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ABSTRACT

Electron probe microanalysis (EPMA) of accessory minerals such as monazite, xenotime, and
thorite for minor- and trace-element concentrations and geochronology, requires consideration of beam
irradiation effects (increasing heat and charge) as higher current densities and lengthy counting times
are employed, and requires careful, detailed assessment of background intensities and interferences. A
carbon coat (250 A thickness) is generally inadequate for prevention of absorbed current fluctuation and
beam damage when using the high current densities applied for high precision (e.g., 200 nA, focused
beam). Beam irradiation effects include element mobility in monazite, resulting in P loss relative to REE.
Coating materials of higher electrical and thermal conductivity are indicated, and use of gold (=100
A) is strongly suggested. Systematic compositional and, therefore, age variability can result simply
from analytical effects, requiring evaluation of all aspects of data acquisition. The spectra relevant to
measurement of Y, Th, Pb, and U are complex, especially in REE-bearing minerals. Acquisition of
detailed spectral wavelength scans allows recognition of background and peak interferences, as well
as curvature. Background intensities can be extracted directly from scan data by regression. X-ray
mapping allows delineation of domains, guiding background acquisition and detailed quantitative
analysis. Minor substitution or fluorescence of unexpected elements can compromise analyses, one
documented effect being the fluorescence of K in monazite adjacent to, or hosted by, K-feldspar or
micas. This effect, clearly evident within 10 micrometers from K-feldspar, can result in erroneous U
concentrations leading to misinterpretation of rim “ages” as younger overgrowths. Absorption edges
associated with Th also become relevant to the measurement of U at high Th concentrations. Because
background intensity is sensitive to variation in average atomic number, backgrounds must be acquired
from each identified domain, with particular attention being paid to Th variation. Misapplication of
background intensities can result in large age discrepancies, for example, application of backgrounds
obtained from a high-Th domain in monazite to measurement of a low-Th domain (1/3 of the amount
in the high-Th domain) results in an overestimation of the UM background intensity of 0.008 cps/nA,

and an overall “increase” in age of 70 m.y.

INTRODUCTION

Modern electron microprobes are increasingly automated,
making identification of mineral grains and analytical setup
convenient, straightforward, and relatively rapid. However, the
accessibility and familiarity of the microprobe may also lead to
problems. It is tempting to apply the same methods to trace-ele-
ment analysis and geochronology as have been successful for
major-element analyses and to have the same expectations. How-
ever, trace-element analyses and geochronologic calculations in-
volve significant challenges not faced in major-element analysis
including: (1) The total electron dose to the specimen during trace
analysis can be at least two orders-of-magnitude greater than
typically applied for major-element analysis, with complicating
electrical and thermal effects; (2) Peak to background ratios (P/B)
are commonly extremely small, requiring a detailed understand-
ing of background characteristics and very accurate background
measurement; and (3) Even exceptionally minor contributions
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from both peak and background interferences can dramatically
influence results, and produce large errors in estimated age.
Many features that “disappear into the background” at high P/B
ratios, can have major manifestations in acquired trace-element
concentrations and resulting age estimates.

The purpose of this paper is to summarize the results of
an investigation of several components of the trace element-
microprobe geochronologic analytical procedure, particularly
the analysis of the trace or minor elements Th, U, and Pb, in
monazite. In particular, we focus on three critical components
of the analytical procedure: (1) sample preparation and coating,
(2) background analysis, and (3) the characterization of, and
correction for, elemental interferences. Several other consider-
ations are more briefly discussed. In the end, we present sugges-
tions for an analytical procedure for monazite geochronologic
analysis. Although our focus is specifically on geochronology,
these considerations are relevant to most trace-element analyses
on the electron microprobe. Improvements and refinements of
both hardware and software on modern electron microprobes
are beginning to show that the potential for high-resolution
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and accurate trace-element analysis can be realized. This must,
however, be taken with the understanding that new analytical
procedures, considerations, and rigorous protocols are critical in
order to better establish reproducibility and accuracy. With proper
precautions and an understanding of appropriate limitations, elec-
tron microprobe analysis has the potential to reveal detailed and
unique aspects of geologic processes, particularly in deciphering
complex tectonic histories involving multiple events.

BACKGROUND

The recognition that radiogenic Pb would accumulate, over
hundreds of m.y., in quantities that should be easily detectable
with the electron microprobe, has encouraged several studies
[dating back to at least 1968, see Bowles (1990)] to attempt
“chemical,” or total-Pb geochronology on materials rich in Th
and/or U (uraninite, thorite, monazite, etc.). Attempts to work
with monazite have become increasingly common, due to the
observation that common Pb abundances are generally small rela-
tive to radiogenic Pb (Parrish 1990), and that monazite, although
an accessory mineral, is remarkably ubiquitous, especially in
multiply deformed, medium- to high-grade metamorphic rocks.
There are two basic approaches: (1) to measure many spots in a
selected grain with sufficient compositional variation in domains
of constant age to be able to construct a “pseudo-isochron,”
from which an age can be obtained by regression [the so-called
CHemical Isochron MEthod (CHIME), pioneered by Suzuki
and Adachi 1991]; or (2) to compute an age for a few analyti-
cal spots restricted to a single compositional domain (based on
casting the age equation in terms of generated Pb from *Th,
25U and *U), and after propagating uncertainties, accumulating
enough points to resolve a meaningful age, pioneered by Montel
etal. (1996). The CHIME technique is generally applied to large
monazite grains (usually obtained from mineral separates) and is
based on the assumption of sufficient compositional variability
in domains of constant age. Many points are necessary to attain
areasonable “isochron.” However, the method has the potential
advantage of substantial precision under the right circumstances
(Suzuki and Adachi 1998; Cocherie and Albarede 2001), and
this regression-based technique has the ability to work with
minerals having substantial common Pb. Refinements include
use of independent U-Pb and Th-Pb age estimates (Rhede et al.
1996). The single-point technique of Montel et al. (1996) has
the advantage of application to exceptionally small monazite
grains directly in thin section and is not limited by absence of
compositional variability, actually lending itself to direct sam-
pling of single compositional domains. Williams et al. (1999) and
Williams and Jercinovic (2002) advocate using high-resolution
X-ray maps to define domains to be analyzed independently, then
sampling those domains until an appropriate statistical precision
has been obtained.

The relative accessibility, ease, and versatility of microprobe
analysis encourages exploration into new analytical territory, for
example, attempts have been made to analyze not only monazite,
but uraninite (Parslow et al. 1985; Bowles 1990; Cheong et al.
2002; Kempe 2003), xenotime and zircon (Suzuki and Adachi
1991; Asami et al. 2002), badelleyite (French et al. 2002), thorite,
and huttonite (Lumpkin and Chakoumakos 1988; Forster et al.
2000) by EPMA for geochronology, with varying degrees of

527

success. Each mineral poses particular analytical challenges and
the exact methodologies will continue to require refinement, the
compensation being the potential benefits of broadly applicable,
rapid, in-situ microanalysis.

RESULTS

Any attempt to evaluate analytical variables is fundamentally
machine dependent. There are many physical variables involved
in electron microprobe analysis that require knowledge not only
of the general properties of a machine, but also of the highly
specific nature and behavior of individual components of that
machine. For example, no two X-ray detectors behave exactly
the same, meaning that our observations of properties such as
count rates from standards or estimated dead-times or noise
levels require direct measurement from each detector. As such,
no presentation of an analytical “cookbook” can be generally
applied. The results presented below are representative of the
hardware and software applied to the problem. In this case, we
have used a Cameca SX50 electron microprobe running under
Cameca’s SXRayN50 software for data acquisition, including
Cameca’s implementation of PAP matrix corrections in all cases.
The instrument used has four wavelength-dispersive spectrom-
eters, all with P10 flow-proportional counters. Two counters
are kept at a pressure of approximately 1 bar, and the other two
counters are run at approximately 3 bars total pressure. For the
analysis of YLy, ThMo., PbMo., and UM, we use TAP (low P),
PET (low P), PET (high P), and PET (high P), respectively. As
with all Cameca SX series instruments, the spectrometers have
a characteristic 160 mm Rowland circle radius.

It is of critical importance to recognize that ionization ef-
ficiencies and X-ray escape probabilities are density (pressure)
dependent, therefore, spectra and line intensities collected from
low-pressure counters cannot be compared directly with simi-
lar acquisitions from high-pressure counters. The collection of
PbMo. X-rays in one type of counter will require a very different
detector voltage (bias) and pulse-height analysis (PHA) base-
line and window settings relative to other counters at a different
pressure. Likewise, the comparison of spectra obtained from a
Cameca SX electron microprobe will appear substantially dif-
ferent compared to spectra collected on a JEOL JXA electron
microprobe which uses a 140 mm Rowland circle, leading to
differences in spectral resolution and consequently differences
in interference intensities. Similarly, the behavior of X-rays
interacting with the detector gas will also differ with detector
gas mixture and the presence or absence of exit windows. A
Cameca counter will, unless otherwise modified, have argon-
10% methane (P-10) flow proportional counters at a selectable
pressure and beryllium exit windows. Detectors used in JEOL
JXA instruments are generally supplied without exit windows,
and have both low-pressure P-10 flow-proportional counters as
well as sealed counters containing 10 to 60 torr partial pressure
Xe with the balance being quench gas (Geller and Herrington
2002). The overall detector issue has become a significant point
of debate relating to the electron microprobe analysis of mona-
zite. Therefore, new investigations have recently been initiated
to examine the relative effects, and detailed evaluation of these
results will be forthcoming. Software is clearly of fundamental
importance as well: this is where current measurements, dead-
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time corrections, background subtraction, interference correc-
tions, matrix corrections, and other procedures are implemented
in the process of calculating the element concentration we see as
the final “result.” We make no attempt to directly explore these
comparisons in detail in this paper, but strongly caution readers
to consider all of the pertinent variables when attempting trace
element analysis.

Beam effects and coating materials

Th-U-Pb geochronology by EPMA is essentially a trace-ele-
ment technique, involving the precise, accurate analysis of Th,
U, Pb, and Y, any or all of which may be present at levels con-
siderably lower than 1000 ppm. Trace-element EPMA requires
the use of exceptionally high beam current (typically hundreds
of nA) coupled with long count times (10 min or more) to op-
timize counting statistics, while still maintaining a small beam
size to maximize spatial resolution. At such high beam power
density (100-1000 pW/cm?, after Gunn et al. 1992), the large
resistance of the target necessitates a highly conductive surface
coating, and it is essential that the effects of these exceptional
beam parameters be assessed with regard to both sample damage
and charge effects.

Measured sample current reflects the proportion of current
flowing to ground in conductive specimens. Changes in the mea-
sured sample current during the X-ray acquisition time reflect
the disequilibrium buildup of charge within the specimen and/or
changing electron emission characteristics. As space charge ac-
cumulates within the specimen, an effective surface potential
will be generated that influences incoming beam electrons
entering the specimen, and leads to dynamic shape distortion
of the excitation and X-ray production volumes, and ultimately
leads to unpredictable X-ray emission characteristics. Typically,
for monazite trace element analysis with a nominal carbon coat
thicknesses of 250 A, (as determined by the interference-color
method of Kerrick et al. 1973) at 200 nA and 15 kV (focused
beam), the measured absorbed current drops significantly after
a few minutes, in some instances partially recovering or even
oscillating slightly with time (Fig. 1). This behavior implies that
the electrical properties of the coat are insufficient, and sug-
gests either lowering the applied current density by decreasing
current or increasing beam diameter, or, alternatively, using a
coating material of higher electrical (and thermal) conductivity.
Increasing the beam diameter to approximately 10 um appears
to eliminate or minimize absorbed current instability (Fig. 1). If
high spatial resolution is required, then metallic coatings should
be explored. Although several materials are viable in this regard,
possible interferences from the coating material, as well as pos-
sible effects such as oxidation during heating and interaction
with relatively common hydroxylated monazite associates such
as muscovite, biotite, amphibole, or florencite also must be
considered. Although not all possibilities were directly evalu-
ated, gold was chosen over other metallic coatings as it appears
to meet the initial criteria, assuming that it can be evaporated
onto the specimen at a thickness considerably less than that of
carbon (to counter the high absorption of the M-series X-ray
lines of interest) and still maintain continuity over the surface
of a thin section.

A thin gold coat can be evaporated onto the specimen surface,
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FIGURE 1. Absorbed current in monazite as a function of time and
beam diameter. The carbon-coat thickness is about 250 A, the gold coat
is about 100 A. The monazite is LGG246-5 from the Lower Gorge of
the Grand Canyon. Test parameters: 15 kV, 200 nA, 3 s sampling period.
Dashed line is a test run for 900 s, then interrupted (beam blanked) for
12 h, then resumed on the same spot.

which leads to a significant improvement in electrical perfor-
mance (Fig. 1). Any high-vacuum thermal evaporation coater
can be adapted for gold coating. The measured absorbed cur-
rent remains relatively constant with a 200 nA focused beam on
monazite for exposure times exceeding 30 minutes. Note that this
result also implies that the current drop seen with a focused beam
with carbon coating cannot be explained by simple contamination
as both gold and carbon coats exhibit nearly equivalent carbon
buildup at the point of beam impingement. Figure 1 also shows
an experiment where beam exposure was interrupted after 900
seconds for a period of 12 hours, then resumed. This test shows
that the sample returns rapidly to low absorbed current follow-
ing re-exposure, implying that the behavior seen in the initial
900 seconds of exposure is not a simple thermal response. The
expected drawbacks to using gold as a conductive coat include
the relatively large mass absorption coefficients associated
with heavy metals and potential interferences arising from the
coat. Because gold has substantially lower electrical resistivity
compared to carbon (2.4 p€ cm vs. 3500 p€2 cm at 300 K), a
relatively thin coat (<150 A) can be applied, still obtaining an
order of magnitude improvement in surface conductivity. The
gold coat thickness for the thin section used in Figure 1 is esti-
mated to be ca. 97 A (by X-ray absorption measurements and
using the fractional intensity loss calculation of Reed 1993). The
predicted decreases in count rate relative to carbon for PbMo,
UM, and ThMo. are shown in Figure 2, indicating that a 97 A
gold coat produces a decrease in PbMo. count rates (compared
to a 250 A carbon coat) of about 8%. However, although a thin
gold coat can be highly conductive, the presence of surface relief
(from polishing-hardness contrast), especially if abundant micas
are present in the section, can cause loss of continuity of the coat
and result in charging effects. In such cases, a thicker coat must be
applied (as much as double), with the accompanying sacrifice in
count rates. Alternatively, surface relief must be reduced. Clearly,
excellent sample preparation and polishing techniques, which
minimize surface relief in complex geologic samples is neces-
sary to minimize these problems. A final polish with colloidal
silica can improve the surface substantially (J. Pyle and F. Spear,
personal communication). The high absorption characteristics of
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metallic coatings such as gold also necessitate coating samples
and standards at the same time, with care taken to ensure that
geometric effects within the coater do not produce appreciable
film thickness variations between the two.

Potential interferences from characteristic X-rays originating
from the conductive coat are a major consideration when using
evaporated metals. Monazite trace-element analysis requires
the careful acquisition of counts using PbMo,, UM, and ThMo
(also YLy, to monitor the intensity of YLy, which interferes with
PbMo.). Fortunately, the only significant interference relevant to
these lines is the AuMy family, which occurs on the high-wave-
length side of PbMP. A heavy gold coat can produce measurable
interference between AuMy and PbMP, although this could be
accounted for explicitly by interference correction if the PbMf3
line were required. As samples and standards should have identi-
cal coating thicknesses, this effect should be minimal.

Compositional changes in monazite associated with elec-
tron beam exposure

Beam irradiation even at moderate doses (e.g. 10-20 nA, 2
wm diameter) can result in thermally activated (or enhanced) ef-
fects such as dehydration of micas, decomposition of carbonates
and phosphates, and alkali migration in targets such as feldspar
or glass, even with an otherwise acceptable carbon coat (e.g.,
Walker and Howitt 1986; Gunn et al. 1992; Stormer et al. 1993;
Spray and Rae 1995). Beam damage has been suggested to be
responsible for charge-balance effects, resulting in wavelength
shifts during analysis (Wallace and Carmichael 1992). Tempera-
ture rise in insulators under beam exposure is a significant factor
in these processes. The manifestations of such “beam damage”
should always be considered in EPMA, but certainly must be
evaluated when a very large beam dose is proposed.

A portion of the energy transferred to the specimen by in-
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FIGURE 2. X-ray intensity as a function of gold-coat thickness (in
angstroms). Gold-coat thickness is estimated from known carbon-coat
thickness of ca. 250 A, using the fractional intensity loss expression of
Reed (1993). Curves for thin sections delineate approximate thickness
where adequate coat continuity is consistently obtained. Conductive
continuity is evaluated by observing beam shift across the section, and
is considered adequate when no observable shift is noted over the entire
section. Note that greater thickness is required in cases where surface
relief is relatively high.
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elastic scattering is expressed as heat (phonon excitation). The
temperature increase expected in complex geologic samples is
difficult to assess quantitatively because the behavior of the min-
eral being analyzed will be affected by surrounding materials.
Although bulk thermal conductivity may provide an approxima-
tion for uncoated specimens, the true thermal behavior will be
critically dependent on the surface conductive coat as well, and
use of coating materials with high thermal conductivity should
dramatically reduce heat damage. To better evaluate the analyti-
cal consequences, compositional changes were evaluated by mea-
suring the major-element concentrations in monazite both before
and after beam exposure, comparing carbon and gold coats.
Monazite with a nominally conductive carbon coat (250 A),
exposed to a focussed electron beam at 15 kV and 200 nA for 600
s, develops a bright spot at the irradiation point in high-contrast
back-scattered electron (BSE) images (Fig. 3). This bright spot
persists, even with repeated polishing. Although these spots are
useful for precise post-acquisition beam location assessment,
they also imply that the target has been compromised as a re-
sult of beam exposure. Because the BSE contrast is primarily a
function of average atomic number, the bright spots suggest a
compositional change (increase in average Z) during analysis.
One way to assess the magnitude of beam irradiation effects
on the composition of monazite is to measure the major-element
composition using moderate current densities, on a single spot,
both before and after high current irradiation. This is illustrated
by experiments on monazite in samples from the Lower Gorge
of the Grand Canyon. The example monazite is in a thin section
(LGG246-5) that initially was carbon coated, compositionally

20 um

FIGURE 3. Back-scattered electron image of monazite LGG246-5m1,
from the Lower Granite Gorge of the Grand Canyon. Note bright spots
from high-current (200 nA, 15 kV, 30 min) beam exposure with a carbon
coat: smaller ones are from focused beam, larger ones are from slightly
defocused beam. No bright spots remain after high-current exposure
with a gold coat. Sector zoning is apparent, contrast primarily follows
Th content in this case. (See Fig. 10).
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mapped, then detailed major-element analyses were performed
(15 nA, 15 kV) in each compositional domain. After major-ele-
ment analyses were obtained, the beam was set to 200 nA and
focussed, then exposed to spots in the same domain for 30 min
each. An exposure time of 30 mins was selected as typical trace-
element acquisition times are usually 10 to 15 mins. Measured
backgrounds would require a 20 to 30 min exposure, or, if back-
grounds are acquired by WDS scanning (as we advocate here),
exposure times can exceed 30 mins at high current. Once high-
current exposure was completed, the beam was then returned to
15nA and re-focused, and major-element analyses were obtained
from the easily identified spots. The results indicate a significant
loss of P, with a complementary increase in other major ele-
ments due to high current exposure (Fig. 4). The compositional
change corresponds to an increase in average atomic number of
approximately 7%. It should be emphasized that if these bright
spots are seen after quantitative analysis, then the sample has
been compositionally compromised at these spots. This obser-
vation, along with the behavior of the absorbed current (above)
during the 30 min exposure at 200 nA, encouraged exploration
of other coating materials.
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FIGURE 4. Compositional effects of high-current beam exposure
(200 nA, 15 kV, focused beam for 30 min). Major-element analyses (15
nA, 15 kV, focused beam) of “bright spots” such as those in Figure 3
compared to similar analyses done after gold coating. Loss of P relative
to REE is indicated. Although the bright spots persist to some extent after
polishing, re-analysis after polishing and recoating with gold do not show
appreciable compositional differences compared to 15 nA analyses (gray-
filled triangles above). High-current exposure of gold-coated monazite
does not produce any measurable effect in major-element analyses.
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The results for the same high beam current (200 nA, 30 min)
experiments after re-polishing the same thin section (LGG 246-5)
and gold coating (high-vacuum thermal evaporation to approxi-
mately 100 A), show a very stable absorbed current level (Fig. 1)
and no visible “bright spots” in BSE imaging. The beam location
could, however, be seen in BSE as dark spots, due to carbon
buildup on the surface of the monazite during high current ex-
posure. Interestingly, the bright spots from the previous analyses
were still visible, although somewhat less evident after repolish-
ing and gold-coating. Major-element analysis of the monazite on
the gold-coat exposure spots shows little compositional change
relative to the monazite not exposed to high current (Fig. 4).
Re-analysis of the bright spots, which still persist from 200 nA
exposure with carbon coating, still show P depletion.

Most relevant to geochronologic applications are the relative
concentrations of Pb, Th, and U. In the above example, the Pb
concentration is not a reliably accessible measurement at 15nA,
but the U and Th values can be addressed to some degree. Analy-
sis of the high current spots in the carbon coat test show that both
U and Th concentrations increase in the spots during analysis. A
change in U/Th is difficult to evaluate (Fig. 5), although there is
some suggestion that U and Th do not behave identically during
this process, leaving a slight excess in U relative to Th. With a
gold coat, concentrations on and off of high-current exposed
spots are statistically indistinguishable (Fig. 5).

BACKGROUNDS AND INTERFERENCES

Background shape and general compositional dependence

The consequences of inaccurate background subtraction
can potentially be quite dramatic in EPMA applications in
geochronology, especially as Pb, Th, and U concentrations
approach the true trace-element range. The Pb concentration,
in particular, will typically govern the precision of the age es-
timation. However, Th or U may not also exist in exceptionally
low concentrations, where small errors in peak or background
measurement can result in large errors when propagated through
the age calculation. As the P/B ratio approaches 1, the analysis
becomes more tenuous, and the correct contribution of the
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FIGURE 5. Uranium and Th contents (15 nA, 15 kV, focused beam,
90 s counts) in monazite before and after high-current exposure.
Curves indicate constant U/Th with +1c (heavy dash) and 26 (light
dash) precision.



JERCINOVIC AND WILLIAMS: ANALYTICAL PERILS IN EMPA GEOCHRONOLOGY 531

background becomes more critical.

Most EPMA applications estimate background intensities by
measuring intensity at appropriate, predetermined wavelengths
above and below the peak of interest, and calculating the in-
tensity under the peak via linear interpolation. This procedure
assumes that any subtle curvature in the background will be
relatively inconsequential, an assumption that is generally valid
for short wavelength distances relative to peak height, especially
for major-element analysis. This assumption will be challenged
for low P/B ratios. Theoretical background intensity has been
addressed by Kramers (1923) and subsequently refined (e.g.,
Ware and Reed 1973; Lifshin et al. 1975; Fiori et al. 1976;
Small et al. 1987; Reed 1993; Geisler and Schleicher 2000).
Continuum emission, expressed as photons/unit energy interval,
has a natural curvature, with intensity increasing toward lower
energy. As noted by Lifshin et al. (1975), Kramers’ constant is,
itself, a function of average atomic number, beam voltage, and
energy interval, factors that result in substantial curvature in ac-
tual emission spectra. The influence of composition is substantial
(Goldstein et al. 2003; Donovan and Tingle 1996). Emission
spectra are, in fact, further complicated by absorption edges
for constituent major elements and other factors relating to the
detection system. The background intensity and curvature are
strongly influenced by spectrometer efficiency, itself a complex
function of the proportion of the X-ray emission cone entering
the detector that is intercepted by the analyzing monochrometer
at different wavelengths, complicated at low diffraction angle
by the effects of specular reflection (Fialin et al. 1999). In gen-
eral, X-ray emission modeling predicts increasing background
intensity toward lower energy (longer wavelength), whereas
spectrometer efficiency considerations produce increasing inten-
sity toward higher energy (shorter wavelength). X-ray intensity
is also a function of the counter gas quantum efficiency depen-
dence on photon wavelength, and will also vary with absorption
in the sample and by windows in the detection system. All of the
above factors make the exact shape of the background highly
complex, and hardware factors such as counter gas composition
and pressure, pulse-height discriminator window width, detector
bias, dimensions of the monochrometer, the presence or absence
(and width) of collimating slits, and Rowland circle radius
necessitate direct measurements made on each spectrometer.
Even if potential interferences are predictable, accurate trace-
element analysis requires direct measurements and assessment
of background curvature and edge features appropriate to the
peaks of interest.

With the above considerations in mind, along with the obser-
vation that P/B ratios are commonly very low in trace-element
analysis (routinely 1.1 to 1.5 for PbMa. in monazite), it is not
surprising that background subtraction using 2-point interpola-
tion can produce inconsistent or inaccurate trace-element results
in microprobe geochronology. Accounting for background shape
effects can be approached statistically (Fialin et al. 1999) or
through subsequent refinements of emission modeling (Ware
and Reed 1973; Small et al. 1987; Geisler and Schleicher 2000).
Alternatively, wavelength scanning allows the direct estimation
of the shape of the background as well as the assessment of the
influence of characteristic lines. Background segments can be
selected from such spectra and used for calculation of background

intensity under the peaks of interest using appropriate curve-fit-
ting models (polynomial, exponential, or linear).!

Wavelength scanning, filtering, and deconvolution

Accurate evaluation of peak interferences and background
selection involves comprehensive spectral analysis. Detailed
wavelength scanning results in a direct measure of spectral
structure, including background intensity, shape, and the char-
acter of absorption edges. Appropriate background intensities can
be extracted directly from spectral data if peaks and absorption
edges can be identified and filtered. In addition, peak interfer-
ences (and interference corrections) can be evaluated correctly if
the peaks involved can be deconvoluted directly from acquired
spectra.

To evaluate wavelength scan data properly, the signal/noise
ratio must be high enough to reveal the details of interest. Because
noise arises from both counting statistics as well as a variety of
electronic-measurement sources [e.g., shot noise, 1/f or “pink
noise,” Johnson noise; see Horowitz and Hill (1989)], noise
reduction becomes critical where peak intensities are very low
relative to the surrounding background spectrum.

The objective of a low-pass digital filter is to eliminate the
high-frequency noise in a time-uniform signal, and must allow
an accurate representation of overall intensity variation as a func-
tion of wavelength, as mentioned above, and lower-frequency
features (peaks, edges). To avoid the degradation of amplitude
and increase in peak width associated with moving averages,
a smoothing polynomial, or Savitsky-Golay, digital filter is
suitable (Savitsky and Golay 1964; Press et al. 2002). This ap-
proach implements a polynomial expression for a moving data
window of constant width, and is particularly straightforward
and accurate in the case of step scanning as the data points are
equally spaced in time. As long as the proper filter size (win-
dow width) and fitting-polynomial order are chosen, resolution
and/or peak amplitude can be maintained. Scan parameters and
selected filter attributes will depend, in part, on the spectral fea-
tures of interest. In the case of background selection, the exact
representation of peaks is less important than separating peaks
from background regions in the spectrum (Fig. 6). In the case
of deconvoluting interfering peaks or evaluating precise peak
structure (e.g., asymmetric broadening due to non-diagram lines),
scan and fitting parameters should obviously favor accurate peak
representation (Fig. 7).

Wavelength scanning has the obvious benefit of revealing
even minor concentrations of unexpected elements that will af-
fect background measurements if not accounted for. These peaks
can then be excluded from background intensity estimates. If

' We have developed macro programs (tasks) for the Cameca
SX50 to acquire step scans and calculate dead-time corrected
intensities. The scans can be adjusted to any wavelength step
size, count time, and overall scan length. Scan data is written
to an ASCII text file and can be imported into spreadsheets or
data-analysis programs for display and evaluation. We have
also developed a program that will import the scan data, imple-
ment low-pass noise filtering (Savitsky-Golay), allow selection
of background regions, fit curves based on several regression
models, and calculate background intensities at peak positions.
These are available from the authors.
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Pb region (PET) - Elk Mt.

FIGURE 6. Wavelength scan from Elk Mt.
monazite, Pb region on PET, differential PHA,

0.60 ThMI-03(2) Tr Mang P-10 counter gas at pressure ca. 2 bar. The scan
was run with 0.00008-sin® steps, 1.5 s/step at
eics 200 nA and 15 kV (focused beam) on a 160
mm radius Rowland circle. Smoothing is done
_ L using a Savitsky-Golay digital filter optimized
2 for background smoothing. The relatively
g o030 wide window for the digital filter produces a
= ! reduction of peak height but no broadening,
0.20 Latp ) @ 7T maintaining overall energy resolution and
}/ ]/Sm HE ‘ | | ) | MY eliminating nearly all noise. The heavy gray
010 Lalis@ |\, mk' Luz (2} CelLay(2) Cela:(2) helky . o {zlf S curve is the calculated e)fponential l?est-ﬁt for
0.00 selected background regions (see Fig. 8a).
55000 56000 57000 58000 59000 60000 61000 62000 63000 64000
Wavelength (sin-0 + 10%)
wavelength scans are acquired with sufficient resolution, pre- Pb Ma, YLyz3 region (PET)
. Savitsky-Golay fit, RTET monazite
cise peak shapes also can be used to evaluate peak overlaps.
Once noise is effectively filtered, deconvolution routines can be 035 Yipzs  PbMa;
implemented. Deconvolution requires knowledge of appropriate Monzits YPO4 1. f:m:cg:;a;ep
peak profiles as well as likely apparent broadening mechanisms DT cormected

such as the appearance and intensity of non-diagram lines and
instrumental effects. Emission spectra are inherently Lorentzian
(Cauchy distribution; Holzer et al. 1977). Accurate deconvolu-
tion of WDS overlaps in measured spectra, however, requires
that the natural emission profile be convoluted with Gaussian
instrumental effects such as Doppler broadening and X-ray opti-
cal effects to obtain accurate peak shapes, best described by the
Voigt function (Armstrong 1967; Ida et al. 2000; Rémond et al.
2002). This function can be approximated via the weighted sum
of Gaussian and Lorentzian functions (pseudo-Voigt function),
or the function can be solved analytically (true Voigt function).
In this paper, we have used commercial software? for numeri-
cal peak deconvolution that utilizes a closed-form solution to
calculate the Voigt function for defining peak profiles. In the
applications of wavelength scanning below, we will illustrate
the analytical effects of errors in background determination on
EPMA geochronology, and attempt to extract peak overlap pa-
rameters affecting the measurement of Y, Th, Pb, and U directly
from measured spectra. Scanning provides a means of evaluating
details of spectral structure impacting both background and peak
intensity measurements.

Background shape

The effect of background shape on monazite geochronology is
illustrated by spectra acquired from monazite from Elk Mt., NM.
Thorium, U, and Pb were measured using PET monochrometers
and P-10 counter gas (ThMo on low pressure, ca. 1 bar counter,
UM and PbMo. on high pressure, ca. 2-3 bar counters). Because
This typically present at the weight percent level, it is somewhat
less sensitive to errors in background estimation in many (but
certainly not all) cases. Figure 8 illustrates the essential concept
of background estimation on the Pb spectrum, showing the dif-
ference between 2 point interpolation and curve fitting for the
estimation of background for PbMc. The calculated background

2 PeakFit (Systat Software, Inc.)

0.30 2. Sawlsky»Gulay
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W
v
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FIGURE 7. Procedure for deconvolution. A detailed wavelength scan
is acquired (in this case 0.00001-sin® steps, 6 s/step, 200 nA, 15 kV,
focused beam), followed by noise reduction via Savitsky-Golay filter,
background subtraction, then deconvolution using Voigt profiles.

values, concentrations, and age results are given in Table 1. For
comparison, the results are also shown for backgrounds obtained
by linear interpolation, using two different low-wavelength off-
sets for Pb (Fig. 8, Table 1). As Pb typically has the lowest con-
centration of the three elements, even a relatively minor shift in
background intensity can produce a dramatic effect on the k-ratio
and resulting concentration and age. As this example indicates,
the choice of background model on PbMot alone results in a dis-
crepancy of nearly 100 ppm and 17 m.y., and the effects can be
much greater if the selected background offsets are inappropriate.
A second example of younger monazite from Norway (Table 1)
illustrates that this sensitivity can be significantly enhanced at
lower Pb concentration in some monazite, in this case resulting
in an age error of 35 m.y. Although the effects of using linear
interpolation for background estimation for U and Th as well as
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interference (from the conductive coat), but the selected

background position appears free of interferences. Similar
spectra from carbon coated monazites also suggest that this

region should be avoided for background measurement in
all cases. (b) Detailed view of the PbMa. region in 8a. The
difference between linear (lower background position 2) and
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TaBLE 1. Concentrations of Y, Th, Pb, and U, and calculated ages, for
Elk Mt, NM and RT87-17 (Romsdalen Traverse, Norway)
monazites using backgrounds obtained by exponential
fitting of background regions compared to 2-point inter-
polation

Concentration (ppm)
Y Th Pb U Age (Ma) N

ElkMt. fitted Ave 6494 119215 8453 3586 13952 15

bkg.  SStd 105 2172 141 218 153
StdErr 27 561 36 56 4
Elk Mt. linear Ave 6462 119184 8052 3560 1333.0 15
bkg. SStd 120 2218 174 228 16.8
Pos.1 StdErr 31 573 45 59 43
Elk Mt. linear Ave 6462 119184 8279 3560 1368.9 15
bkg.  SStd 120 2218 136 228 15.2
Pos.2  StdErr 31 573 35 59 39
RT87-17 fitted Ave 19196 48043 1094 3984  400.2 5
bkg. SStd 3518 3043 119 1343 8
StdErr 1573 1361 53 601 3.6
RT87-17 linear Ave 19194 48007 996 3958 365.4 5
bkg. SStd 3519 3039 123 1340 10.1
StdErr 1574 1359 55 599 4.5

Notes: The IDTIMS 2’Pb/**Pb age for the Elk Mt. monazite is 1394 + 1 Ma (J.
Baldwin and S. Bowring, unpublished data). The IDTIMS age for RT87-17 is 394
+ 1 Ma (Tucker et al. 1990).

62000 exponential amounts to about 100 ppm in this example.

Pb can partially cancel in the age calculation (counts are truncated
for all three elements), the low Pb concentration typically will
result in the largest error, outweighing the U and Th underestima-
tion and resulting in an underestimation of the age.

Compositional dependence

The average atomic number of monazite is essentially con-
trolled by the proportions of actinides, in nearly all cases Th
being the most significant, relative to the rare-earth elements
(REE) and Y. Therefore, a relatively high background level at any
selected photon energy is expected in higher Th relative to lower
Th monazite. This relationship is illustrated in a comparison
of spectra from high-Th monazite and synthetic, Pb-free YPO,
(Fig. 9). Importantly, measured background intensities can vary
considerably for PbMo.in monazite domains showing a range of
Th concentrations (Fig. 10). Therefore, it is critical to measure
background in each compositional domain to prevent potentially
serious analytical error. As noted above, the analysis of minor
concentrations requires exceptionally careful background acqui-
sition. Two-point acquisition is inaccurate and, even if reasonable
results could be obtained by this method, the existence of pos-
sible background interferences also requires explicit knowledge



FIGURE 9. Wavelength scans
(and Savitsky-Golay smoothing)
of the PbMa region of YPO,

(synthetic) and natural monazite
(LGG246-5ml1-Lower Granite
Gorge of the Grand Canyon). Note
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of spectral details at essentially every point where backgrounds
are acquired. Because background intensity is a function of
composition, background acquisition must conform to compo-
sitionally distinct domains. Mapping (Y, Th, U) of grains prior
to background acquisition and analysis is clearly necessary in
order to define compositional domains. Selected REE or other
geochemically important elements also may be mapped, but for
the purpose of background acquisition, the distributions of Y, Th,
and U are generally sufficient to guide analytical strategy.

The effect of using a background intensity that is not con-
strained by the appropriate composition is illustrated in the fol-
lowing example from the Black Hills of South Dakota. Monazite
from the Black Hills exhibits a large range of Th/REE (Table 2).
High-magnification elemental mapping reveals high-Th cores
and lower-Th rims in EG56, that yield analyses of 9.7 and 3.6
wt% Th respectively. Scanned backgrounds for this sample were
obtained for monazite in the high- and low-Th domains (Table
2), and quantitative trace-element analysis yields an age of 1755
+ 6 Ma for the core and 1699 £ 19 Ma for the rim (Table 3).
Note that, although there is no direct verification that the U, Th,
and Pb concentrations are correct in these analyses, the ages of
1750-1760 Ma (Black Hills Orogeny) and ca.1700 Ma (Harney
Peak Granite) correlate favorably with isotopic geochronology
in the Black Hills (Dahl et al. 2005). If the compositions for
core and rim are attained, switching background values (that is,
analyses are run in the high-Th core domain using backgrounds
acquired from the low-Th rim domain, and vice-versa) both the
concentrations and calculated age results are significantly differ-
ent. The background difference for PbMot in Table 2 corresponds
to approximately 60 ppm Pb, translating to +10 m.y. for the core,
or —30 m.y. for the rim. In this case, the shift in apparent U con-
centration when backgrounds are switched ultimately results in
a shift toward an apparently younger core and older rim. Overall,
the calculated core age differs by 32 m.y. and the rim age differs
by 70 m.y. depending on the background utilized, emphasizing
the necessity of using background intensities representative of
the composition of the domain being measured. Even monazite
grains smaller than a few tens of micrometers across must be
mapped in order to avoid improper background application and
to ensure that analysis points do not overlap compositional

64000

20 pm

FIGURE 10. ThMo. X-ray map of monazite LGG246-5m1 illustrating
sector zoning defined by substantial Th differences. Higher-Th areas are
brighter in the image. The high-Th core contains 7-8 wt% Th and the
lower thorium domains contain 3—4 wt% Th.

boundaries (with resulting increase in analytical scatter from
inhomogeneities in the excitation volume).

To summarize background effects, consider a second example
using monazite from the Lower Gorge of the Grand Canyon
(sample LGG 246-5, grain m1). Mapping of single monazite
grains in a thin section from this sample reveals that all grains
are compositionally zoned, and locally sector zoned (Fig. 10).
Strong sector zoning of Th offers the opportunity to test the
relationship between composition, background, and estimated
age because the age should not vary from sector to sector. Acqui-
sition of backgrounds (regressed from wavelength scans) from
each compositional domain (Fig. 11) results in age estimations
within each domain that are statistically indistinguishable at
1678 Ma (Fig. 12). However, if inappropriate backgrounds are
used, that is, if background was acquired only from the high-Th
domain and used in the low-Th domain, or if backgrounds were
only acquired in the low-Th domain and applied to the high-Th
domain as well, then the concentrations of Y, Th, Pb, and U shift,
resulting in different calculated sector ages (1685 + 13 Ma in the
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TABLE 2. Representative analyses and background intensities for PoMa from distinct compositional domains in monazite grains from the
Black Hills

Leg 8 Leg 8 Leg 8 EG 56 EG 56

wt% prec. wt% prec. wt% prec wt% prec wt% prec.
P 12.96 0.12 12.45 0.12 11.83 0.11 11.86 0.11 13.11 0.12
Ca 0.06 0.01 0.84 0.02 1.49 0.03 0.51 0.02 0.64 0.02
Th 032 0.06 7.18 0.15 14.77 0.20 10.21 0.17 4.04 0.12
Y 0.77 0.09 0.89 0.09 0.70 0.09 0.21 0.07 0.58 0.08
La 14.04 0.36 14.49 037 10.35 0.30 15.20 0.38 13.77 0.36
Ce 26.29 0.45 24,95 0.44 20.40 0.38 23.68 043 27.26 0.46
Nd 10.53 0.26 6.24 0.20 7.42 0.21 6.28 0.20 8.16 0.23
Pr 2,64 0.21 2.11 0.20 1.98 0.20 2.07 0.20 227 0.20
Sm 1.94 0.20 0.54 0.18 0.93 0.18 0.59 0.17 1.32 0.19
Gd 1.67 0.47 1.23 0.46 1.04 0.46 0.00 0.00 0.00 0.00
Bkg (cps/nA)  0.207 0.217 0.223 0212 0.218

Note: prec. = 1-G precision based on count statistics (in wt%).

high-Th domain using low-Th backgrounds, or 1666 + 8 Ma in
the low-Th domain if high-Th backgrounds are used (Fig. 12).
Further inaccuracies would result if linear interpolation is used,
giving 1653 £ 12 Ma and 1630 * 8 Ma for high- and low-Th
domains even if backgrounds are obtained and applied in like
domains. The low-Th domain would yield 1633 + 8 Ma if the
2-point backgrounds from the high-Th domain were used. 50 m.y.
discrepancies can result from improper background application
alone. These results emphasize the significance of mapping,
followed by detailed background acquisition with appropriate,
compositionally constrained, application during analysis.

Interferences and absorption edges

Many interferences involving characteristic X-ray lines rel-
evant to general monazite analysis are well known, both with
regard to major-element analyses and the geochronologically
applicable trace elements [see, for example, Pyle et al. (2002);
Sherrer et al. (2000)]. Analysts must be cautioned, however, in
the utilization of tabulated X-ray data because properties such
as relative line intensity and precise wavelength position can
be misleading, especially when extrapolated to measurements
in complex materials. Actual interference intensities and the
details of peak structures are best evaluated by direct measure-
ments whenever possible. Factors such as counter gas, precise
crystal d-spacing, and spectrometer dimensions (Rowland circle
radius), and peak positional shifts will affect the appearance
and severity of such interferences. First-order interferences
are certainly the most problematic, but higher-order lines can
still result in spectral features even with the application of
highly restrictive PHA windows. In some cases, escape peak
interference may be significant in the energy window even if
the higher-order characteristic peak is principally eliminated
(Pyle et al. 2002). Corrections for peak interference typically
involve estimation of a correction factor based on the apparent
amount of the element of interest in a substance that contains
the interfering element and none of the element of interest,
by application of “interference standards,” or by modeling of
spectra (Amli and Griffen 1975; Gilfrich et al. 1978; Roeder
1985; Donovan et al. 1993; Sherrer et al. 2000; Pyle et al. 2002).
If correction is to be done by application of a factor (CF), the
usual implementation is

corrected, . = measured, . — CF-measured, . (Pyle et al.
2002)
(D

TABLE 3. Concentrations (in ppm) of Y, Th, Pb, and U, and calculated
EPMA ages for Monazite EG56m9 from the Black Hills, SD
Concentration (ppm)

Y Th Pb U Age(Ma) N

Core Ave 8329 97462 8607 2230 1754.8 6
highThbkg SStd 335 6538 536 111 7.5
StdErr 137 2669 219 45 3.1

rim Ave 4862 35935 3476 2240 1698.7 7
low Th bkg SStd 404 1918 177 109 255
StdErr 153 725 67 41 9.6

Core Ave 8201 97638 8668 2957 17229 6
lowThbkg  SStd 332 6539 531 11 6.3
StdErr 136 2670 217 45 26

rim Ave 4982 35770 3418 1559 1771.8 7
highThbkg  SStd 403 1904 179 111 26.6
StdErr 152 720 68 42 10.1

Note: Backgrounds obtained separately for core and rim and applied to core and
rim trace analyses, then background intensities were swapped, applying high Th
backgrounds to the rim analyses, and low Th backgrounds to the core analyses.

where x is the wt% (usually applied as wt% oxide) of the element
of interest and y is the wt% of the interfering element. More
rigorously, correction factors should be applied at the K-ratio
level (see Pyle el al. 2005, this volume).

Interference corrections cannot be linearly applied directly
from measurements on high-concentration standards due to ma-
trix effects, peak-shape considerations, and possible wavelength
shifts (Roeder 1985; Donovan et al. 1993). Peak positions may
differ significantly from tabulated values or from standard to
unknown, for example, a line such as YLy; (L1-N3) will be
more susceptible to compositionally related wavelength shifts,
compared to Pb, Th, or UMo. or M lines, as the YLy; (in Y3*)
de-excitation transition involves the outermost, filled shell (N3
[4p™2]).

Relevant interferences may be fundamentally complicated,
for example, extracting the true Pb concentration by measuring
the PbMo line requires subtraction of YLy, 5, typically estimated
based on the Y concentration attained by measurement of the YLy
line on TAP. YLy, however, is overlapped by Nd (the 3" order
NdLR, ,line), also a major component of most monazite (Fig.
13). The Nd interference on YLy can be effectively eliminated
by careful differential analysis, but PHA behavior should be
directly assessed and periodically monitored.

In both monazite and xenotime, measurement of the PbLo
line (implying that at least 20 kV accelerating potential is used)
should be avoided due to the first-order interference of AsKo,
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as As is a diadochic with P in both minerals. Although As is
typically not measured in monazite, one should be wary of the
arsenide (and vanadate) substitution: Gasparite, (REE)AsQO,, and
chernovite (YAsQO,) form isomorphous substitutional solid solu-
tions with monazite and xenotime, respectively. Although even
a few tenths of a wt% As would clearly be very problematic,
some monazite can contain significant substitution of As for P

Effiect of background on LGG 246-5 m1 EMPA ages
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FIGURE 12. Summary of age results for high- and low-Th domains in
sector-zoned LGG246-5ml. Curves are normal distributions representing
the average and 2x standard error of the population of analyses within
a domain. Exponential background fitting produces consistent ages
between domains. Use of backgrounds from the “wrong” domains
(swapped backgrounds) produces divergence in the sector ages. Use
of linear backgrounds lowers the apparent age. The heavy gray line at
1681 Ma represents the IDTIMS age of monazite from this sample (K.
Davidek and S. Bowring, personal communication).

nificantly affect both apparent peak and background
shapes). (3) Possible wavelength shifts of diagram
lines due to significant compositional differences,
particularly when considering interference standards.
Interference intensity estimation can be based on the simple
relationships (Bolz and Tuve 1976; Roeder 1985):

A, — N
=2d i )
W2
for estimating the amount of spectral overlap; and
F— e_<X2/2) 3)

the Gaussian function for estimating the fraction of counts,
where X is the magnitude of overlap, A, is the wavelength position
of the desired peak, A; is the wavelength position of interfering
peak, Wis the peak width (measured at half height, assuming both
peaks are similar), and F is the resulting fraction of counts from
the interfering peak at the position to be measured. A correction
factor can then be obtained by multiplying F’ by the relative peak
intensity (percentage of the peak heights of interfering to measured
lines for the interfering element), which can then be subtracted
from the total intensity at the position of the peak of interest.

With L and M lines of heavy elements, however, signifi-
cant complexities are introduced that can limit this approach.
In particular, the assumption of Gaussian lineshape has been
demonstrated to be inaccurate (R€émond et al. 2002). Peak-shape
considerations must include the overall spectral contribution of



JERCINOVIC AND WILLIAMS: ANALYTICAL PERILS IN EMPA GEOCHRONOLOGY

Y region - high Nd monazite (Lemhi Pass) and Elk Mt.

537

FIGURE 13. Wavelength scans
of the YLa region (TAP) from
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FIGURE 14. Arsenic/phosphorous cation proportions (normalized to 4
O atoms) in monazite from the Tusas Mountains, New Mexico. The total
tetrahedral cation proportion (X IV) is constant at 1 per 4 O, indicating
substitution of As for P in the tetrahedral site.

lower-energy transitions modifying the peak structure on the
high-wavelength side, and extend to the distortions due to de-
velopment of high-energy satellites via Coster-Kronig transitions
and other processes. The exact structure will be dependent on
factors such as detector resolution and other instrumental factors,
for example, satellite intensity relative to diagram lines will be

Pb region - RT87-17

peaks and Gaussian profiles will not be appropriate for more
difficult deconvolutions of interference scenarios such as ThMy
(and family) on UM, or of YLy,;on PbMa., although it may
have greater suitability when peak heights are similar. The ap-
plication of A-A; to infer the magnitude of interference will also
be affected by wavelength shifts caused by changes in atomic
environment related to composition, especially where outer shell
electrons are involved in at least one of the transitions producing
the interfering diagram lines (as is the case of YLy, ;and PbMo.).
Furthermore, this approach relies on the correct determination of
relative line heights between the measured and interfering peaks
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of the interfering element. Such a determination will only be
reasonable where the peak heights can be directly related in the
unknown, and where the interference is not mutual. Extending
line-intensity ratios from other compositions (i.e., interference
standards) requires scaling through matrix corrections, and be-
comes complex in cases of mutual absorption and fluorescence
(Donovan et al. 1993).

The complication of peak position shift can influence both
the above approach as well as those methods based on empirical
corrections using measurements on standards containing high
concentrations of the interfering element and none of the ele-
ment of interest, such as suggested by Amli and Griffen (1975),
Gilfrich etal. (1978), and Pyle et al. (2002). We must emphasize
that any interference corrections that are to be implemented must
be based on measurements from the machine being used. No two
spectrometers are exactly the same.
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FIGURE 16. (a) Wavelength scans (after Savitsky-Golay noise
filtering) of the PbMo. region (PET) from several Y-bearing monazites
and YPO,. Note S interference on the high-wavelength side of the
second-order LaLa peak. Initial deconvolution of RT87 spectrum
indicates possible wavelength shift of YLy, ; relative to the position in
YPO,. The peak YLy, ; position in YPO, corresponds well with cataloged
positions in terms of the wavelength distance relative to PbMo.. (b)
Detailed wavelength scans of Y-bearing monazites (0.00001 sin® steps,
6 s/step). Smoothed spectra have been positioned vertically for plotting
but maintain true relative scale. Peak profiles (again, positioned arbitrarily
for plotting) represent the results of background-subtracted deconvolution
applying Voigt profiles. RT87, AG WN5-1, and LGG246 all give the
same deconvoluted position YLy, 5 for relative to PbMo.

Interferences relevant to PbA/o. measurement

The interference of Y on the PbMa. line has been noted since
the outset of attempts to analyze monazite for Pb with the elec-
tron microprobe. First-order YLy, ; strongly overlaps the PbMo
position, and must be accounted for in obtaining the correct Pb
concentration, even though the Y concentration rarely exceeds
2 wt% in most monazites. Correcting interference based on line
intensities obtained from either YPO, (Pb-free) or Y-Al garnet
depend critically on the accuracy of matrix corrections as these
materials differ substantially in overall composition. In addition,
the precise peak position for YLy, ;is expected to shift slightly
as heavy elements substitute for Y in the lattice (YLY,; involves
transitions from N2 and N3, the outermost filled shell). Even
a slight positional shift can dramatically affect the severity of
the overlap, depending on the resolution of the spectrometer in
question.

The calculated interference of YLy based on reconciliation
of PbMo. vs PbMo. on Elk Mt. monazite [PbMo is corrected
for minor interference of CeLo, (2™ order)] gives a correction
factor of 0.00195. This translates to a subtraction of 43 ppm on
low Pb monazite RT87 (which contains 2.2 wt% Y and about
1100 ppm Pb). Deconvolution results closely agree, suggesting
an overestimation of Pb (at the PbMo. position) of 47 ppm. Note
also that this deconvolution documents a shift in the YLy, ; line
to higher energy in monazite compared to the position in YPO,.
As a further check on this deconvolution, two other monazite
grains were scanned in detail, LGG246-5 (low-Th sector) and
AGWNS5-1 (Fig. 16). The deconvoluted peak positions match
those of RT87-17, indicating a wavelength shift for YLv,5 of
about —4.5 x 107 A in monazite relative to YPO,. This shift is
qualitatively consistent with the suggestion that increasing bond
length correlates with decreasing emission band wavelength (e.g.,
White and Gibbs 1969). REE-phosphate bond lengths are shorter
in the tetragonal xenotime structure compared to the monoclinic
monazite structure (Ni et al. 1995; Boatner 2002). If the cor-
rection for YLy, is done by measurement of PbMa. on Pb-free
YPO,, followed by subtraction of raw intensity (based on the
measured Y concentration) in the unknown without accounting
for the wavelength shift, the Pb concentration would be overcor-
rected by a significant factor. We have quantified this shift based
on the analysis of several monazite grains covering a range in Y
concentration, with and without peak wavelength shift, and the
overestimation is approximately 36 ppm Pb per wt% Y, in the
range of 0.5 to 2.4 wt% Y (with 160 mm Rowland circle radius
and PET). Using RT87-17, the resulting correction factor, based
on the deconvoluted peak intensity contributions at the PbMo
position (using the Y concentration from YLy measurement),
gives a value of 0.002453. This factor will not scale directly to
high Y concentration, however, due to both peak shape factors
and possible wavelength shift.

Several studies have noted that ThMC,; and M{, may interfere
appreciably with PbMo (e.g., Sherrer et al. 2000; Pyle et al.
2002). Measured spectra on PET with a 160 mm Rowland circle
radius do not clearly show this interference on PbMo except at
high Th concentration (Fig. 17). This is not to say that the interfer-
ence does not exist at lower Th concentration and certainly cannot
be discounted completely. As this interference arises from the



JERCINOVIC AND WILLIAMS: ANALYTICAL PERILS IN EMPA GEOCHRONOLOGY 539

a Pb region - Brabantite

120

ThMz-04 (2}
Th M1-0a (2) Th M4-RS POMEO3 Y 1, ThMz,
1.00 i LY
/

0.8a
z POMA-OZ  POMB AuMy Auntndl | PoMa: )
Zos T AGMAI | Fe ey

LR,

0.00
55000 56000 57000 $8000 59000 60000 61000 62000 63000 64000

Wavalangth {sin-a » 10°)

Pb Ma, Th MG, ; region (PET)

o

13
S

T
Wit Th
o /m‘ Thwg ThOZ L8]
= W 2} \ Brabandla 515
‘é 98 l,n’?‘ o \ - THez 165
B / \ / .
= 060
.é ;
= 0.40 . 9
2 ) g
0.20 i, ——l = . - J|\ e
calni) ul...(z/! Lo @)
0.00
58500 60000 60500 61000 61500
Wavelangth (sin-g = 10%)
Pb Mo, Th MC ; region (PET)
c 0.220

p wt%Th |i
& Tho2 87.9
Pb. 2

0215 __sM“‘w ---- Brabantite 50.5

Tu382 165

A = EKML 120

o
R
B

0.205

Relative | (cps/nA)

0200 1=

0.195
60200 60400 60600 60800

Wavelength (sin-8 * 10°)

FIGURE 17. (a) Wavelength scan of PbM region (PET) from
brabantite [CaTh(PO,),]. Brabantite contains 50.5 wt% Th and the
interference of the ThMC lines on PbMa is evident. (b) Deconvolution
results of filtered (Savitsky-Golay) spectra showing detail of the PbMa.
region in monazites of different Th content. Deconvolution of ThM{,
from LaLa, (2" order) is difficult without increasing the resolution during
acquisition. These spectra were acquired with 0.00008 sin® steps, 1.5
s/step. (¢) Detail of center portion of b), showing overlaps of ThM, and
ThMC,+LaLo,(2) on PbMo.

distal peak tail structure of the Th lines on either side of PbMa,
the estimation of interference intensity will be highly dependent
on the presumed peak profiles. Thorium interference on PbMo
(primarily from ThMC,) contributes 785 ppm of apparent Pb in
synthetic, Pb- and REE-free brabantite (50.22 wt% Th), and,
from deconvolution of spectra, would suggest 49 ppm Pb at
16.5 wt% Th, and 34 ppm Pb at 12wt% Th are contributed by
ThMC, (Fig. 17¢). The contribution of ThM{,, though not easily
deconvoluted from LaLo, (2), contributes 42% of the intensity
of ThMC; in brabantite, for a total contribution of 48 ppm to the
Pb concentration at 12 wt% Th, and 70 ppm at 16.5 wt% Th. The
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FIGURE 18. Estimated correction factor (see Eq. 1), and calculated
best-fit, as a function of Th content, calculated from deconvolution.
Note that these results are from scans obtained on 160 mm radius
Rowland circle spectrometer and are specific to high-pressure (3 bars)
P-10 counters.

resulting correction factor, which is therefore dependent on the
Th concentration, is presented in Fig. 18. The magnitude of the
interference for most monazite (2—6 wt% Th) will result in 5-18
ppm apparent Pb from Th interference on PbMo.

Interferences relevant to UM} measurement—actinide
analysis

Uranium analysis in monazite, or in any Th-bearing material,
is surely one of the more challenging measurements in micro-
analysis outside the ultra-light element domain. This difficulty
is due to strong overlaps on analytical lines, background com-
plications from numerous interferences, and the appearance of
absorption edges. The use of UM« as an analytical line has been
generally abandoned because the overlap by ThMp (and satel-
lites) is exceptionally problematic, and is further complicated
when Ar counters are used due to the appearance of the Ar-K
absorption edge just below (in wavelength) UMo. and ThM,
making background estimation particularly difficult. Although
the resolution of UM from ThMYy is assumed to be much better,
this spectral region is also fraught with obstacles.

The accurate measurement of UM for geochronologic ap-
plications requires recognition and evaluation of the remarkable
complexity of the wavelength region around UM resulting from
the presence of significant Th. The calculated age, however, will
be somewhat less sensitive to the U concentration as the relative
amount of Th increases. Even in the case of very high Th contents
(e.g., thorite or huttonite), it is unwise to consider inaccuracies
in the U concentration to be of little overall consequence. As
geochronology by EPMA continues to be refined and pushed
to greater age sensitivity, great care must be exercised in this
measurement. Thorium variation could be easily manifest as ap-
parent age variation in cases where the Th-U overlap corrections
are inadequate. As Th contents in monazite are typically several
weight percent to well over 10 wt%, and, as revealed by mapping
(Fig. 19), can cover an extraordinary compositional range even
in small monazite grains, this is a non-trivial point.

Wavelength scans of the UM region in synthetic ThO, and
CaTh(PO,), (brabantite) illustrate some of the Th-U complications
(Fig. 20). The ThM4 and MS absorption edges have a significant,



540

FIGURE 19. Thorium concentration map of monazite TJ382. Numbers
are Th concentrations in wt%. Note domain structures are sharply defined,
and that the concentration can vary by as much as a factor of 4 even in
small monazite grains. Quantitative analysis requires accurate estimation
of backgrounds (Th dependent) from each domain, and avoidance of
domain boundaries to ensure homogeneous excitation volume.

visible effect on the spectrum at high-Th concentration (ThMo
radiation originates from ionizations of the M5 level, and ThMf3
radiation originates from M4 ionizations, the edge height differ-
ence therefore behaves in accordance with the relative ionization
probabilities, with the M5 edge slightly greater than the M4 edge).
The ThMy, M5-P3, and M3-N4 diagram lines will all interfere at
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FIGURE 21. Deconvolutions of ThMYy from brabantite and monazite
spectra. Profiles are placed positionally on the graph by relative Th
content. The gray profile is the deconvoluted UMB+ThM3-N4 line.
Separating Th M3-N4 from UM is difficult, even with very detailed
scanning. Heavy, gray horizontal lines mark the expected Th M3-N4
heights in the monazites predicted from the ThMy/Th M3-N4 ratio in
brabantite.

the UM position. In addition, the ThM4-02, M4-P2, and M2-
N1 lines are major features that, along with the Th absorption
edges, will influence background selection and estimation. The
direct overlap of ThA/3-N4 and UM invalidates the application
of interference corrections based on a symmetric ThMy profile.
Satellite structures superimposed on the low wavelength limbs of
the main Th diagram lines complicate the overall UM interfer-

ence contributions greatly. Therefore, the total
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FIGURE 20. (a) Wavelength scan of the UM region (PET) of synthetic ThO,. Note
complex interferences from Th on UM as well as complications to potential background,
importantly including the emergence of the ThM4 and M5 absorption edges.
satellite lines. (b) Spectrum from synthetic (U-free) brabantite. Note typical broadening of
peak structure on the low wavelength side of CaKo from satellite influence.

Th does not interfere with UM (with a 160 mm
Rowland circle), therefore the total interference
at this Th concentration (or less) will arise from
ThM3-N4 and M5-P3, and a relatively constant
correction factor can be assumed until the ThMa
line begins to interfere with UMP. At this point,

Frl)
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TaBLE4. Examples of recalculated U values using different correction factors (CF) for Th- UM overlap with differing Th, Pb, and U concentra-
tions
CF=0.008 CF=0.0085 CF=0.014
Th Pb corr U (uncorr) U (corr) age (Ma) U (corr) age (Ma) U (corr) age (Ma)
125000 9098 5231 4232 1416 4169 1418 3481 1441
30000 987 5231 4991 475 4976 478 4811 481
5000 487 5231 5191 494 5189 494 5161 496
30000 987 600 360 701 345 702 180 714
30000 587 1200 960 396 945 396 780 403
All concentrations are given in ppm
0.016 the correction must include the contribution of
. o ThMo: in addition to ThM3-N4 + M5-P3, and the
0.015 2 Brabantite  * L .
1)y = 4E-06x” + 1E-05x + 0.0082 e total factor will increase (Figs. 21 and 22). The
2 — . .
5 < 0014 R"=0.9944 Papret correction factor shifts from 0.0085 to near 0.008
- e .
8 2 0.013 , ,/;I/’ between 12 wt% Th and 2 wt% Th. Although this
§° ~4-72)y =0.0079e"°""* [ produces significant shift in calculated U concen-
= 7 .
S § 0.012 =7 R? = 0.9747 tration, the calculated age tends to be less affected,
] . as the age is primarily a function of Th/Pb (Table
o 't 0.011 _ Py . O X
5 g 3)y= 1E-062X + 8E-05x + 0.008 4). However, if the U analysis is to be meaningful
'g é 0.01 | LGG 246-5 R*=0.9992 (and the age as accurate as possible), then the ac-
% 5 0009 curacy of the overlap correction must be carefully
D . . . .
addressed on the particular instrument being used.
0.008 LC;G ::’?1-5 Typically, U concentrations are around 0.1-Th or less
0.007 9 in monazite, meaning that the U analysis is highly
0 10 20 30 40 50 6o sensitive to Th overlap correction, which results in
Th wt.%) the subtraction of several hundred ppm U.

FIGURE 22. Calculated correction factors for the total Th interference on UMB
as a function of Th content. Curve 1 represents the polynomial fit of monazite points
only. Curve 2 is the exponential fit of monazite points, curve 3 includes brabantite
(polynomial). Figure 21 predicts that the correction factor should become constant at
low Th wt% (below about 5 wt%) due to the lack of apparent interference of ThMy
on UM, such that the total interference at low-Th content is due to Th M3-N4. The
exponential fit of monazite points is a better predictor for brabantite but the polynomial
fit may be favorable if a constant correction factor at low-Th contents is argued. Note
that the estimated correction factors tend to be higher than that predicted by simulated
spectra (0.006) as reported by Pyle et al. (2002).

U region (PET) vs. Th

Strictly speaking, the true background appropri-
ate to the measurement of UM lies between ThM/4-
P2 and ThMyy, with the background extending under
the ThMy family of lines up to the M5 edge. From a
practical standpoint, the ThM4 and M5 edges will
become inconsequential at low Th content, being
largely dependent on the precision of the background
measurement. The influence of the M5 edge is evi-
dent in wavelength scans of Th-bearing materials
from about 12 wt% Th and above (Elk Mt. mona-
zite, brabantite, ThO,, Fig. 23), and appears
non-resolvable at about 4 wt% Th. We can
gauge the edge significance by estimating the

expected Th concentration where we expect
the edge in question to emerge from the back-
ground noise. Clearly, the more precisely the
background is evaluated, the better the defini-
tion of the edge amplitude. A simple-minded
approach would be to take “emergence from
background noise” as defined by exceeding

the Liebhafsky limit (Goldstein et al. 2003)
of the background, that is, the point where
the edge height exceeds the 3-c level of the
background (3Ny,)"?, where Ny, represents
the total background counts). Based on the
edge heights estimated from brabantite, the
M5 edge should be definable at about 3—4
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FIGURE 23. Smoothed wavelength spectra (UM region, PET) of synthetic ThO, and
brabantite compared to natural monazites of varying Th content. Note the emergence of the
ThM4 and M5 absorption edges that become very significant at high Th. The curves below the

ThO, spectrum represent estimated background.

wt% Th if the background precision (10) is
near 0.5%, with the M4 edge emerging at
nearly twice that concentration (Fig. 24).

As wavelength scans demonstrate (Fig.
23), the potential interferences around UMB
arising from Th alone are imposing, affecting

48500
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FIGURE 24. Estimated levels where the ThM/4 and M5 absorption
edge heights are expected to reach the “Liebhafsky limit,” i.e., 3¢ level
of the background (3kag”2), as a function of background measurement
precision and Th concentration.
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FIGURE 25. (a) Potassium interference on UMP. This wavelength
spectrum (PET) is from monazite from the Lower Granite Gorge of
the Grand Canyon and was taken at the rim of the monazite a few
micrometers from the interface with K-feldspar. Mutual interferences
make this correction particularly problematic. Note that at high-Th
concentration (the Th concentration is about 4 wt% here), the interference
of KKow and ThM5-P3 will not permit a simple K measurement and
correction. (b) Detail of interference at the UM position.
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FIGURE 26. Potassium fluorescence effects in LGG246-5m! and
m?2 monazite grains. (a) Apparent K concentrations in Grain m1 near
monazite rim adjacent to K-feldspar compared to the rim next to quartz.
(b) Uranium concentrations (Th overlap corrected) from m1. (¢) Apparent
K concentrations along point traverses in grain m2 which is completely
included in K-feldspar, the apparent K (and therefore spurious U at the
UMB position) are seen to increase toward the rim in all directions. The
apparent K is produced by fluorescence by REE L radiation (from the
K-feldspar).

both the measured UMP peak intensity as well as complicating
background selection. Selecting spectral regions to include in
background estimation becomes increasingly difficult with
increasing Th content due to both the emergence of absorption
edges (discussed above), as well as the increase in intensity of the
ThMA4-02, M4-P2, and M2-N1 diagram lines. Although barely
visible in spectra from monazite containing less than 4 wt%
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Th (Fig. 23), high-precision counting necessitates the complete
avoidance of these lines during background acquisition, for ex-
ample, the emergence of ThM4-O2 renders the region between
0.43300 and 0.43800 sin® unusable at Th contents greater than
about 10 wt%.

Fluorescence interferences

Despite even the most careful consideration of interferences,
the occurrence of even minor amounts of unexpected elements,
such as S (see Fig. 15), can have substantial consequences for
trace-element analysis. In addition, and at least as significant,
are interferences arising from fluorescence of X-rays from high-
concentration elements in minerals adjacent to the phase being
analyzed. The discussion of U measurement in the presence
of Th (above) becomes even more complex when K becomes
detectable, as the first order KKo diagram line occurs on the
high wavelength side of UM (Fig. 25). Because KKa. is easily
fluoresced by LREE L-radiation, monazite hosted by K-feldspar
or K-mica requires prudent consideration of the effect of this line,
especially as analyses near grain edges (to assess overgrowths)
are attempted. Potassium Ko will begin to interfere with UMf3
at apparent concentrations as low as 100 ppm, but, like the low
intensity Th lines mentioned above, it is important to keep in
mind that at any detectable level there is potential interference at
high-wavelength UM background positions. Whether fluoresced
or actually present in some monazite, K presents a good example
of the kinds of unexpected spectral complexity that can substan-
tially compromise age results. Scanning the spectrum around the
peaks of interest allows a direct visual evaluation by which the
presence and severity of some intereferences on characteristic
lines and/or background regions can be judged. In cases where
background interference exists, more appropriate regions can
then be selected for intensity estimation.

Monazite LGG246-5 m1 from the Lower Gorge of the Grand
Canyon illustrates how fluorescence of K can affect geochrono-
logic EPMA. As shown in a detailed UMB-region wavelength
scan from the lower-right rim of this monazite where it contacts
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FIGURE 27. Estimated X-ray range for LREE in monazite
approximated using photon attenuation theory with a weight fraction-
based (LGG246-5 ml, low-Th domain composition), bulk mass-
absorption coefficient (Goldstein et al. 2003), and fluorescence intensity
vs. distance [//I;)] from a vertical interface in monazite, estimated using
the approximation method of Reed (1993). The assumed density for
monazite is 5 g/cm?®.

K-feldspar (Fig. 25), the KKo line forms a prominent feature
several micrometers within the monazite. As Th, U, and K mutu-
ally overlap, this is particularly difficult scenario.
Trace-element analyses across this monazite illustrate the
magnitude of the K fluorescence effect on both the apparent
U concentration and the resulting age estimation (Figs. 26 and
28). Note that the analyses near the K-feldspar are from within a
generally low-Th sector and that there is a similar low-Th sector
in the upper-left corner of this grain adjacent to quartz, allowing
good analytical control. Analyses of K within monazite (without
correcting for the potential interferences of UM and ThM5-P3)
are shown in Figure 26a. Potassium becomes detectable approxi-
mately 10-15 um from the interface with K-feldspar, and increases
exponentially toward the rim. Analyses approaching the rim next
to quartz show no such trend. Analyses of U (using UM, with
only Th overlap corrections), also increase toward the rim next to
K-feldspar, inverting the general trend toward lower U toward the
rim (Fig. 26b). The reversal in trend corresponds to the increasing
apparent K concentration. Note that the trend in the domain adja-
cent to quartz is flat or has a possible decrease in U concentration
toward the rim. Figure 26¢ shows the apparent K concentrations
in a monazite grain (m2) from the same sample, illustrating that
there is no dependence on spectrometer/grain boundary relation-
ship. X-rays arising from L ionizations in REE maintain significant
intensity from the primary excitation volume to more than 20 um
in monazite, and the apparent magnitude of the K fluorescence
effect is consistent with the estimation of fluorescence intensity
as a function of distance from a vertical boundary (Fig. 27).
The resulting age estimates are striking (Fig. 28). The apparent
increase in U toward the rim adjacent to K-feldspar leads to a
reduction in the apparent age, by as much as 100 m.y. relative to
the predominant age estimates elsewhere in this grain. Again, the
domain adjacent to quartz exhibits a flat age profile, in excellent
agreement with the ages calculated for the rest of this sector-zoned
monazite. Clearly, the effect of K fluorescence at the rim is a major
factor that could, if unaccounted for, lead to misinterpretation of
the apparent concentrations and the conclusion that the monazite
is substantially younger on the rim. Any monazite rim analyses

Effect of K fluorescence - LGG246-5 monazite
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in K-feldspar or K-mica hosted monazite must carefully contend
with this issue. At a minimum, trace analysis for K is indicated
when using the UM line for U analysis.

SUMMARY AND DISCUSSION

Tectonic histories typically involve multiple episodes of
mineral growth and deformation, and microanalysis offers hope
for deciphering these complexities as polygenetic monazite or
xenotime may exist in a single sample, or even in a single grain
(Montel et al. 1996; Cocherie et al. 1998; Crowley and Ghent
1999; Williams et al. 1999; Terry et al. 2000; Williams and
Jercinovic 2002). However, apparently minor analytical effects
can have major manifestations in resulting concentration mea-
surements and age estimates, and inaccuracies in analysis can
potentially lead to tempting interpretations or require propos-
ing tortuous (and unfounded), ad-hoc geochemical or tectonic
chimera. Not only will analytical errors produce erroneous age
results, but eventually an erroneous impression of the accuracy
of the technique will also emerge. Thorough investigation of
all aspects of data acquisition and a better understanding of the
origin and behavior of the relevant accessory minerals is required.
To this point, experimental work indicates that bulk Pb diffusion,
even at elevated temperatures, is a very slow process in monazite,
allowing a complex record of polymetamorphism potentially to
be preserved (Cherniak et al. 2004; Seydoux-Guillaume et al.
2002a). The thermodynamic relationships controlling accessory
phase growth during prograde metamorphism, element parti-

tioning, the role of fluids in monazite decomposition and repre-
cipitation reactions, along with the associated thermobarometric
implications are also being established (Andrehs and Heinrich
1998; Heinrich et al. 1997; Gratz and Heinrich 1997, 1998; Teufel
and Heinrich 1997; Pyle and Spear 1999; Seydoux-Guillaume et
al. 2002b; Spear and Pyle 2002; Wing et al. 2003).

The application of the electron microprobe to trace-element
analysis offers enormous potential both in geochemistry and
geochronology, however, there are many analytical challenges
that go significantly beyond what is generally necessary for
major-element analysis. Certainly, rigorous evaluation of such
aspects as the relevant physical constants and matrix algorithms
will ultimately be necessary. Very high quality thin section prepa-
ration is a necessary starting point because features such as poor
polish or high physical relief will result in difficult or impossible
grain edge analysis as well as conductivity problems. Instrumen-
tal variables such as counter gas pressure variation, dead time
corrections, and current measurement linearity (does the calibra-
tion at low current and analysis at high current correspond in the
current normalization?) all introduce another level of complexity,
but must be clearly evaluated and controlled. Careful pulse-height
analysis is critical for minimizing high-order interference effects
but, as noted by Lifshin and Gauvin (2001), care must be taken
not to constrain the energy windows such that counts are lost
at high count rates (see Pyle et al. 2005, this volume). For this
reason, we recommend setting PHA parameters based on counter
energy distributions for the peaks of interest on standards with

TABLE 5. Summary of analytical procedure for EPMA geochronology as currently implemented at UMass

Step Procedure Explanation

1 Full section map Carbon coat thin section (vacuum evaporation to ~250 A) and collect map of Ce (and/or La),
along with base-map reference element (Mg, Al). Typically 1024 x 512 pixels, 35 pm pixel step size,
defocused beam (~35 um). 350 nA, 15 kV, 10 ms count time/pixel.

2 Process maps for Import raw maps into image analysis program (Adobe Photoshop or equivalent). Adjust I/O levels to

accessory mineral selection highlight Ce (or La) spots and import adjusted maps as layers into Adobe Illustrator or equivalent.
Mark spots from REE maps on separate layer with circles, dots, etc. Overlay marked layer on base map
(Mg or Al) to identify accessory phases in textural context.
3 Map minerals at high Map selected grains, usually beam rastering at resolution giving step size <1 pm.
magnification Generally YLa, ThMa, UM, and PbMa, (and/or other geochemically important elements). 200 nA,
100 ms, focused beam.

4 Generate age maps Estimate pixel U, Th, Pb, and U concentrations in high-magnification maps by producing k-ratios
(subtract background intensities, reference to standard intensities), then applying matrix correction factors.
Calculate age values by iteration of age equation, then re-assemble pixels into “age map".

5 Collect major element analyses Run major element analyses, 15 nA, 15 kV, focused beam, of monazite, xenotime, etc. Should collect analyses
from all domains identified in maps (step 3 above).

6 Remove carbon coat, Lightly polish section (0.3 um polishing compound) to remove C-coat. Apply Au coat to thin section(s)

then apply gold coat and standards (stripped of coatings) by vacuum evaporation. Should be =80 A.
7 Collect backgrounds for Acquire wavelength scans of regions around YLa, ThMa, UM, and PbMa (8-sinB steps over 8400 sinb range,
trace element analysis 1500 ms/step, 200 nA, 15 kV, focused beam, differential mode PHA). Collected counts are converted to
dead-time corrected cps/nA. Backgrounds should be acquired for each identified compositional domain,
particularly guided by thorium variation.
8 Extract background intensity Apply digital noise filter to scan data, select appropriate background regions (avoiding interferences),
from scans and regress included data (exponential or polynomial best-fit). Apply regressed line to peak position
to calculate intensity of background.

9 Obtain trace element analyses  Enter background intensities into analysis definitions along with appropriate major element concentrations.
Calibrate (at 15 nA, 15 kV, focused beam), YLa, ThMa, UMB, and PbMa, then analyze unknowns (200 nA, 15 kV,
focused beam, 600-900 s per point). Identified compositional domains should be individually analyzed.
Multiple analyses within a domain increases the precision on the age estimate as evaluated via the standard
error of the mean. Concentrations are modified by empirical corrections for overlaps. Such corrections are
done by either 1) use of correction factors calculated by spectral measurement and deconvolution, or by
measuring Pb in Pb-free YPO, (accounting for the wavelength shift of YLy between YPO, and monazite) and
brabantite, and by measuring U in brabantite, scaling the intensity according to the matrix to be able to subtract
counts at the k-ratio level, then running corrected intensities through the matrix procedure (PAP in this case).

10 Calculate ages Calculate Pb as a function of age, Th, and U concentrations. By iteration of age, converge to the measured

Pb concentration.
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relatively high concentrations, or, as in the case of high-Th mona-
zite, to set parameters based on the highest count rate scenario
to be encountered for that element either during calibration or
analysis. As Lifshin and Gauvin (2001) also pointed out, errors
generated by differences in quantitative models will be strongly
dependent on absorption parameters, in turn a function of both
the composition of the sample and the beam voltage. For this
reason, as well as effects of spatial resolution, users must balance
the benefits of high overvoltage to enhance precision, against the
potential resulting inaccuracies. We select 15 kV in order to have
sufficient overvoltage to count Th, U, and Pb, and, at the same
time, minimize the interaction volume, in accordance with the
work of Montel et al. (1996).

In most monazite, compositional variation is most significant
for Th and Y at the major-element level, and the assumption of
constant REE ratios (the measured range generally is within a
few percents for most monazite in a sample) is reasonable for
matrix corrections (see quantitative discussion by Pyle et al.
2005, this volume). Obviously, this assumption will break down
at some level, meaning that the highest accuracy analyses should
have major elements included in the complete analysis of each
point. Although this is largely impractical at present, a survey
of major-element compositions should be obtained by taking
several analyses from each domain identified by mapping prior
to quantitative analysis. At the very least, the analyst will then be
alerted to major substitutional trends or the presence of otherwise
unexpected elements (as in the case of As presented here).

Careful X-ray mapping and wavelength scanning are es-
sential for accurate analysis. Maps reveal zoning patterns and
indicate the extent of domains within and among grains to be
analyzed, guiding background acquisition and quantitative
analysis. The quantitative strategy must be guided by maps, or
point placement on domain boundaries or within domains with
compositions inappropriate to the backgrounds being employed,
are inevitable, resulting in high scatter and potential inaccuracy.
Wavelength scans reveal the background shape and detail features
of interferences relevant to both peak and background measure-
ment. Such scans offer an explicit means to estimate the true
background to be subtracted from peak intensity measurements,
and can, if sufficiently detailed, offer a means to evaluate over-
laps. Table 5 lists the overall technique for EPMA geochronology
presently used at UMass.
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