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Multi-step chemical abrasion thermal ionization mass spectrometry (CA-TIMS) methods were developed for
monazite using six samples that vary in composition and age—Amelia, Jefferson County, Burke, Elk Mountain,
554 and Madagascar. To evaluate whether the multi-step CA-TIMS approach reveals complexities in either
age or composition that might be masked by single-step analysis, this study presents a side-by-side compar-
ison of monazite samples dated via multi-step TIMS (not annealed) and CA-TIMS (annealed), and measure-
ment of rare earth element ratios for each dissolution step. The data demonstrate three important
contributions. First, annealing reduces solubility—after one partial dissolution step, not-annealed fractions
Keywords: were 3.3-4.1 times more digested than the annealed fractions. The difference in solubility suggests that mon-
Monazite azite does not fully self-anneal at low temperatures. Second, multi-step TIMS analyses yielded high-precision
U-Pb U-Pb plateau ages for the Burke and Amelia monazites; CA-TIMS analyses yielded high-precision U-Pb

Editor: L. Reisberg

GeOCh‘rOHOIOgX plateau ages for Madagascar and Amelia monazites. Jefferson County, Elk Mountain and 554 yielded more com-
ihem‘fal abrasion plex results and no U-Pb plateau ages. Third, chemical analysis of partial-dissolution steps reveals heteroge-
nnealing

neous age and compositional data for annealed samples. Because not-annealed samples yielded more
consistent age and compositional data, high-temperature annealing is not recommended for monazite.

Instead, optimal TIMS results are provided by slow, partial dissolution of monazite in weak acid.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Because determining the rates of large-scale tectonic processes —
including exhumation, uplift and burial - remains a fundamental
issue in geology, the need for more accurate and precise mineral
dates is critical. Geochronologists have long appreciated the potential
of monazite [(Ce,Th,REE)PO4] as a geochronometer for several rea-
sons: 1) it is stable at a wide range of pressures and temperatures
over a broad range of bulk compositions (Parrish, 1990; Chang et
al., 1998; Catlos et al., 2002; Pyle et al., 2002); 2) it contains U and
Th (Overstreet, 1967), thus providing three decay schemes to assess
concordance (223U — 2%6pb, 235U — 207pp, 232Th — 298ph); 3) it gener-
ally contains low initial concentrations of common Pb (Parrish, 1990),
thereby reducing the correction for common Pb; 4) and, perhaps
most importantly, the low diffusivity of elements within monazite
(Cherniak et al., 2004) enables the preservation of compositional
zoning that may reflect changes in pressure, temperature, fluid
composition, and/or the growth or consumption of other minerals
(e.g. Chang et al., 1998; Pyle et al.,, 2001; Williams et al., 2002; Kohn
and Malloy, 2004; Janots et al, 2006). Correlation of monazite
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composition with mineral reactions and pressure-temperature (P-T)
histories can provide important pressure-temperature-time (P-T-t) in-
formation not attainable by other means (e.g. Pyle and Spear, 1999;
Dumond et al., 2008; Janots et al., 2009).

A variety of techniques have been used to determine monazite
(U-Th)/Pb dates, including laser ablation inductively coupled mass
spectrometry (LA-ICPMS), secondary ion mass spectrometry (SIMS),
electron probe microanalysis (EPMA) and thermal ionization mass
spectrometry (TIMS). Microbeam techniques, including LA-ICPMS,
SIMS and EPMA, provide a means to measure in situ dates from mon-
azite; in favorable circumstances, these dates can be used to deter-
mine the timing or rates of metamorphic, magmatic and diagenetic
processes (Suzuki and Adachi, 1991; Harrison et al., 1995; Stern and
Berman, 2001; Foster et al., 2004; Williams et al., 2007). In the sim-
plest terms, LA-ICPMS and SIMS methods measure Pb/U, Pb/Th and
the isotopic ratios of Pb in monazite to calculate a date, whereas
EPMA methods measure the elemental concentrations of U, Th and
Pb to calculate a date.

Several recent improvements in analytical techniques afford
smaller microbeam sizes (~5 pm), improved counting accuracy and
precision, and shorter analytical times; for example <1 minute total
analysis time is now routine via LA-ICPMS (e.g. Gehrels et al., 2008).
Unfortunately, the ability to obtain reproducible and accurate dates
with many of these techniques has proven problematic for several
reasons (Horstwood, 2008; Kohn and Vervoort, 2008). First, micro-
beam techniques require the use of a reference material. The accuracy
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and precision of microbeam dates are therefore limited by instru-
ment reproducibility and the degree of isotopic homogeneity of the
reference material—any heterogeneity in the reference material
must be incorporated into the errors for an unknown. Second, LA-
ICPMS and SIMS techniques extract matrix material (e.g. Zr, Si, P,
Ca, REE) that may form polyatomic species that are isobaric with the
isotopes of interest, such as Pb (Ireland, 1995; Stern and Berman,
2001). While methods have been developed to correct for interferences,
the corrections can be large. For EPMA techniques, considerable time
must be devoted in quantifying the background for each sampling do-
main prior to analysis (e.g. Williams et al, 2007; Jercinovic et al.,
2008; Spear et al., 2009). Furthermore, EPMA methods must assume
concordance a priori because electron probes measure elemental con-
centrations, not isotopes. Third, LA-ICPMS and SIMS methods produce
both elemental and isotopic fractionation as a result of differential
vaporization and mobilization of extracted material (Hirata and
Nesbitt, 1995; Horn et al, 2000; Kosler et al, 2001; Fletcher et al.,
2010). Collectively, these “matrix effects” can affect the accuracy of
measured dates by suppressing the ionization of targeted isotopes or
producing isobaric interferences on measured masses.

Although they require significantly more analytical time to mea-
sure (hours vs. minutes), TIMS dates have long been interpreted as
the “true” age of reference materials and are therefore commonly
used as the benchmark age for calibrating other methods (e.g.
Harrison et al., 1995). For TIMS analysis, samples are spiked with an
isotopic tracer (the “isotope dilution” (ID) method) during dissolu-
tion. Spiked samples do not need to be calibrated to a separate ref-
erence material, thereby eliminating a major source of error. TIMS
methods also do not confront the analytical challenge of “matrix
effects” because this material is removed by column chemistry
prior to analysis.

Despite its many advantages, TIMS analysis presents a few chal-
lenges. TIMS analyses do not commonly yield high spatial resolution
and typical preparation methods remove the grains from their petro-
graphic context. However, methods have been developed to measure
multiple ID-TIMS ages from a single grain. Examples of these methods
include fragmenting grains to analyze selected portions such as the
tips of grains (e.g. Schdrer and Allégre, 1982). More recently, X-ray
maps are used to guide micro-sampling techniques via micro-
milling (e.g. Corrie and Kohn, 2007).

Many iterations of method development for TIMS analysis have
been published, typically aimed at selectively reducing or removing
discordance. For example, the air abrasion method (Krogh, 1982)
mechanically removes the outer layers of grains, often largely reduc-
ing the degree of discordance. However, air abrasion cannot remove
discordant interior portions of grains, resulting in small amounts of re-
sidual discordance. Chemical abrasion TIMS (“CA-TIMS”, e.g. Mattinson,
2003, 2005) is the latest technique for preferentially removing discor-
dant portions of grains, both inside and out. The CA-TIMS method was
pioneered with the accessory mineral zircon (ZrSiO4) and uses high-
temperature pre-dissolution annealing followed by one or more partial
dissolution steps. The high-temperature annealing process converts
metamict zircon to baddeleyite (ZrO,), which is more easily dissolved
than zircon. This process typically leaves a residue of closed-system
zircon that, in the absence of inheritance, yields concordant results
(e.g. Mundil et al., 2004).

Because of the success of CA-TIMS with zircon, we conducted a
series of experiments to assess the application of CA-TIMS to U-Pb
dating of monazite. In contrast to zircon, monazite is rarely metamict
and is thought to self-anneal at low temperatures (Meldrum et al.,
1998). However, previous work has demonstrated that thermal anneal-
ing produces structural recovery (Seydoux-Guillaume et al., 2002a), in-
dicating that monazite does accumulate some radiation damage.
Annealing at temperatures of 900-1100 °C yielded the most structural
recovery as determined by Raman spectroscopy (Nasdala et al., 2002;
Seydoux-Guillaume et al, 2002a). Although these temperatures are

high, Pb diffusion studies have shown that a 100 um radius monazite
that cooled at 10 °C/Myr has a closure temperature of 1050 °C, which
is 50 °C higher than zircon for equivalent conditions (Cherniak et al.,
2004). These data suggest that a 48-hour annealing step at 1000 °C
may repair the crystal lattice in monazite, thereby affording slower dis-
solution rates, without affecting the isotopic age. If thermal annealing
converts radiation-damaged domains in monazite to a different phase
- as seen with zircon - these domains should be chemically distinct
and therefore identifiable via geochemical analysis.

The purposes of this study were to 1) evaluate the effects of
annealing on the dissolution rate and isotopic age, and 2) determine
whether the detailed, multi-step CA-TIMS approach reveals complex-
ities in either age or composition that might be masked by single-step
analysis. These questions were addressed through a side-by-side
comparison of isotopic dates via multi-step TIMS (not annealed)
and CA-TIMS (annealed), and measurement of rare earth element
ratios for each dissolution step.

1.1. Sample selection criteria

Monazite samples were selected for this study because 1) their
differences in composition (Fig. 1) reflect the range in natural mona-
zite. For example, among the samples analyzed, ThO, ranges from
~3.5 to 15wt%; Ce,03 from ~17 to 30 wt%; Y,0s from 0.5 to
2.5 wt.%; and CaO from 0.14 to 1.4 wt.% (Table 1; further EPMA data
are compiled in the Data Repository). 2) Previous LA-ICPMS and
SIMS analysis (Peterman et al., 2006) yielded relatively homogeneous
isotopic data, despite elemental heterogeneity within some grains
(e.g. Fig. 2). 3) The samples exist in sufficient quantity that they
could be used as reference materials. Although the best reference
materials are both isotopically and compositionally homogeneous,
isotopic homogeneity is the most critical characteristic of a reference
material. Because 554, Jefferson County, Madagascar, Amelia and Elk
Mountain were previously distributed as potential age reference
materials, these samples were analyzed to evaluate their suitability.

1.2. Sample descriptions

554 is an accessory mineral from the peraluminous granite Catnip
sill, a member of the Wilderness intrusive suite in the Santa Catalina
Mountains, Arizona. This monazite is commonly used as a reference
material for ion microprobe analysis (e.g. Harrison et al., 1999) and
is the only sample for which whole grains—not fragments—were
used in this study. Grains measure ~200pum in diameter. In
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Fig. 1. Electron microprobe composition data of monazites analyzed in this study,
normalized to monazite standard ‘44069’ (Aleinikoff et al., 2006).



Table 1
Sample characteristics.

Sample name Approx. age Compositional characteristics (wt%) °
(Ma) U,03 ThO, Y504 Ca0 Ce,05
554 45+13° 0.02-0.11 38+1.6 1.34+0.17 0.84+.09 29.74+0.7
“44-47 ¢
Amelia 274.6+0.6 ¢ 0.20+0.02 15.1+0.5 1.03+0.06 0.64+0.03 239+0.2
155+0.3 0.98 4-0.02 0.65+0.02 241403
Burke ~365 ¢ 0.51+£0.22 7.334+1.26 1.134+0.71 1.184+0.14 26.5+0.5
81+22 1.114+0.61 1.2940.18 26.2+0.8
Elk Mountain ~1391-1404 0.33+0.04 10.2+0.3 0.5840.02 0.73+0.03 239+0.2
10.4+0.2 0.6140.03 0.83+0.02 238403
Jefferson County 365.5+2.6 ¢ 0.46 +0.35 5.0040.85 1.0240.32 0.66 +0.32 18.74+0.9
411+12¢
Madagascar 5113449 ¢ 0.41+0.04 10.7+0.3 1.26 +0.09 0.16+0.02 239402
9.7+0.7 1.164+0.07 0.16 +£0.01 246+03

¢ Electron microprobe data (data available in Data Repository 1).
° Harrison et al., 1995.

¢ Shakel et al., 1977.

4 Peterman et al., 2006.

¢ Peterman, unpublished LA-ICP-MS data.

T J. Baldwin, unpublished TIMS data.

comparison with other monazites, 554 is low in U,03 and ThO,
(Table 1; full EMPA dataset in the Data Repository). Previous U-Th-
Pb work on this sample yielded ages of 44-47 Ma (Shakel et al.,
1977); the Th-Pb age of 554 is 454 1.3 Ma (measured by M. Tatsu-
moto, as cited in Harrison et al, 1999). The age heterogeneity
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Fig. 2. Back-scattered electron (BSE) images of not-annealed (N) and annealed
(A) monazite samples. Amelia does not have distinct compositional domains; Burke
has compositional domains; and Jefferson County shows complex um-scale chemical
heterogeneity. Grain margins for annealed samples have more platy textures than
not-annealed samples.

presents an opportunity to assess whether the CA-TIMS technique
can elucidate complex monazite samples.

Amelia is a compositionally homogeneous Th-rich megacryst (Figs. 1
and 2; Table 1). Pegmatites from this mining region yielded a mica Rb-
Sr age of 279 4 14 Ma (Deuser and Herzog, 1962). Conventional TIMS
analysis yielded a 2°°Pb/?3%U age of 274.5840.58 Ma (Table 1 and
Data Repository). This sample was provided by the Smithsonian Insti-
tution and has previously been referred to as Smithsonian (Peterman
et al., 2006).

Burke is a commercially purchased orange-yellow megacryst
with patchy zoning and some (micro)cracks (Fig. 2); it is largely
free of visible inclusions. It is the most Ca-rich monazite analyzed
in this study (Fig. 1; Table 1), has more than one domain visible in
backscattered electron (BSE) images (Fig. 2), and has greater varia-
tion in elemental composition than other samples (e.g. Y,0s3, ThOo;
Table 1; Data Repository).

Elk Mountain is a portion of a pale to dark brown megacryst that has
been widely distributed as an electron microprobe standard by M. Bersch
(Univ. of Alabama). EPMA analyses of composition are homogeneous
among and within grains. Analyses of a different aliquot of this sample
yielded 2°7Pb/2%Pb ages from 1391 to 1404 Ma and 2°°Pb/?38U ages
from 1413 to 1593 Ma (unpublished data, ]. Baldwin, MIT).

Jefferson County is a portion of a brown megacryst that was
also distributed as an electron microprobe standard by M. Bersch.
Relative to the other samples, Jefferson County is depleted in light
REE (Fig. 1; Table 1). It has patchy zoning and abundant (micro)
cracks (Fig. 2). Previous LA-ICPMS data yielded an age of 365.5+
2.6 Ma (Peterman et al., 2006); conventional TIMS analysis yielded
an equivalent 2%5Pb/?38U age of 363.98 4 0.74 Ma (Data Repository).

Madagascar is a brown-orange megacryst. Relative to other
monazites, Madagascar is enriched in Pr and Nd, and depleted in Ca
and Dy (Fig. 1; Table 1). LA-ICPMS and SHRIMP data suggested a crys-
tallization age of ~492 Ma (Peterman et al., 2006). Conventional TIMS
analysis yielded a 2°°Pb/?38U age of 511.3 & 4.9 Ma (Data Repository).

2. Methods
2.1. EPMA

Quantitative compositional analyses of the six monazite samples
were conducted on Cameca SX-50 and Cameca SX-100 electron micro-
probes at UCSB, both operated at 15 kV accelerating voltage and 200 nA
beam current. Monazite compositions are compared in Fig. 1; selected
EPMA data are summarized Table 1. The full EPMA dataset is in the
Data Repository.



2.2. Dissolution conditions

Several different sample-dissolution techniques were investigated
in this study. Previous methods for monazite dissolution typically
used concentrated HCl (~12 M) at high temperatures (>180 °C) and
were targeted at complete dissolution. We experimented with acid
strength (12 M, 6 M and 3.1 M HCl), temperature (120 °C, 100 °C and
80 °C) and step durations (12 and 6 h) to determine optimal conditions
to permit multi-step analysis. All dissolution experiments were con-
ducted with PARR digestion vessels. Not-annealed grain fragments of
the Jefferson County and Amelia samples were ~80% dissolved with
6 M HCl at 120 °C for 12 h. Following identical dissolution conditions,
grain fragments annealed for 48 h at 1000 °C were only 10-30% dis-
solved. The reduction in dissolution rate is consistent with results
from zircon experiments (e.g. Mattinson, 2005). Because 10-30% disso-
lution in the first step represents a large proportion of the material, we
used 3.1 M HCl and low initial temperature steps (80 °C) to yield suffi-
cient dissolution steps to evaluate the CA-TIMS technique. The temper-
ature and time for each dissolution step are listed in Table 2.

2.3. Sample dissolution and column chemistry

Multiple-grain aliquots of similarly sized grains or grain fragments
of monazite samples 554, Amelia, Burke, Elk Mountain, Jefferson County
and Madagascar were selected for analysis. Approximately 10 grains
(or grain fragments) of each sample were pretreated with a high-
temperature annealing step (1000 °C for 48 h in air in high-purity alu-
mina crucibles) and analyzed via multi-step CA-TIMS. An additional
10 grain fragments of the Burke, Amelia and Jefferson County samples
were analyzed via multi-step TIMS without high-temperature pretreat-
ment. The not-annealed grain fragments were optically identical to
their annealed counterparts. In total, nine multi-grain (or grain frag-
ment) samples were analyzed. Annealed samples are labeled “A”;
not-annealed samples are labeled “N.”

To remove surface contaminants, each sample was transferred into a
3 mL Teflon screw-top vial and rinsed with 1.5 mL 1.5 M HCl followed by
two ultra-clean H,0 rinses. For each dissolution step, 50 puL ofa 3.1 M HCI
205ph,235U spike (converted from the commonly used “zircon” spike (e.g.
Mattinson, 2005)) and 450 L of 3.1 M HCl were added to each sample.
The vials were then stacked three deep inside Teflon cups with an addi-
tional 1.5 mL 3.1 M HCI to normalize the vapor pressure inside and out-
side the sample vials. Teflon cups were placed inside PARR digestion
vessels and loaded into ovens for dissolution. The paired annealed and
not-annealed samples - Jefferson County, Amelia and Burke — underwent
parallel dissolution conditions (i.e. the same temperature and time). Be-
cause 554 is much younger (Table 1) and smaller (average grain size
~200 um diameter vs. 0.5-1 mm grain fragments for other samples),
higher temperatures were used to yield enough U and Pb to measure
reasonably precise ages on individual steps (Table 2). After every partial
dissolution step, each sample was rinsed with ultra-clean water (at the
lab bench) and then cleaned twice in 500 pL ultra-clean H,O in the
oven at the same temperature and time as the previous step. All rinse
and cleaning solutions were pipetted off and discarded.

The Pb and U from each step were purified using the HCl ion ex-
change chemistry of Krogh (1973) with ~0.15 mL column resin beds.
Column elutions were reserved for compositional analysis via ICP-MS
(see Section 3.5). Pb and U were extracted from the columns together
using ultra-clean H,O and were collected in clean 5 mL Teflon bea-
kers containing 6 uL 1 M HsPO,4 (after Mattinson, 2005). After sam-
ples were fully dried in a HEPA-filtered drying box, Pb and U were
loaded together onto outgassed Re filaments in 3.5 L of silica gel.

2.4. U-Pb measurements

Samples were loaded in the UCSB Finnigan-MAT 261 TIMS and
evacuated overnight. Each filament was preheated for 2 min at

2.0A. U and Pb isotopic ratios were measured in static multi-
collection mode. For most samples, 2°°Pb, 2°7Pb and 2°8Pb were col-
lected on Faraday cups while 2°*Pb was simultaneously collected on
a Spectromat ion-counting system; because the Amelia monazite has
a high 2°4Pb/2%Pb ratio, 2°*Pb was collected on a Faraday cup.

The NIST 983 Pb standard was used to calibrate the ion-counter
relative to the Faraday cups. Data were fractionation corrected
using an assumed value of 0.12%/amu. The sample age was used to
estimate the common-Pb correction following Stacey and Kramers
(1975); 2°°Pb/?**Pbommon and 2°7Pb/2%Pbcommon ratios are included
in Table 2. Conservative error estimates of +0.5 and +0.2 were
used for 2°°Pb/2%4Pb and 2°7Pb/2°“Pb, respectively. Further details
regarding error propagation and data analysis are provided in the
Appendix A.

2.5. REE, P and Th measurements

Based on EPMA data (Data Repository), compositional domains
within monazite grains can be identified by changes in relative con-
centrations of U, Th, Dy and Nd. To assess if age domains correlate
with compositional domains, the composition and amount of mona-
zite digested in each partial dissolution step were measured by ana-
lyzing the column elutions via ICPMS. Because each step dissolved
different amounts of monazite, blank-corrected ratios (not concen-
trations) were used to identify changes in composition among the
steps.

P and REE were measured on the Element XR at UC Santa Cruz,
which has a sensitivity of 10° cps/ppb. Samples were spiked with
10 ppb Ho as an internal standard. The samples were aspirated with
additional P-10 carrier gas (15 mL/min) to enhance P sensitivity and re-
duce oxide formation. *°La, 4°Ce, 1#!Pr, *3Nd, 1*°Nd, “°Nd, '47Sm,
1495m, 155Gd, 1°7Gd ''Dy and '%*Dy were measured in low-resolution
mode using '®*Ho as an internal standard; 3'P was measured in
medium-resolution mode. 2*2Th and !“°Ce were measured on the Ele-
ment X-Series Quadrupole ICPMS at UC Santa Cruz; '“°Ce was used to
intercalibrate the REE, P and Th data (Data Repository Table 2). The ex-
ternal precision of the ratios measured on the X-Series ICPMS was <0.2%
(10) with a detection limit of 2 ppt; the instrument sensitivity is
~50,000 cps/ppb. Blank-corrected compositional data can be found in
the Data Repository. An external isotope ratio precision of <0.4% (10)
was determined by calculating the standard deviation of seven analyses
of a monazite solution interspersed throughout the analytical run.

For this dataset, U/P, Th/P, Nd/P and Dy/P were used to deter-
mine if partial dissolution steps were sampling multiple composi-
tional domains. Changes in U and Th might indicate dissolution of
different age domains; Nd and Dy are the most reliable indicators
of variation in REE for these six samples.

2.6. Single-step dissolution and TIMS analysis of Elk Mountain

Discrepancies between measured U/Pb and Pb/Pb ages for Elk
Mountain merited further analysis. Eight new grain fragments were
selected for analysis (grain images in Data Repository 2) and
annealed at 1000 °C for 48 h prior to single-step dissolution. Each
fragment was rinsed with water to remove surface contamination,
spiked and dissolved in a PARR digestion vessel in ~500 pL of 3.1 M
HCI at 200 °C for 12 h, ensuring complete single-step dissolution.
The grain fragments were run through column chemistry and ana-
lyzed following methods described in Sections 3.4 and 3.5.

3. Results
3.1. SEM imaging

BSE imaging of annealed monazite shows the development of
platy textures along the grain margins (Fig. 2). Although not-



Table 2

Experimental conditions and U-Pb geochronology data for CA-TIMS and multi-step TIMS analyses.

Sample Anneal  Step U P Measured ratio® Common Pb” Calculated ages (Ma) Calculated
conditions ratio
°C/t(th)  °C  Hours (%) (%)  2%5Pb/?%Pb 206pp204ppy  207ppy204phy  206phc/238y  Error (20)  207Pb¢/2%°U  Error (20) 23?Th/?%8U
Amelia A 1000/48 18.28 15.61
A 80 12 2.1 3.0 64 277.0 6.4 285.8 332 354.6
B 80 12 1.7 24 36 257.2 154 227.8 95.2 284.0
C 80 12 1.9 6.0 71 274.0 54 289.3 28.1 367.6
D 90 12 2.7 35 71 272.9 53 281.0 27.6 381.2
E 90 12 4.2 49 74 2734 5.1 272.0 26.6 389.7
F 110 12 3.0 3.8 74 274.9 5.1 313.6 25.8 345.8
G 120 6 5.4 5.5 69 270.8 5.6 269.2 34.1 388.0
H 120 6 63 6.2 75 270.8 5.0 270.6 29.1 395.7
I 130 6 9.2 83 78 2714 4.8 271.6 26.0 402.7
] 140 6 8.8 8.4 79 270.4 4.6 2534 25.7 431.7
K 150 6 13.1 123 81 273.0 4.5 276.6 241 403.0
L 150 6 7.1 6.3 84 271.6 43 265.4 25.2 4293
M 160 6 8.3 7.4 88 273.2 4.1 288.5 22.0 396.2
N 160 6 8.4 7.3 84 2723 43 261.0 24.2 438.9
(¢} 160 6 6.8 5.7 920 2715 4.0 260.8 23.1 4343
P 160 6 5.6 5.2 91 2734 39 277.0 243 417.5
Q 160 6 3.7 2.2 94 273.6 3.9 268.8 24.8 422.3
R 160 6 1.7 1.6 93 272.8 4.1 295.4 323 381.6
Amelia N N/A 18.28 15.61
A 80 12 11.0 103 19 96.8 196.5 105.6 273.9 38.1
B 80 12 8.2 8.6 91 273.9 39 2771 23.7 384.6
C 80 12 8.9 9.1 97 274.7 3.6 292.0 18.2 367.8
D 90 12 10.0 9.7 93 2734 3.8 274.9 20.1 385.9
E 90 12 147 142 93 272.4 3.8 264.4 214 402.6
F 110 12 105 103 94 272.9 3.7 2733 20.2 390.4
G 120 6 148 13.8 94 2725 3.8 267.2 20.5 399.2
H 120 6 122 122 91 272.2 3.9 2753 223 382.7
I 130 6 73 79 86 273.2 4.2 277.0 23.9 364.6
] 140 6 23 3.7 80 2704 4.9 274.2 51.4 3374
Madagascar A 1000/48 17.93 15.58
A 80 12 23 4.9 166 493.4 35 473.6 173 28.8
B 80 12 1.6 44 861 517.2 1.0 510.8 3.0 29.8
C 90 12 2.8 5.7 1150 516.1 0.7 512.2 2.2 29.7
D 90 12 25 4.8 1129 520.1 0.7 513.9 23 29.7
E 90 12 4.5 6.0 975 518.0 0.8 511.8 2.5 29.6
F 110 12 3.5 53 1132 5204 0.7 513.9 23 29.7
G 120 6 6.9 7.0 1743 517.0 0.7 510.2 15 29.7
H 120 6 8.4 7.5 3071 516.5 0.6 511.7 1.0 29.7
[ 130 6 105 86 4213 516.8 0.6 512.0 0.8 29.7
] 140 6 10.7 9.7 6357 516.9 0.5 512.0 0.7 29.8
K 150 6 13.3 105 6377 517.7 0.6 5125 0.7 29.7
L 150 6 8.4 6.7 9675 518.1 0.6 513.6 0.6 29.7
M 160 6 12.6 8.4 9789 518.5 0.5 513.5 0.6 29.8
N 160 6 10.0 7.2 6736 517.9 0.6 512.8 0.7 29.6
(6} 160 6 21 3.2 4181 517.7 0.7 513.6 1.1 293
Burke A 1000/48 18.13 15.6
A 80 12 13 2.2 869 353.0 0.6 354.7 2.1 155
B 80 12 1.0 2.0 3719 368.3 0.4 366.4 0.7 159
C 80 12 1.2 23 4072 369.9 04 368.1 0.6 15.8
D 90 12 1.8 2.7 5964 372.9 0.4 3713 0.5 15.8
E 90 12 2.6 35 6280 381.0 0.4 3774 0.5 159
F 110 12 2.8 3.7 6527 3814 04 3784 0.5 16.1
G 120 6 3.6 4.1 6834 376.9 0.5 374.0 0.6 16.1
H 120 6 4.1 4.9 8004 385.7 0.4 381.9 0.5 16.0
I 130 6 6.3 7.1 9133 376.7 0.4 3741 0.5 163
] 140 6 125 120 11,418 373.7 04 371.5 0.4 16.2
K 150 6 11,5 11.0 13,054 3773 0.4 374.6 0.4 16.0
L 150 6 8.6 8.2 14,507 378.0 0.4 375.2 0.4 159
M 160 6 104 9.8 16,256 377.3 0.4 374.5 0.4 15.7
N 160 6 148 122 18,672 3743 04 372.2 04 14.6
[0} 160 6 8.4 7.0 17,899 375.0 0.4 372.8 0.4 14.0
P 160 6 63 52 16,909 375.8 04 373.6 0.4 14.1
Q 160 6 2.6 1.5 15343 3751 04 373.0 04 143
R 160 6 0.4 0.5 3224 373.6 0.6 374.0 1.8 15.2
Burke N N/A 18.13 15.6
A 80 12 9.0 9.1 192 356.9 5.0 354.9 25.9 16.5
B 80 12 7.2 7.5 10,658 3724 04 370.2 0.5 17.7




Table 2 (continued)

Sample Anneal  Step §) P Measured ratio® Common Pb” Calculated ages (Ma) Calculated
conditions ratio
°C/t(h)  °C  Hours (%) (%) 2%5Pb/29%Pb 206ppy204ppy  207phy204ppy  206phe 238y Error (20)  2°7Pb</?%°U  Error (20) 23?Th/?%%U
Burke N N/A 18.13 15.6
C 80 12 93 96 14502 371.2 0.4 369.1 0.4 17.7
D 90 12 114 11.0 16,259 371.1 0.4 369.1 0.5 17.6
E 90 12 13.7 131 16,725 3714 0.4 369.4 04 174
F 110 12 11.6 11.6 14,204 370.8 0.4 369.0 0.4 17.9
G 120 6 11.0 105 15671 370.7 0.4 368.8 04 17.5
H 120 6 92 92 16,107 3715 0.4 369.6 0.4 17.7
1 130 6 91 93 15694 3716 0.4 369.6 0.4 18.2
] 140 6 71 71 15,565 3721 0.4 370.4 0.4 17.7
K 150 6 13 1.9 10,038 373.8 0.4 3719 0.6 16.8
Elk Mountain A 1000/48 16.33 15.4
A 80 12 55 3.1 9986 2027.4 2.2 1732.5 2.0 194
B 80 12 37 28 9231 2239.7 2.4 1834.7 22 25.0
C 80 12 35 38 9829 2309.9 2.5 1870.5 22 29.5
D 90 12 40 47 10388 24285 2.6 1925.5 23 355
E 90 12 55 73 11,012 24432 2.9 1933.2 25 39.9
F 110 12 59 80 11,866 2305.3 2.5 1873.7 22 42.6
G 120 6 60 7.7 11,879 2083.1 2.5 1772.0 2.6 432
H 120 6 81 96 12482 1898.0 2.6 1679.8 24 42.8
1 130 6 102 105 13,443 1691.9 2.1 1568.5 2.1 40.9
] 140 6 159 140 15397 1603.7 22 1517.7 22 40.6
K 150 6 185 169 15424 1576.1 24 1499.5 24 40.8
L 150 6 78 68 16393 1561.8 19 1491.1 19 413
M 160 6 51 46 16471 1545.9 1.7 1481.3 1.8 41.2
N 160 6 00 - 1504 15132 115 1466.3 12.6 40.9
554 A 1000/48 18.6 15.6
A 80 12 45 42 30 36.8 35 47.0 23.5 52.2
B 80 12 43 44 106 46.1 0.6 383 33 149.5
C 90 12 45 52 123 443 0.4 42.6 2.6 151.6
D 100 12 8.7 93 125 45.0 0.4 46.3 25 153.6
E 100 12 84 10.0 112 46.8 0.5 485 3.0 154.7
F 120 12 81 94 140 47.0 0.4 41.8 23 201.2
G 130 6 106 12.6 146 47.4 0.4 45.2 22 192.7
H 130 6 114 140 179 495 0.3 48.6 1.8 196.2
1 140 6 166 - 504 121.3 03 125.6 14 69.1
] 150 6 135 16.8 175 49.9 0.3 47.4 19 226.5
K 160 6 93 136 122 50.8 0.5 43.6 29 256.8
L 160 6 02 - 51 512 1.8 66.1 15.7 119.8
Jefferson County A 1000/48 18.1 15.6
A 80 12 72 49 1259 2432 0.4 2545 1.1 74
B 80 12 41 58 2767 3474 0.4 3455 0.8 9.9
C 80 12 27 50 2800 361.2 0.4 358.9 0.8 114
D 90 12 59 68 3951 369.6 0.4 364.9 0.6 9.9
E 90 12 70 7.8 4475 382.1 0.4 375.2 0.6 9.6
F 110 12 83 85 5540 373.0 0.4 367.3 0.5 9.6
G 120 6 136 115 6601 3709 0.4 365.8 0.5 9.3
H 120 6 178 15.1 7991 368.1 0.4 363.0 0.5 9.4
I 130 6 168 175 9216 366.0 0.4 361.4 0.5 10.5
] 140 6 122 126 10,153 365.2 0.4 360.6 0.4 104
K 150 6 43 46 8015 363.9 0.5 359.0 0.6 7.9
L 150 6 00 - 410 439.6 39 405.9 104 6.9
Jefferson County N N/A 18.1 15.6
A 80 12 334 16.0 609 903.7 7.2 760.3 10.2 44
B 80 12 94 132 8499 362.4 0.4 359.1 0.5 223
C 80 12 9.0 125 10,902 362.1 0.4 358.9 0.4 21.8
D 90 12 115 143 10924 360.7 0.4 357.8 04 20.1
E 90 12 121 167 11,003 364.6 0.4 361.3 04 20.1
F 110 12 11.7 144 11,728 361.2 0.4 358.1 0.4 18.6
G 120 6 96 80 10,743 359.6 0.4 357.1 0.6 18.1
H 120 6 31 41 11437 359.2 0.4 356.7 0.5 209
I 130 6 02 07 2911 358.2 0.7 360.5 4.0 232

The acid used in all steps was 3.1 M HCL.
@ Fractionation and spike corrected ratio.
b Calculated following Stacey and Kramers (1975).
€ Analyses in italics were either contaminated or contained too little U to calculate meaningful ages.

annealed grains also have platy textures along the margins, they are that are not evident in the not-annealed sample; these wisps may in-
less developed than on the annealed grains. BSE images of the dicate recrystallization, but the scale of these features is too small to
annealed Jefferson County grain fragment also contain white wisps directly analyze via SEM or EPMA.



Fig. 3. Secondary electron images of Jefferson County and Amelia monazites show a range of etching textures resulting from partial dissolution. Annealing conditions were 48 h at
1000 °C in air. Partial dissolution conditions were 120 °C for 12 h in 6 M HCl for both samples. a) Annealed Jefferson County monazite prior to partial dissolution; broken grain
margins and rough surfaces are common. b) Etched, annealed Jefferson County monazite. Partial dissolution was heterogeneous with cauliflower-like etch pits. ¢) Etch pits in
the not-annealed Amelia monazite have an apparent preferred orientation and shape. d) Etch pits in annealed Amelia monazite are larger than in the not-annealed grain, but
fewer, resulting in less dissolution. Etching is less extensive on the annealed Amelia grain than the annealed Jefferson County grain. All images are at the same scale.

Secondary electron (SE) images provide a qualitative indication of
the effect of annealing on monazite and monazite dissolution patterns.
Prior to dissolution, grains are commonly devoid of holes or pits, but
locally have rough surfaces or fracture planes (Jefferson County;
Fig. 3a). Partial digestion of the annealed Jefferson County monazite
produced etch pits and significant removal of material from the interi-
or and exterior of the grain fragment (Fig. 3b). Not-annealed (Fig. 3¢c)
and annealed (Fig. 3d) fragments of the more crystalline Amelia mon-
azite exhibit different responses to partial dissolution. In the not-
annealed aliquot, etching followed microcracks and produced small
(1-2 um deep) etch pits throughout the grain fragment. In contrast,
the larger etch pits (5-10 um) in the annealed fragments are apparent-
ly restricted to the outermost portion of the fragment. The volume frac-
tion of dissolved material is greater in the not-annealed aliquot than in
the annealed aliquot. In both samples, acid primarily followed pre-
existing lines of weakness (e.g. microcracks, crystal defects).

3.2. Geochronology and compositional data

The calculated dates for each dissolution step are reported in
Table 1 and plotted in Figs. 4-9. CA-TIMS plots commonly follow
the convention of Ar step-heating diagrams where the width of
each box is proportional to the amount of sample dissolved in each
step (e.g. Fig. 4, Mattinson, 2005); for monazite, the percent of total
P is used as a proxy for the amount dissolved per step. The height of
the box represents 20 uncertainty.

For zircon CA-TIMS plateau diagrams, the plateau age is calculated
as the weighted mean of sequential, concordant steps (e.g. Rioux et
al.,, 2007). However, because monazite strongly partitions Th during
(re)crystallization, the relatively short-lived 23°Th isotope - an inter-
mediate decay product of 233U decay - is also strongly partitioned
into monazite, where it produces unsupported 2°°Pb (e.g. Schérer,
1984; Parrish, 1990). Unsupported 2°°Pb produces reversely discordant
data, the magnitude of which is determined by the amount of 2*°Th in-
corporated in monazite during (re)crystallization. Therefore, the “con-
cordant” criteria used to calculate a weighted mean plateau age for
zircon should not be applied to monazite. Instead, a weighted-mean

plateau age is calculated according to the following five criteria sum-
marized from Ludwig (2003): 1) a plateau is composed of three or
more contiguous steps, 2) the probability-of-fit of the weighted-mean
plateau age is greater than 5%, 3) the slope of the error-weighted line
through the plateau is not different from zero at 5% confidence, 4)
the dates of the two outermost plateau steps are not significantly dif-
ferent (at 1.80) than the weighted-mean plateau age (for plateaus
with 6 or more steps), and 5) the outermost steps do not have non-
zero slopes (at 1.80) with the same sign (for plateaus with 9 or more
steps). Plateau ages that meet these criteria are compiled in Table 3.

In Figs. 4-9, steps included in the calculated plateau age are filled.
Annealed samples are red (2°°Pb/2%3U) and purple (2°’Pb/?*>U); not-
annealed samples are dark blue (2°°Pb/?28U) and light blue (2°’Pb/
235J). Compositional data from each dissolution step are plotted
below the geochronology data (Figs. 4-9). As with the geochronology
data, the width of the box is proportional to P measured in that step.
Because each step dissolved different amounts of monazite, blank-
corrected ratios (not concentrations) were used to depict changes in
composition among the steps. Based upon BSE imaging and EPMA
data, four elemental ratios were selected to provide representative in-
formation about variability among steps—Nd/P, Dy/P, Th/P and U/P. Nd
and Dy were the most reliable indicators of variation in REE among the
six samples; changes in U and Th might indicate dissolution of different
age domains.

Conventional, Wetherill (1956), concordia diagrams for each sample
are also plotted. These are preferable to Tera-Wasserburg diagrams for
monazite because visual assessment of the effect of unsupported 2°°Pb
is not hindered by the common/?°Pb axes in Wetherill diagrams.

3.3. Amelia

Amelia A (annealed; Fig. 4a) yielded a 2°°Pb/?38U plateau age of
274.2940.60 Ma (MSWD = 1.07; Table 3). Because the measured
206p}y /204 for this sample ranges from 36 to 94 (Table 2), the calcu-
lated dates are sensitive to common-Pb corrections. Amelia N (not
annealed; Fig. 4b) gave an equivalent 2°°Pb/?38U plateau age of
274.674+0.71 Ma (MSWD = 0.80; Table 3). The 2°7Pb/?*>U plateau
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Fig. 4. Amelia. Apparent age spectra: (a) annealed, (b) not-annealed; compositional data: (c) annealed, (d) not-annealed; Wetherill concordia: (e) annealed, (f) not-annealed. Steps
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ages for Amelia A and Amelia N are equivalent at 275.6 +6.4 Ma sample are large (~25 Ma), owing to high common-Pb and low U.
(MSWD=1.3) and 275.5+73Ma (MSWD=0.87), respectively To prevent visually obscuring the more precise analyses, the 2°’Pb/
(Table 3). Errors on the individual 2°’Pb/?*>U measurements for this ~ 23°U data are not plotted with the 2°°Pb/?38U data, but all steps are
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Fig. 8. Jefferson County. Apparent age spectra: (a) annealed, (b) not-annealed; compositional data: (c) annealed, (d) not-annealed; Wetherill concordia: (e) annealed, (f) not-annealed.
Step A is excluded from (e) and (f).

included in Table 2. Step A of Amelia N (~10% of the total P) is younger to high common Pb), the date is within error of the other steps.
than subsequent steps and has the most common Pb (2°°Pb/ Step B of Amelia A gave the youngest date with the largest error and
204ph =19.1). Because of the large error on this analysis (attributed  highest common Pb (?°°Pb/2°4Pb = 36.4). The plateau ages for Amelia
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A and Amelia N are equivalent. Nearly all analyses of Amelia A and
Amelia N (Fig. 4e-f) samples are “technically” concordant; i.e., in
agreement within analytical errors, but given the large uncertainties
in the 2°7Pb/?3°U dates, the apparent concordance has little meaning.

Amelia A and Amelia N have the same integrated elemental com-
position, but yield different compositional spectra. The first three
steps of Amelia A decrease in Nd/P, Dy/P, Th/P and U/P, and all sub-
sequent steps slowly increase (Fig. 4c). Although there is some var-
iability in composition from step-to-step for Amelia N (Fig. 4d), the
data are less variable than the Amelia A data.

3.4. Burke

Burke A (annealed) yielded crankshaft-style age spectra (Fig. 5a).
The first four steps are younger than the mean age of the remaining
steps. Burke N (not annealed) gave a 2°°Pb/?*8U plateau age of
371.1440.20 Ma (MSWD = 1.4; Fig. 5b; Table 3). The 2°’Pb/?3>U pla-
teau age is slightly younger at 369.06+0.19 Ma (MSWD=0.97;
Table 3). The consistent offset between 2°°Pb/?*8U and 2°7Pb/?3°U

dates and the reverse discordance of nearly all steps for both
Burke A and Burke N (Fig. 5e-f) are presumably related to unsup-
ported 2°°Pb. Whereas the Burke N ellipses tend to cluster, Burke A
ellipses are dispersed along a line parallel to concordia.

Elemental analyses indicate divergent patterns for Burke A and
Burke N. Burke A (Fig. 5¢) is characterized by steadily increasing Nd/
P and U/P ratios whereas Burke N has more consistent Nd/P and U/P
ratios. Th/P follows the U/P trend for Burke A, but the first two steps
of Burke N have a higher Th/P than subsequent steps. Dy/P yielded a
curved pattern for Burke A; in contrast, Dy/P is constant for ~70% of
Burke N until the last four steps, which decrease (Fig. 5d).

3.5. Madagascar

Madagascar (annealed only; Fig. 6a) gave a 2°°Pb/?38U plateau age
of 518.05+0.26 Ma (MSWD = 1.3; Table 3) and a 2°’Pb/?*>U plateau
age of 512.11+£0.35 Ma (MSWD = 1.6; Table 3). The offset between
206p/238( and 207Pb/?°U dates is presumably related to unsupported
206ph: the magnitude of offset between 2%°Pb/?*%U and 2°7Pb/?*°U



Table 3
Plateau age data summary.
Sample 206p}y 238() 207ppy 235(
Plateau  Error MSWD %P  Plateau  Error MSWD %P
age (Ma) (Ma) age (Ma) (Ma)
Amelia A 27429 060 1.07 946 2756 64 13 100
Amelia N 27467 071 080 97.7 2755 73 087 100
Burke A - - - - - - - -
Burke N 37114 020 14 454 369.06 019 097 559
Madagascar A 518.05 026 13 36.0 512.11 035 1.6 69.6
554 A - - - - - - - -

Jefferson County A - - - - - - - -
Jefferson County B - - - - - - - _
Elk Mountain A - - - - - - - _

dates is equivalent to the offset observed via conventional TIMS (Data
Repository). Of the 2°°Pb/238U step analyses, A is the youngest; the
next six steps (B-G) define a crankshaft pattern. Steps H-M gradually
increase, whereas the last two steps are slightly younger. Although
the data cluster together on the concordia diagram, all are reversely
discordant (Fig. 6¢). Elemental analyses of the steps show variable,
but increasing ratios (Fig. 6b), except for the last step, which is signifi-
cantly lower.

3.6. 554

The 2°6Pb/?38U data are more precise than the 2°7Pb/?3>U data for
554 (annealed only) because the sample is Miocene. Step A has large
errors for both 2°°Pb/?8U and 2°7Pb/?*°U (Fig. 7a). Steps C-K
progressively increase from ~44.3 to 50.8 Ma. Step I is significantly
older (121.3 Ma; 2°°Pb/?38U), but was excluded from Fig. 7a, b and
¢ because it was likely contaminated (Table 1). Six of the individual
analyses are concordant (Fig. 7c) and four are reversely discordant
(Fig. 7c).

The Nd/P and Dy/P broadly mimic the Pb/U trends, with steadily
increasing values (Fig. 7b). Apart from the slightly enriched first
step, U/P also increases towards the last steps. Th/P follows the oppo-
site trend.

3.7. Jefferson County

The patterns of the apparent age spectra for Jefferson County A
(annealed) and Jefferson County N (not annealed) differ (Fig. 8a-b).
Steps A-E of Jefferson County A increase to a maximum 2°°Pb/?38U
step age of 382.1+0.4Ma and then decrease to 363.9+0.5 Ma
(step K). In contrast, Jefferson County N has a significantly older first
step followed by a narrow range of dates from 358.2 to 364.6 Ma;
these steps do not yield a plateau age. The 2%°Pb/?28U dates are
older than the 2°7Pb/?3>U dates for both Jefferson County A and Jefferson
County N (Fig. 8a-b), presumably because of unsupported 2°6Pb,

The Nd/P, Dy/P, Th/P and U/P ratios of the first three dissolution
steps of Jefferson County A decrease (Fig. 8c) whereas subsequent
steps yield a hump-shaped pattern. In contrast, the U/P, Dy/P and
Nd/P ratios of Jefferson County N are broadly consistent. Although
Th/P is more variable than the other ratios, it is still more homoge-
neous in Jefferson County N than Jefferson County A.

All analyses are reversely discordant, except for the less precise
Jefferson County N step I (Fig. 8e-f). The error ellipses of the not-
annealed analyses overlap whereas the annealed analyses do not.

3.8. Elk Mountain

The grain fragments of Elk Mountain analyzed via CA-TIMS
methods yielded apparent age spectra that rise and fall within a
range of ~1515Ma to 2445 Ma (Fig. 9a). The spectra start at
~2025 Ma (?°°Pb/?*8U) and ~1730 Ma (2°’Pb/?**U) and increase by

~20% in steps A-E. From steps F-J, the 2°°Pb/228U and 2°7Pb/?*°U
dates fall from ~2445 to ~1600 Ma and ~1935 to ~1515 Ma. The sec-
ond halves of the spectra decrease progressively from ~1600 to
~1515 (2°6Pb/238U) and ~1515 to 1465 Ma (2°7Pb/?35U). Collectively,
the CA-TIMS steps form a discordia line with an upper intercept of
~1387 416 Ma and a lower intercept of 110466 Ma (Fig. 9c). Steps
A-E progress away from concordia along the discordia line, whereas
subsequent steps move back down the discordia line towards the
upper intercept. All steps are moderately to strongly reversely discor-
dant, far beyond what could be attributed to unsupported 2°°Pb.

The Th/P, Nd/P and Dy/P spectra have steadily increasing ratios
(Fig. 9b). The U/P ratios follow the reverse pattern of the apparent
age spectra—where the U/P ratio decreases, the Pb/U ratio, and thus
the apparent age, increases.

The eight grain fragments that were single-step digested are all
strongly reversely discordant (Fig. 9d). Collectively, they define a dis-
cordia line that has intercept ages of 1381 428 Ma and 154 + 120 Ma.

4. Discussion
4.1. Effect of annealing on dissolution rates

To directly evaluate the effect of annealing on dissolution rate,
both aliquots of annealed and not-annealed monazite need to be
identical. Aliquots of the Burke and Amelia monazites are well
matched, but the Jefferson County aliquots apparently differ in ele-
mental composition (Fig. 8c and d; Data Repository). Nevertheless,
the proportion of monazite dissolved in the first step for all three
annealed samples is significantly greater for the not-annealed ali-
quots than the annealed aliquots: 9% vs. 2% for Burke; 10% vs. 3% for
Amelia; and 16% vs. 5% for Jefferson County (Figs. 4a,b, 5a,b, 8a and
b). These data suggest that annealing reduced the solubility of mon-
azite, which is consistent with previous studies that have demon-
strated that thermal annealing repairs structural damage caused by
radiation (e.g. Seydoux-Guillaume et al., 2002a). Although the spe-
cific mechanism by which this occurred was not determined, the
differences in etch pit morphologies between annealed and not
annealed grains (Fig. 3) suggest that annealing repairs microcracks,
dislocations, or lattice damage from alpha-recoil and fission.

4.2. Annealing, composition and age

The three samples that were analyzed via both CA-TIMS and
multi-step TIMS permit assessment of the effects of annealing on
composition and apparent age. Not-annealed samples tend to have
broadly homogeneous chemical spectra (e.g. Figs. 4d, 5d and 8d).
In contrast, the annealed counterparts tend to yield much more
complex spectra (Figs. 4c, 5c and 8c). Because the not-annealed
and annealed aliquots of the Burke and Amelia monazites are ele-
mentally well matched (Data Repository), the difference in mor-
phology of the elemental spectra between Fig. 4c vs. 4d and Fig.
5c vs. 5d is most likely attributed to annealing. The Jefferson County
aliquots also yielded similar patterns to Burke and Amelia, but differ-
ences in chemistry between Jefferson County A and Jefferson County N
may also affect dissolution.

Although not all six samples have not-annealed counterparts, the
compositional spectra of all six samples either increase mono-
tonically or are hump shaped. These patterns suggest that annealing
affects how monazite dissolves; this is further supported by the var-
iation in dissolution rates.

The effect of annealing on apparent age is less clear—for the Amelia
monazite, the 2°°Pb/?38U ages are equivalent, regardless of whether
the sample was dated via CA-TIMS, multi-step TIMS or conventional
TIMS analysis. The Burke monazite, however, yielded different apparent
ages for the CA-TIMS and multi-step TIMS analyses. In Burke A, anneal-
ing appears to have induced a crankshaft pattern in apparent age (and



composition) that is not evident in Burke N. Although there are chemical
differences between the Jefferson County aliquots, the annealed aliquot
yielded more complex spectra than the not-annealed aliquot. Jefferson
County A yielded a hump-shaped pattern in age and composition
whereas Jefferson County N was more homogeneous, apart from the
older first step (~960 Ma), which is also enriched in U and Th.

The relationship between variability in apparent age and compo-
sition is complex. BSE imaging and EPMA point analyses indicate
that the Burke and Jefferson County samples have different composi-
tional domains characterized by changes in Dy, Nd, Th and U con-
tent. Because monazite is often poly-metamorphic, compositional
domains may differ in age (e.g. Williams et al., 2007). If partial dis-
solution steps were micro-sampling multiple age (and composition)
domains, one might expect to see a correlation between apparent
age and composition. Evidence of this is seen in the first step of
the Jefferson County N sample, which yields an age of ~960 Ma
(Fig. 8b) and is compositionally distinct in U/P and Th/P; Nd/P and
Dy/P are chemically indistinguishable from younger steps (Fig. 8d).
For all other samples, composition and apparent age of partial disso-
lution steps are not correlated. For example, the first step of Burke is
significantly younger than all subsequent steps (Fig. 5a), but the
compositional data show an increasing trend across the spectra,
not an anomalous first step followed by more homogeneous steps.
The same trend is evident in Madagascar—the first step is anoma-
lously young (Fig. 6a), but there is no corresponding pattern in com-
position (Fig. 6b).

In general, variation in age cannot be linked to increases or de-
creases in a specific compositional parameter. Instead, only broad as-
sociations between patterns can be made. For example, annealed
samples that generally do not yield plateau ages have curved or
hump-shaped compositional patterns. Not-annealed samples have
flat compositional spectra and, typically, a plateau age.

These data prompt the question of why the spectra of not-
annealed monazite are simpler than those of annealed monazite.
One possibility could be that (epitaxial) recrystallization, or dissolu-
tion/reprecipitation occurred during annealing and the newly formed
crystals behaved differently. If epitaxial recrystallization occurred, the
newly formed crystals might be visible along the grain exteriors in
BSE (e.g. Seydoux-Guillaume et al., 2002a, 2002b); the BSE images
are equivocal, however, showing platy new growth at the margins
of the annealed grains (Fig. 2) as well as evidence of platy minerals
on some of the not-annealed grains.

Annealing-induced recrystallization at the sub-micron scale
should be reflected by changes in dissolution patterns because
repaired crystal structures should respond differently to acid etching.
As described in Section 4.1, annealed grains dissolve more slowly
than not-annealed grains. However, not all samples contain the
same initial radiation damage. The degree of initial radiation damage,
therefore, might be a predictor of the extent of recrystallization.
More-crystalline samples likely contain less accumulated radiation
damage; thus the effects of annealing should be minimized, resulting
in less recrystallization and reducing the possibility of chemical redis-
tribution within a grain. More-crystalline samples would therefore
yield more consistent apparent age spectra because the degree of re-
crystallization is lower (i.e. there is a smaller relative change in crys-
tallinity from start to finish for the more-crystalline samples). The
higher degree of disorder in the crystal lattice in the less-crystalline/
more radiation-damaged samples may enhance recrystallization,
resulting in more heterogeneous apparent age and compositional
spectra. The divergence in behavior between the annealed and
not-annealed monazites in this study may be explained by this
hypothesis. Amelia is generally more crystalline than the other
samples, is homogeneous in composition, and yielded homogeneous
dates, regardless of how it was treated. The difference in composi-
tional spectra for Amelia A and Amelia N would then reflect partial
recrystallization induced by annealing (Fig. 4c).

In contrast to Amelia, Jefferson County is less crystalline, has patchy
compositional domains and did not yield homogeneous dates. The
white wisps in the annealed Jefferson County (Fig. 2) may be evidence
of annealing-induced recrystallization. Furthermore, the heteroge-
neous compositional spectra may reflect annealing-induced larger-
scale recrystallization of Jefferson County A (Fig. 8c).

Burke provides a middle ground between these end-member be-
haviors. It is more crystalline than Jefferson County, but has patchy
compositional zoning. Annealed aliquots yielded heterogeneous age
and composition spectra whereas not-annealed aliquots yielded pla-
teau ages and more consistent composition spectra. Annealing ap-
parently degrades Burke, but multi-step dissolution of not-annealed
grain fragments yielded plateau ages, despite the presence of patchy
compositional domains.

4.3. Elk Mountain

CA-TIMS analysis of the Elk Mountain monazite yielded unexpect-
edly complex age spectra that rise and fall between ~1500 Ma and
2400 Ma. All steps are moderately to strongly reversely discordant
(Fig. 9c¢), far beyond what could be attributed to unsupported 2°°Pb,.
The single-step dissolution data are also strongly reversely discordant
and define a discordia line identical to the CA-TIMS data. Further-
more, not-annealed grains yielded an equivalent discordia line
(unpublished data, J. Baldwin, MIT). The consistency of the Pb-Pb
apparent ages among these datasets and the equivalence of the dis-
cordia lines suggest that 1) high-temperature annealing is not responsi-
ble for the discrepancy between U/Pb and Pb/Pb ages or the extreme
reverse discordance, 2) the Pb-Pb system was likely undisturbed, and
3) the U-Pb system has been apparently compromised; a potential
cause could be preferential removal of U at ~100 Ma.

4.4. Recommendations for use as monazite reference materials

Amelia is a good candidate for use as a Th-rich, U-poor monazite
reference material. The ages are consistent with the Rb-Sr mica age
(279414 Ma; Deuser and Herzog, 1962) and conventional TIMS
data (274.6 £ 0.6 Ma; Table 1). Although the high Th content may
preclude its use with some microbeam techniques (e.g. SIMS), ad-
vances in detector design (e.g. beam attenuation) may permit it to
be used with certain instrumentation.

Burke has potential for use as a reference material. The not-
annealed sample yielded a plateau age with homogeneous composi-
tional release. Annealing appears to induce scatter in measured com-
position and age.

Because of the complex age patterns, Jefferson County should not
be used as a reference material.

The isotopic complexity of the Elk Mountain monazite renders it
unsuitable for use as a reference material. Instead, the similarity in
discordia lines among CA-TIMS, annealed single step TIMS and con-
ventional TIMS analyses (unpublished data, J. Baldwin, MIT) suggests
that the age variation is most likely attributed to a geologic distur-
bance at ~100 Ma (the lower intercept) that preferentially removed
U and left the Pb-Pb system intact.

Madagascar is a good candidate for use as a reference material, but
the age discrepancy of ~6 Myr between CA-TIMS and conventional
TIMS data suggests that there may be differences in age among
grain fragments. Furthermore, the difference in 2°°Pb/2%*Pb ratios be-
tween the aliquots analyzed via CA-TIMS and conventional TIMS sug-
gests heterogeneity among fragments of the megacryst. Further
consideration for use as a reference material requires analysis of addi-
tional aliquots.

Because 554 is young (~45 Ma) and U poor (~400 ppm U), obtain-
ing high-precision U-Pb ages can be analytically challenging. The
weighted-mean ages (for non-contaminated steps) are 47.7 +1.5 Ma
(MSWD =94; 2%6pb/238(J) and 45.5+2.2 Ma (MSWD=6.4; 2°7Pb/



235U). Although these results are consistent with previous data
(44-47 Ma; Shakel et al., 1977), the lack of an age plateau and the
high MSWD values indicate that the dates do not form a single popu-
lation and instead suggest (re)crystallization from ~45-50 Ma.
Because it is heterogeneous and has ages known to a precision of
only 5%, 554 should not be used as a reference material.

5. Conclusions

Multi-step partial dissolution of monazite can be an effective way
to unravel the complex histories of poly-metamorphic grains. Anneal-
ing apparently reduces the solubility of grains by repairing structural
damage of the crystal lattice; larger defects such as cracks or micro-
cracks remain. The data suggest that annealing induces recrystalliza-
tion that affects the style of dissolution and produces more variable
age and composition spectra than observed with not-annealed sam-
ples. High-temperature annealing is therefore not recommended for
monazite.

Step-wise digestion of monazite can reveal isotopic complexities
that might be missed by single-step TIMS analysis or microbeam an-
alyses, including discordance between 2°°Pb/228U and 2°7Pb/?*°U
ages. The 29/Pb/?3>U plateau ages afforded by multi-step CA-TIMS
permit accurate age determinations that are unaffected by unsup-
ported 2%5Pb. The Burke and Amelia monazites may be suitable for
use as reference materials.
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Appendix A. Methods for U-Pb error analysis

All errors for U-Pb analyses were calculated following Mattinson
(1987). Uncertainties on each partial dissolution step (or bulk disso-
lution, for conventional TIMS data) are reported at 20 and were calcu-
lated as:

) 172
20307206 = { [2 SEM)g705] + 0.0 + R0 ommen!

2 2
20906238 = Hz * SE(M)zos/zoe} + [2 * SE<M)238/235] + 20 common]”
1
+[042%]2} /2

20557235 = {(20206/238)2 + (20207/235)2} 1/2

where SE(M) is the standard error of the mean of the measured ratio,
0.04% is the uncertainty in the 2°’Pb/2°°Pb fractionation correction,
20common 1S the error associated with the common-Pb correction (de-
scribed below) and 0.2% is the observed 2°°Pb/2*8U error as deter-
mined by in-house replicate analyses of well-characterized natural
samples. Propagated common-Pb errors (20common) include the pre-
cision of the 2°°Pb/2°“Pb measurement and conservative absolute er-
rors of £0.2 and +0.5 for the assumed 2°’Pb/?°*Pb common and
206ph,294ph common. We assumed a common-Pb value based on
the age of the sample, following Stacey and Kramers (1975). The
0.1% error in the 2°°Pb/238U analyses incorporates uncertainty in U
and Pb fractionation corrections. Final sample ages and propagated

errors were calculated as the weighted mean of the plateau steps, as
defined in Isoplot 3.0/3.2 (Ludwig, 2003).

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.chemgeo.2012.04.006.
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