—polycrase and allanite analyses. ZrLa is added for
zircon and xenotime analyses.

Every data set showing a significant variation of absorption
current or extraordinarily high KKa counts (corresponding to
over 0.06 wt.% K,0) is discarded. After correction of back-
ground and interferences, the X-ray intensity data are calibrated
with the intensity data of standards. The relative intensities are
converted into concentrations through the Bence and Albee
(1968) method using an «a-factor table calculated by Kato
(2005) from the full PAP correction and compositions of natural
monazite, xenotime, zircon, polycrase and allanite as refer-

(Ca+Si)/(Th+U+Pb+S)

0 0.2 0.4 0.6 0.8 1.0
S (Wt.%)

Fig. 11. Plots of the (Ca+Si)/(Th+U+Pb+S) atomic ratio against the S
concentration for S-bearing monazite as old as c. 1500 Ma from a variety of
rocks.

ences. The small difference in the matrix between the reference
and analyzed minerals has little effect on the ThO,, UO, and
PbO determinations, and the maximum error in this calculation,
normally around 0.5% of the concentration, is less than the
uncertainty in the X-ray counting (Suzuki, 2005).

4.3. Chemical criteria of possibly discordant age data

Monazite grains in some samples contain intrinsically sig-
nificant amounts of sulfur (Cressey et al., 1999; Jercinovic and
Williams, 2005), while monazite grains in most samples do not
contain a detectable amount of S. The S content varies as high
as 0.9 wt.% in S-bearing monazite. Fig. 10 shows distribution
of S within a monazite grain in a pelitic migmatite from
southern India, together with photomicrographs and intragrain
distribution of Ca0, K,0, Y,03, ThO,, UO, and PbO and age.
In the S-distribution map, white spots along the monazite
margin represent iron sulfide. The S content of the monazite
grain ranges between 0.18 and 0.56 wt.%, and appears to be
covariant with Ca. Ca in monazite is most commonly present as
a brabantite ((Th,U)Ca(PO,),) component. Moreover, Th also
forms the huttonite ((Th,U)SiO,4) substitution. Therefore the
amount of Ca that is available for other type of coupled
substitution can be approximated by Ca+ Si—(Th+U+Pb). As
shown in Fig. 11, the (Ca+Si)/(Th+U+Pb+S) atomic ratios
are in unity, confirming that coupling of S and Ca is a dominant
substitution set in S-bearing monazites. Within a single mona-
zite domain, data sets with (Ca+Si)/(Th+U+Pb+S) ratios
close to unity give apparent ages (calculated by Eq. (5)) of a
limited range, while those showing large deviation of the (Ca+
Si)/(Th+U+Pb+S) ratios from unity give highly variable ap-
parent ages. The large deviation in the (Ca+Si)/(Th+U+Pb+
S) ratios are encountered for spots on “hidden fractures” and
“hidden holes” that appear after long irradiation of high beam
dose but are not detected by optical microscope and BSE
before spot analyses, as well as for spots on metamict portions.
Although the atomic proportion in monazite is further
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Microprobe analyses of monazites in a paragneiss sample (KS-01081705B) from the sillimanite—orthoclase zone of the Gyeonggi Massif in the Chungchon area,
Korean Peninsula

Spot no. ThO, Uo, PbO Age ThO, CaO Y,0; S K,0 Si0, CS/TUPS
MO01-01 4.70 0.241 0.0606 261 5.48 0.85 1.53 nd 0.047 0.24 1.02
MO01-02 3.19 0.706 0.0550 237 5.48 0.72 1.06 nd 1.719 17.45 20.28
MO1-03 2.76 0.769 0.0553 249 5.25 0.53 0.66 nd 2.030 20.22 25.57
MO1-04 6.38 0.261 0.0775 253 7.22 0.94 1.51 nd 0.045 0.48 0.97
MO02-01 522 0.254 0.0645 252 6.04 0.77 1.02 nd 0.084 0.44 1.00
MO02-02 5.27 0.244 0.0614 239 6.06 0.72 0.93 nd 0.057 0.94 1.35
MO03-01 3.26 0.954 0.0673 250 6.36 0.49 0.60 0.01 3.384 11.49 12.34
MO03-01 2.06 1.300 0.0468 177 6.25 0.36 0.41 nd 4.530 17.11 22.69
MO04-01 5.65 0.375 0.0792 273 6.86 0.95 1.47 nd 0.021 0.34 0.98
MO04-02 5.47 0.323 0.0720 261 6.52 0.99 1.52 nd 0.043 0.29 1.01
MO04-03 5.50 0.352 0.0716 255 6.65 0.99 1.52 nd 0.031 0.27 0.98
MO04-04 5.64 0.384 0.0741 254 6.89 0.95 1.54 nd 0.022 0.34 0.98
MO04-05 5.09 0.301 0.0665 259 6.06 0.88 1.29 nd 0.035 0.29 1.00
MO05-01 15.58 0.473 0.1905 263 17.11 1.90 0.58 nd 0.040 1.56 0.97
MO05-02 18.21 0.500 0.2052 245 19.83 2.30 0.60 nd 0.032 1.72 0.97
MO05-03 20.71 0.584 0.1900 199 22.60 2.19 0.61 nd 0.028 2.07 0.90
MO05-04 19.23 0.519 0.2203 249 20.91 2.09 0.63 0.01 0.034 2.29 1.00
MO05-06 16.54 0.491 0.1946 254 18.13 2.01 0.66 nd 0.038 1.78 1.00
MO05-07 14.56 0.441 0.1212 179 15.99 2.05 0.63 nd 0.053 2.31 1.31
MO05-08 10.24 0.328 0.0976 204 11.30 1.75 0.75 nd 0.061 0.52 0.98
MO05-09 2.81 0.860 0.0458 194 5.59 0.59 0.33 nd 1.536 25.61 31.10
MO05-10 2.46 0.632 0.0414 218 4.50 0.50 0.33 nd 1.032 26.44 37.95
MO5-11 19.02 0.550 0.1503 171 20.80 2.13 0.61 nd 0.033 1.56 0.85
MO05-12 21.47 0.589 0.2464 249 23.38 243 0.59 nd 0.025 231 0.97
MO05-13 20.63 0.547 0.1623 171 22.39 2.16 0.62 nd 0.035 1.92 0.87
MO05-14 10.51 0.341 0.1209 246 11.61 1.67 0.86 nd 0.033 0.74 1.01
MO5-15 10.95 0.332 0.1324 260 12.03 1.74 0.70 nd 0.043 0.66 0.97
MO05-16 11.64 0.564 0.0844 148 13.46 1.63 0.69 nd 0.423 6.67 3.01
MO06-01 3.96 0.763 0.0718 263 6.44 0.78 0.47 nd 1.997 23.86 22.62
M06-02 3.19 0.306 0.0299 170 4.17 0.64 0.34 nd 0.912 35.63 45.32
MO07-01 3.54 0.366 0.0488 244 4.73 0.64 0.57 nd 0.040 0.19 0.98
MO07-02 3.59 0.347 0.0525 263 4.71 0.65 0.55 nd 0.039 0.19 0.97
MO07-03 3.94 0.358 0.0546 253 5.10 0.70 0.53 nd 0.043 0.22 0.97
MO08-01 5.54 2.405 0.1433 254 13.34 1.55 2.13 nd 0.019 0.15 0.99
MO08-02 5.49 1.979 0.1134 225 11.90 1.43 2.13 0.03 0.136 0.66 1.28
MO08-03 5.66 2.723 0.1557 254 14.49 1.68 2.24 nd 0.034 0.13 1.00
MO08-04 5.41 1.566 0.1099 248 10.48 1.32 221 nd 0.015 0.19 1.00
MO08-05 6.37 1.380 0.1225 267 10.84 1.49 2.07 nd 0.030 0.30 1.06
MO08-06 5.93 1.182 0.1006 244 9.76 1.22 2.12 nd 0.021 0.36 1.02
MO08-07 5.90 1.955 0.1406 271 12.25 1.38 2.27 nd 0.034 0.25 0.95
MO08-08 7.04 0.837 0.1025 248 9.75 1.10 2.04 nd 0.016 0.64 1.00
MO08-09 5.25 1.631 0.1110 249 10.54 3.18 1.98 nd 0.044 0.93 2.73
MO09-01 6.84 0.685 0.0963 251 9.06 0.94 2.13 nd 0.014 0.76 1.02
MO09-02 6.06 0.534 0.0851 258 7.79 0.73 1.98 nd 0.018 0.69 0.97
MO09-03 5.46 0.509 0.0771 256 7.11 0.80 2.04 nd 0.023 0.54 1.01
MO09-04 5.26 0.501 0.0724 249 6.88 0.73 1.99 nd 0.034 0.52 0.98
MO09-05 5.77 0.696 0.0875 258 8.03 0.97 2.08 nd 0.042 0.48 1.01
MO09-06 6.74 0.587 0.0947 259 8.64 0.85 2.01 nd 0.014 0.82 1.03
MO09-07 5.49 0.698 0.0817 249 7.75 0.92 2.08 nd 0.035 0.46 1.01
MO09-08 5.96 0.579 0.0850 256 7.84 0.89 2.04 nd 0.021 0.51 0.97
M10-01 6.08 1.771 0.1289 258 11.82 1.53 2.13 nd 0.042 0.23 1.03
M10-02 8.73 0.736 0.1149 244 11.11 1.17 2.16 nd 0.028 0.90 0.99
M10-03 5.98 0.742 0.0832 234 8.39 1.01 2.19 nd 0.023 0.53 1.04
M10-04 5.99 0.789 0.0992 274 8.55 1.06 2.10 nd 0.013 0.46 1.02
M10-05 5.34 0.563 0.0755 249 7.16 0.83 2.17 nd 0.008 0.50 1.02
M10-06 6.03 1.872 0.1338 261 12.11 1.30 2.19 nd 0.014 0.41 0.98
M10-07 6.00 0.730 0.0895 253 8.37 1.08 2.08 nd 0.014 0.43 1.02
M10-08 5.87 0.568 0.0852 261 7.71 0.89 2.17 nd nd 0.56 1.02
M10-09 5.52 0.575 0.0759 243 7.38 0.89 2.08 nd 0.006 0.49 1.02
M10-10 6.25 1.373 0.1180 260 10.71 1.34 2.17 nd 0.009 0.31 0.99
MI10-11 5.58 0.597 0.0787 248 7.51 0.88 2.11 nd 0.007 0.52 1.02
M11-01 6.13 0.641 0.0832 240 8.21 0.93 2.20 nd 0.033 0.58 1.01
M11-02 6.49 0.624 0.0950 263 8.52 0.96 2.25 nd 0.026 0.61 1.00
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Table 1 (continued)

Spot no. ThO, uo, PbO Age ThO,* Ca0 Y505 S K,O Sio, CS/TUPS
M11-03 372 1.636 0.0706 185 9.00 0.98 0.98 nd 0.297 24.90 21.09
M12-01 8.47 0.797 0.1172 250 11.06 1.45 2.10 nd 0.008 0.62 1.01
M12-02 8.34 0.790 0.1238 268 10.91 1.43 2.08 nd 0.010 0.62 1.02
M12-03 7.30 0.630 0.0991 251 9.34 1.12 2.05 nd 0.032 0.62 1.00
M12-04 7.98 0.651 0.1117 262 10.09 1.08 2.38 nd 0.008 0.85 1.01
M12-05 522 0.350 0.0614 228 6.36 0.61 0.98 0.01 0.011 8.97 7.50
M12-06 7.77 0.639 0.1087 261 9.84 112 2.25 nd nd 0.75 1.01
M12-07 6.82 0.567 0.0954 260 8.66 0.94 2.19 nd 0.011 0.71 1.01
M12-08 7.23 0.617 0.0996 255 9.23 1.08 2.18 nd nd 0.69 1.02
M12-09 6.49 0.577 0.0923 261 8.36 0.94 211 nd 0.020 0.64 1.01
M13-01 11.84 0.644 0.1469 249 13.93 1.28 2.18 nd 0.013 1.46 0.98
M13-02 10.08 0.776 0.1348 253 12.59 1.47 2.5 nd 0.015 0.89 0.98
M13-03 9.94 0.759 0.1276 243 12.40 1.48 2.29 nd 0.025 0.93 1.02
M13-04 12.73 0.688 0.1626 257 14.96 1.32 221 nd 0.013 1.70 1.00
M13-05 9.26 0.639 0.1283 267 11.34 1.18 2.36 nd 0.006 1.03 1.00
M13-06 13.93 0.754 0.1810 261 16.38 1.48 223 nd 0.014 1.75 0.98
M14-01 8.93 2,933 0.1997 256 18.44 2.14 2.31 nd 0.051 0.44 1.00
M14-02 13.31 0.838 0.1750 258 16.03 1.94 227 nd 0.024 1.25 1.02
M14-03 16.16 1.016 0.2135 259 19.46 1.66 2.53 nd 0.024 2.16 0.99
M14-04 10.48 1.444 0.1662 259 15.16 1.92 225 nd 0.037 0.65 0.98
M14-05 9.92 2.630 0.1942 249 18.45 245 2.37 nd 0.030 0.27 1.00
M14-06 10.67 0.622 0.1287 240 12.69 11.38 1.80 nd 0.010 1.13 5.12

CS/TUPS: the molar (CaO+Si0,)/(ThO,+UO,+PbO+S) ratio and nd: below the detection limit.

affected by minor substitution by halogens (Andreoli et al.,
1994) and Sr (Chakhouradian and Mitchell, 1998), the (Ca+
Si)/(Th+U+Pb+S) ratio becomes a temporal criterion for
discordance in S-bearing monazite.

Within S-free monazite, limited spots only show small
amounts of S that is fixed at least partly in iron sulfide or galena
of submicron size. Further, the (Ca+Si)/(Th+U+Pb+S) atomic
ratios deviate from unity for spots in metamict portions. The
chemical features provide a practical discrimination of analyses
on possibly discordant domains from those on concordant
domains.

Table 1 lists analytical data from monazite grains in a pa-
ragneiss of sillimanite—orthoclase grade in the Gyeonggi massif

of the Korean Peninsula. Monazite grains are small in size
(mostly smaller than 50 pm), and contain tiny mica, quartz and
feldspar inclusions, microfractures and metamict domains. Al-
though all data suit the criterion of constant absorbed current,
they yield a complex cloud on the PbO vs. ThO3 diagram
(Fig. 12a), and it is hard to obtain reasonable isochron age. As
shown in Table 1, some data sets show extraordinary high SiO,
contents coupled with high K,O contents, and may arise from
analyzing on and/or around inclusions. Chemical data provide
additional information to construct an isochron free of poten-
tially discordant data points. Fig. 12b emphasizes data points
with the (Ca+P)/(Th+U+Pb+S) ratio of 0.95-1.05 and no
sulfur. The filtered data points, except M05-08, are arrayed

(a) (b)
PbO [ 3P
(wt.%)
~ [ ]
021 227.9+16.2 Ma y -253.046.5 Ma Y &
(MSWD=9.34) (MSWD=0.95)
* - (o]
o
0.1 = °
(@]
(@]
B QO (Ca+Si)(Th+U+Pb+8)>1.05
o) (Ca+Si)/(Th+U+Pb+5)<0.95
|:| S-bearing
0 1 L 1 I I I I I
0 10 20 0 10 20

ThO,* (wt.%)

Fig. 12. PbO vs. ThO,* (ThO, plus the equivalent of UO,) plot of 85 analyses on 14 monazite grains (Table 1). Data points disperse significantly, and the regressed
isochron has significant scatter (left). Data points with the (Ca+Si)/(Th+U+Pb+S) ratio of 0.95-1.05 are highlighted in the right. The filtered data set array linearly

and yield a well-defined isochron.
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linearly. The M05-08 spot shows a high K,O concentration
(0.061 wt.%), and the apparent age of 204 Ma lies outside of the
95% confidence interval around the average. Similarly, the
MO02-01 spot shows 0.084 wt.% K,O. It is highly possible that
the domains for M05-08 and M02-01 underwent chemical
alteration and are outlier. Data points on possibly concordant
domains yield a well-defined isochron of 253.0+6.5 Ma.
Geisler and Schleicher (2000) found that the apparent age () of
zircon decreases systematically with increasing Ca contents, and
ages on domains containing less than 0.2 wt.% CaO agree with
conventional radiometric ages of the host rocks. Fig. 13 shows
distribution of Ca within a single zircon grain in hornblende-
bearing biotite granite from Madagascar. Most parts of the grain
are transparent under the microscope, but the lower right margin is
translucent owing to metamictization. The BSE image shows two
dark zones with a euhedral habit. Calcium concentrates ex-
tensively in the dark zone, and less extensively along fractures and
in the metamict lower right margin. The Ca distribution coincides
well with the Y and P distributions. Suzuki and Yogo (1986),
however, found that transparent portions of young zircon grains
contain no detectable amount of Ca irrespective of the high
concentration of Y,Oj3 (up to 3.8 wt.%) and P,Os (up to 1.8 wt.%).
The Ca enrichment, therefore, appears to be secondary and to
have occurred only in domains enriched in the xenotime com-
ponent. The xenotime-rich zones or portions of zircon are easily
degraded into a metamict state. Because xenotime has greater
concentrations of U and Th than coexisting zircon (Suzuki et al.,
1992), the positive correlation of Ca and U (+Th) is possible in
extensively metamict zircon. The PbO contents, as high as
350 ppm, are largely correlated with the Th and U contents. But in
detail, the Pb content deviates from what is expected from the
decay of coexisting U and Th. For example, significant depletion
in Pb can be seen at the top-right of the inner dark (Ca-rich) zone,

BSE

0.1lmm

and unaccountable enrichment occurs at the lower end of the
outer dark (Ca-rich) zone. Actually the high Ca (>0.05 wt.%)
domains yield apparent ages from 212 to 814 Ma, while the
low Ca domains yield 398—631 Ma apparent ages with an aver-
age of 516 Ma. We conclude that the Ca and S contents can
be used independently from U-Th—Pb data as chemical criteria
to discriminate between altered domains and less-altered do-
mains where the closed system behavior of the Th—U—Pb system
is maintained.

4.4. Age mapping

The age-mapping technique highlights the geometry and
distribution of age domains at a micrometer scale within a single
grain (Williams et al., 1999). Most age-mapping techniques are
applied to Proterozoic or older monazite that contains sufficient
amounts of Pb (>2000 ppm) and show differences in age on the
order of 100 Ma or more (Goncalves et al., 2005). Age mapping
of young monazite and zircon is equally important to place age
results into petrologic and structural context with the tectonic
history.

From the intrinsic response of the JCXA-733 detector, a
dwell time of 0.5 to 1 s may be sufficient for monazites with
1.0 wt.% PbO under a 15 keV and 150 nA condition. However,
the dwell time required for young monazites with 300—600 ppm
PbO ranges from 50 to 100 s to obtain a statistically significant
number of counts. Further, for age mapping of young monazite,
we cannot apply a single background value determined pre-
viously, because background intensity is strongly influenced by
composition. The background maps for individual spectro-
meters are indispensable. The time required to make a map with
200x200 pixels, for example, is unrealistic. Alternatively, we
use 3 spectrometers for the Pb measurement with a beam current

Fig. 13. BSE image and X-ray intensity of maps of zircon in sample of hornblende—biotite granite from Madagascar. Analytical conditions for this mapping were
15 keV, 300 nA and 3 s dwell time for the Ca, Y, P and Zr measurement and 700 nA and 5 s dwell time for the Th, U, Pb and background measurement, and pixel

step=2 pm.



K. Suzuki, T. Kato / Gondwana Research 14 (2008) 569-586

ThO2 (wt.%)

U0z (wt.%)

1

1

140

20

00

583

PbO (wt.%) Photomicrograph

004

PbO (wt.%)

0.05¢ 100Ma
Core~
0.04f .
0.03 [
Overgrowth — i SOMa
0.02f Y —
o /
0.01F .
0 \“1—"{/\/ 1 | 1
0 2 4 6 8 10 12

ThO2* (wt.%)

Fig. 14. Photomicrograph (plane polarized light), compositional maps, a chronological map, and a PbO—ThO,* plot for a monazite grain in sillimanite—orthoclase
migmatite from the Ryoke metamorphic belt of the Aoyama area, Mie Prefecture, Japan (modified from Suzuki, 2006).

as high as 1000 nA. The other spectrometer is used for acquiring
a background map from which background maps for individual
line positions of every spectrometer are calculated through the
intensity relationships determined in advance of the measure-
ment. Normally, the ThMa, UMPB and YLy intensities are
measured prior to the PbMa and background acquisitions with a
probe current of 200 to 500 nA. By using two spectrometers for
UMpP measurement, we adopt a dwell time of 1 s for the mea-
surement of ThMa, UMP and YLvy. We further shorten the
measurement time by skipping the area outside the desired
mineral. Usually, the time needed for 200 x 200 pixels mapping
of ¢. 100 Ma monazite is shorter than 30 h. Age mapping of old
monazite can be done within 10—15 h.

The raw intensity data are first corrected for background and
interference and converted into concentration in the same way
as the spot by spot analysis. Apparent ages of individual spots are
calculated by assuming no initial Pb by Eq (5). These calculations
are handled on NEC PC-98 using the N88-BASIC(86) program-
ming environment. Translation of calculating programs for the
FreeBSD environment is in progress. Compositional and age
maps are constructed using an “EPMACOLORMAP” (Kato,
unpublished) program on the Windows environment.

An example of age map of young monazite in migmatite
sample from the Cretaceous Ryoke metamorphic belt, central
Japan is given in Fig. 14, together with the Th, U, Pb and Y
compositional maps. The analytical conditions used for mapping
are 15 keV, 1000 nA for PbMa and background and 210 nA for
others, time per pixel=5 s for PbMa and background and 3 s for
others, and pixel step=2 um. The Ryoke belt is a typical high
temperature/pressure metamorphic belt developed in south-
western Japan as one of the circum-Pacific orogenic belts. It is
composed mainly of metasedimentary rocks representing the

andalusite—sillimanite grade metamorphism and a variety of
syn- to post-tectonic granitoids. The monazite ages for the gneiss
concentrate between 102 and 98 Ma and are interpreted as the
timing of monazite formation under lower amphibolite facies
conditions, and granitic intrusion lasted from c. 95 Ma to c.
68 Ma at intervals of 2—10 Ma with a peak of plutonism at 85—
80 Ma (Suzuki and Adachi, 1998). The migmatite is well-
foliated and shows a mineral assemblage of sillimanite, cor-
dierite, biotite, microcline-microperthite and sodic oligoclase
with a trace amount of secondary muscovite. Accessory minerals
include monazite, zircon, apatite and ilmenite, but no tourmaline
can be seen. Most monazite grains form euhedral short prisms of
0.1-0.2 mm in length (see photomicrograph in Fig. 14). Some
grains show the core—overgrowth relationship with a euhedral
core, suggesting two-stage growth of monazite under melt-
predominated conditions.

The X-ray maps discriminate between the euhedral core and
overgrowth. The core, showing a rather homogeneous composi-
tion, is characterized by high concentrations of Th and U and by
low concentration of Y. The euhedral overgrowth, on the other
hand, shows high concentration of Y and low concentrations of
Th and U. The development of oscillatory and sector zoning
reinforces that the euhedral mantle formed during anatexis. The
calculated age map shows the simple core—overgrowth structure
that is consistent with the X-ray maps. The ages range from 70 to
130 Ma for the core, and from 50 to 110 Ma for the overgrowth in
the mapping analysis. Data points obtained through spot by spot
analysis on the core domain fall in the region of 100 and 80 Ma
reference isochrons, whereas those on the overgrowth cluster
along the 80 Ma reference isochron. The age mapping of mona-
zite is applicable to unravel metamorphic and tectonic history of
young orogenic belts as well as old ones.
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Digital mapping of low Pb minerals requires measurement of
line peak and background intensities of at least three consti-
tuents, Th, U, and Pb, at extraordinarily high probe current,
which sometimes causes severe damage on mineral surface and
carbon coating at and around metamict portions, cleavages, and
cracks. This damage, which is shown in photomicrograph in
Fig. 14, makes the surface of the grain unsuitable for precise
determination of the Th, U, and Pb contents. We therefore prefer
spot analyses coupled with examination of polished thin
sections under the optical microscope before the digital map-
ping for assessing chronological heterogeneity. Nonetheless, we
realize that spot analyses give only an approximate definition of
age domains suitable only for reconnaissance. We normally
carry out digital mapping, if necessary, after the spot analysis.

5. Concluding remarks

This paper describes the procedure of CHIME dating and age
mapping implemented at the Center for Chronological Re-
search, Nagoya University, together with pitfalls for quantita-
tive analyses of trace elements with EPMA. We assessed the
roles of collimator slit, detector gas, accelerating voltage, probe
current, X-ray interferences and count rate in affecting the
uncertainty. Many of the problems cited in the text are reduced
or minimized by flexible adjustment of parameters. This paper
described a way to access the Th and U interference corrections
without pure Th- and U-oxides or synthesized pure ThSiO,4. The
important assumption for EPMA chemical dating is the closed
system behavior in the Th—U-Pb system. Chemical criteria, the
(Ca+Si)/(Th+U+Pb+S) ratio for monazite and the Ca and S
concentrations for zircon, can successfully discriminate possi-
bly concordant age data from discordant ones.

Geological histories involve multiple episodes of mineral
growth, and the complexities are recorded in polygenetic Th- and
U-bearing accessory minerals including monazite, xenotime,
zircon and polycrase. Dating of micron-sized domains of these
minerals provides a new vista for deciphering the geologic hi-
stories, but micron-sized domains are hard to analyze with
the conventional mass-spectroscopic techniques. A powerful
approach with a secondary ion mass spectrometer (e.g. SHRIMP;
Compston et al., 1984) is restricted to limited number of labo-
ratories. Further, the spatial resolution of secondary ion mass
spectrometer (c. 20 pm) is not sufficient compared with the size of
age domains in the accessory minerals. EPMA dating is an
alternative way to approach “microgeochronology”, and offers
high spatial resolution (1-3 pm). Although EPMA dating does
not provide direct information about discordance in the Th—U—-Pb
system, chemical criteria can discriminate possibly concordant
age data from discordant ones. The regression-based CHIME
technique has the advantage of substantial precision and the
ability to work with minerals that contain certain amounts of
initial Pb. The CHIME dating gives reliable age information and
is a powerful adjunct to isotopic dating. It is well-suited to the
study of metamorphic and igneous rocks where mineral grains
show age zoning, as well as sedimentary rocks where mineral
grains are not chronologically homogeneous and large amounts of
age data are required to characterize a population.

Rigorous evaluation of the accuracy of EPMA age deter-
mination requires composition as well as age standards of
monazite, xenotime, zircon and polycrase. Identifying compo-
sitionally homogeneous mineral grains and performing wet
chemical analyses in these potential analytical standards are the
next step towards improving the EPMA dating technique.
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