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Abstract

Thermochronology has revolutionized our understanding of the establishment and evolution of lithospheric thermal structure. How-
ever, many potential benefits provided by the application of diffusion theory to thermochronology have yet to be fully exploited. This
study uses apatite (7, = 450-550 °C) and titanite (7. = 550-650 °C) U-Pb ID-TIMS thermochronology at the single- to sub-grain scale
to separate the variable effects of volume diffusion of Pb from metamorphic (over)growth above and below the 7, of a mineral. Data are
presented from two ca. 3227 Ma tonalite samples from north and south of the Barberton Greenstone Belt (BGB), southern Africa. Two
distinct populations of apatite from a sample north of the BGB record fast cooling followed by metamorphic growth ~10 Myr later.
Both apatite and titanite dates from south of the BGB show a strong correlation with the grain size and record 100 Myr of post-emplace-
ment cooling. Complex core-rim zoning observed in cathodoluminescence images of apatite is interpreted to reflect metamorphic over-
growth above the 7. The age and topology of grain size versus date curves from titanite and apatite are used in combination with a
finite-difference numerical model to show that slow, non-linear, cooling and not thermal resetting is responsible for the observed distri-
bution. The thermal histories from either side of the BGB are very different and provide unique insight into the BGB’s tectonic evolution:
a ~70 Myr period of apparent stability after ca. 3.2 Ga terrane assembly was followed by fast exhumation south of the BGB that led to

lower-crustal melting and intrusion of granitic batholiths ca. 3.14-3.10 Ga.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The integration of radiogenic isotope geo- and thermo-
chronology with petrologic and tectonic studies is the only
way to directly quantify lithospheric thermal structure as a
function of time. Typically, a cooling date in a mineral is
described by the closure temperature (7,) concept of Dod-
son (1973, 1986). This model is based on the assumption
that an isotopic date is the result of volume diffusion of
the daughter product through the crystal lattice over time
(?), and is therefore fundamentally a function of tempera-
ture (7). Interpreting mineral isotopic dates using Dod-
son’s equation for T, is subject to experimentally
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determining the physical diffusivity characteristics of an
element in a crystal lattice (D, and E), assuming that diffu-
sion operates over a specified cooling rate (d7/d¢) and
within some idealized geometric shape with an effective dif-
fusion dimension, «, ideally corresponding to the grain
radius (see also reviews in Ganguly and Tirone, 1999;
McDougall and Harrison, 1999; Hodges, 2003). Most stud-
ies use Dodson’s theory as a qualitative construct and as-
sume a nominal closure temperature for a given system,
which proves to be valid on a semi-quantitative level, in
that cooling dates are often consistent with well-under-
stood geology and maintain relative consistency in ages
among different thermochronometers. Empirical estimates
of closure temperatures for a variety of U-Pb, OAr/PAr,
(U-Th)/He, and Sm-Nd, and fission track thermochro-
nometers from natural settings are broadly consistent with
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predictions based on experimental determination of physi-
cal diffusion parameters (e.g. Harrison, 1981; Harrison
et al., 1985; Cherniak et al., 1991; Cherniak, 1993; Ganguly
et al., 1998; Cherniak and Watson, 2001; Ducea et al.,
2003; Reiners and Ehlers, 2005) and theoretical estimates
based on ionic porosity (Dahl, 1997). In reality, many of
the assumptions that go into Dodson’s formulation are
likely to be compromised in real geologic scenarios, and
the result is that distributions of cooling dates are often
much more precise than our ability to interpret them.
For example, application of Dodson’s (1973, 1986) formu-
lation becomes limited for large grain sizes with fast cool-
ing (Ganguly and Tirone, 1999) and in conditions of
nonmonotonic cooling or isothermal holding (Dodson,
1973), or in rocks where thermal resetting of dates is impor-
tant (Dodson, 1975).

Furthermore, microanalytical “°Ar/*Ar studies have
shown that the assumption of volume diffusion is not al-
ways valid, in that dates may be controlled by, for
example, deformation-related microsctructure or solid-
state recrystallization (Wartho, 1995; Dunlap and Kro-
nenberg, 2001; Mulch et al., 2002). Comparable studies
within the U-Pb system are relatively few, though it is
well known that titanite can be involved in a host of
metamorphic reactions from granulite to greenschist
grade conditions (Spear, 1993; Frost et al., 2000; Lucas-
sen and Becchio, 2003)—well below its T, of 550-650 °C
(Corfu, 1988; Cherniak, 1993; Hawkins and Bowring,
1999). Multiple generations of titanite in single rocks
have been identified based on optical microscopy, back-
scattered electron imaging, petrography, and both ID-
TIMS and SIMS U-Pb geochronology (Franz and
Spear, 1985; Gromet, 1991; Verts et al., 1996; Corfu
and Stone, 1998; Aleinikoff et al., 2002). Apatite
(T. =~ 450-550 °C; Cherniak et al., 1991; Chamberlain
and Bowring, 2000) is also stable in a wide range of
metamorphic conditions (Bingen et al., 1996; Pan and
Fleet, 1996; Bea and Montero, 1999), as well as in
low-T fluid-rich environments (Smith and Yardley,
1999; Spear and Pyle, 2002). Metamorphic reequilibra-
tion below the 7. of thermochronometers jeopardizes
closed-system behavior and therefore may lead to errone-
ous interpretations of mineral dates.

An independent constraint on whether volume diffusion
is controlling a recorded date resides in that Dodson’s
(1973) theory predicts a distribution in closure dates as a
function of grain size (here called the a—t curve). Though
both metamorphic overgrowth and volume diffusion pre-
dict a younging in age towards the outside of a grain
(Fig. 1), volume diffusion alone predicts a correlation with
grain size. Wright et al. (1991) documented a relationship
between *°Ar/*’Ar closure dates in biotite and grain diam-
eter and used manipulations of Dodson’s equation to cal-
culate d7/ds over its closure interval. Hawkins and
Bowring (1999) use the a—¢ curve to calculate 7-¢ curves
for a suite of titanite grains from a slowly cooled Protero-
zoic terrane. Several U-Pb studies have documented crude
a—t curves for rutile (Mezger et al., 1989; Schmitz and
Bowring, 2003), suggesting its grain size may also act as
the effective diffusion dimension.

Perhaps a more difficult problem arises from the fact
that both slow cooling and thermal resetting in U-Pb,
Y0Ar/*Ar and other thermochronometers should result in
robust a—t curves. Because of the assumption that 7 varies
with 1/t in Dodson’s (1973) formulation, quantitatively
testing the effect of partial thermal resetting is not possible
with that model (Dodson, 1973, 1975). Therefore, most
studies approach the problem of resetting by qualitatively
weighing the importance of previously documented local
or regional geologic thermal anomalies (e.g. Layer et al.,
1992; Pidgeon et al., 1996; Ketchum et al., 1998). Some
studies have shown, however, that thermal modeling with
reasonable geologic constraints is useful in testing the like-
lihood and the effect of resetting in the U-Pb system (Verts
et al., 1996; Schmitz and Bowring, 2003), though none of
these studies incorporate complicated, non-linear 7-¢
paths.

In this study, we use U-Pb ID-TIMS thermochronology
to investigate the competing processes controlling U-Pb
closure dates in apatite and titanite. We utilize two ca.
3227 Ma tonalites with contrasting thermal histories from
north and south of the Barberton greenstone belt (BGB),
SE Kaapvaal craton, southern Africa. The minerals’
growth histories are inferred from petrographic character-
ization and by back-scattered electron (BSE) and cathodo-
luminescence (CL) imaging. A combination of whole grain
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Fig. 1. 1-D depiction of age distributions within thermochronometers as a function of radius resulting from different thermal and metamorphic histories.
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and microsampled apatite are used to document age gradi-
ents as a function of grain size and zoning characteristics.
Air-abraded and unabraded single grains of titanite were
also analyzed to investigate a—t relationships and intragrain
date gradients. Finally, we use a finite-difference numerical
model that calculates a—¢ curves for different thermal histo-
ries to test whether the observed a—¢ curves are a result of
slow cooling or resetting. Though previously hypothesized
(e.g. Watson and Harrison, 1984), we show for the first
time that a—t curves from multiple thermochronometers
with different nominal 7, can be used together to constrain
unique thermal histories for rocks.

2. Mesoarchean evolution of the Kaapvaal craton

The southeast portion of the Kaapvaal craton is charac-
terized by a protracted evolution during the Mesoarchean
that culminated in a period of orogenesis and continental
assembly ca. 3.2 Ga (Fig. 2). The study area has tradition-
ally been divided into several terranes, including the Bar-
berton Greenstone Belt (BGB; Anhaeusser, 1969; Viljoen
and Viljoen, 1969; Lowe and Byerly, 1999) and the Ancient
Gneiss Complex (AGC; Hunter et al., 1978; Jackson, 1984;
Compston and Kroéner, 1988). The AGC is composed pri-
marily of banded felsic to mafic orthogneisses which
intruded and were metamorphosed and deformed during
several distinct periods at 3.55-3.50 Ga, ca. 3.45 Ga, and
ca. 3.23 Ga (Hunter et al., 1978; Jackson, 1979, 1984; Kro-
ner et al., 1989; Schoene and Bowring, 2004; Compston
and Kroner, 1988). The BGB was erupted, intruded, and
deposited over roughly the same period of time, but is com-
posed of dominantly supracrustal rocks including mafic to
ultramafic lavas, cherts, banded iron formations, and a het-
erogeneous sequence of siliciclastics (Anhaeusser, 1969;
Viljoen and Viljoen, 1969; Condie et al., 1970; Anhaeusser,
1976; Eriksson, 1980; de Wit, 1982; de Wit et al., 1987;
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Lowe and Byerly, 1999). Also present along the margins
of the BGB are plutonic rocks, ranging in composition
from tonalitic to granitic, which give ages that fall roughly
into four age groups: ca. 3.51, 3.45, 3.23 and 3.11 Ga
(Anhaeusser et al., 1981; Armstrong et al., 1990; Kamo
and Davis, 1994; Kisters and Anhaeusser, 1995; de Ronde
and Kamo, 2000; Westraat et al., 2005).

An important aspect of the thermotectonic history of
the region involves the juxtaposition of lower-grade rocks
of the BGB and the higher-grade plutonic complexes that
surround them. P-T estimates and “’Ar/*’Ar hornblende
data show that portions of the BGB were never subjected
to metamorphic grades above greenschist to lower-amphib-
olite (Cloete, 1991; Lopez Martinez et al., 1992; Xie et al.,
1997). To the south of the BGB, slivers of mafic semipelites
within the plutonic complexes yield P-T estimates from
upper-amphibolite to granulite grade conditions (Dziggel
et al., 2002; Stevens et al., 2002; Kisters et al., 2003; Diener
et al., 2005). A period of major convergent tectonism and
inferred terrane accretion ca. 3.23 Ga imposed the domi-
nant NE-SW structural trend of the belt (Jackson et al.,
1987; de Ronde and de Wit, 1994; Heubeck and Lowe,
1994; Kamo and Davis, 1994; Lowe, 1999; de Ronde and
Kamo, 2000), and may be responsible for the high-grade
metamorphism in the plutonic complexes at the south of
the belt (Dziggel et al., 2002; Stevens et al., 2002; Kisters
et al., 2003; Diener et al., 2005). Following NW-SE conver-
gent tectonism, there was a transition towards NE-SW
strike-slip to transtensional faulting through at least the
central belt (Jackson et al., 1987; de Ronde and de Wit,
1994; de Ronde and Kamo, 2000). Extensional kinematics
are inferred to be either the result of a gravitational col-
lapse immediately following ca. 3.23 Ga orogenesis (Kisters
et al., 2003) or ~100 Myr later contemporaneous with ca.
3.11 Ga granitic intrusions (Jackson et al., 1987; de Ronde
and de Wit, 1994; Kamo and Davis, 1994; Westraat et al.,
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Fig. 2. Location map of the eastern Kaapvaal craton. Sample locations are shown; see text for discussion. Outlined box in inset shows enlarged area.
Geology compiled from Kroner et al. (1989), Lowe and Byerly (1999), and Wilson (1982). Age information from Armstrong et al. (1990), Byerly et al.
(1996), de Ronde and Kamo (2000), de Ronde et al. (1991), Kamo and Davis (1994), Kroner et al. (1989), Kroner et al. (1996), and Schoene and Bowring

(2004).
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2005). Our objective in this study is to use U-Pb thermo-
chronology on apatite and titanite to calculate thermal his-
tories of rocks both N and S of the BGB that can then be
used in concert with structural studies and existing thermo-
chronology to construct robust thermotectonic models that
help explain the differential exhumation of rocks evidenced
in the surface geology.

3. Analytical methods
3.1. Electron microprobe analysis

The MIT JEOL 733 Superprobe electron microprobe
(EMP) facility was used for making cathodoluminescence
(CL) and backscatter-electron (BSE) images of zircon, tita-
nite and apatite. Minerals were hand-picked based on vary-
ing morphology, color, and clarity, were mounted in epoxy
resin, and were polished, cleaned, and carbon-coated. BSE
and CL images were collected using a 15 keV accelerating
voltage and the beam current was varied between 4 and
80 nA depending on the intensity of the luminescence.

3.2. U-Pb analytical procedure

Minerals were extracted from rock samples by stan-
dard crushing, Wilfley table, heavy-liquid and magnetic
separation. Zircon fractions were pre-treated with either
the air-abrasion (Krogh, 1982) or chemical-abrasion
(Mattinson, 2003, 2005) technique. Air-abraded zircons
and both air-abraded and unabraded titanite fractions
were ultrasonicated in 30% HNOj; for an hour, fluxed
in 30% HNO; at ~80°C for an hour, and rinsed in
ultrapure acetone and H,O before being loaded into
300 ul Teflon FEP microcapsules and spiked with a
mixed 2*U-?*U-Pb tracer. Zircon and titanite were
dissolved in Parr bombs in ~120 ul of 29 M HF with
~25ul of 30% HNO; at ~210°C for 48 h, dried and
re-dissolved in 6 M HCI at ~180 °C overnight. For the
chemical-abrasion technique, zircons were placed in a
muffle furnace at 900 4+ 20 °C for ~60 h in quartz beak-
ers before being transferred to 300 pl Teflon FEP micro-
capsules and leached in ~120 pl of 29 M HF + ~25 pl of
30% HNO; for 12-14h at ~180°C. The acid was re-
moved from the capsules and the fractions were then
rinsed in ultrapure H,O, fluxed on a hotplate at
~80 °C for an hour in 6 M HCI, and rinsed in ultrapure
H,O and 30% HNOs;. Fractions were then spiked and
fully dissolved using the procedure described above.

Imaged apatite grains were broken and removed from
epoxy resin by pushing a stainless steel tool into the epoxy
next to the desired grain. All apatite fractions were hand-
picked, rinsed and ultrasonicated in ultrapure H,O and
acetone prior to loading into single 300 ul FEP teflon
microcapsules. Apatite was then spiked with the mixed
B3U-25U-—%Pb tracer and dissolved in 12N HCI over-
night in a Parr bomb at 180 °C, dried down and redissolved
in 6 N HCI overnight.

Clear, non-metamict, and inclusion-free feldspar grains,
handpicked from non-magnetic separates, were ultrasoni-
cated in ultrapure H,O. Step-wise leaching of feldspar fol-
lowed the procedure of Housh and Bowring (1991),
modified to account for smaller sample size.

U and Pb were separated using an HCl-based single-col-
umn (zircon) or an HBr-based two-column (titanite, apa-
tite, and feldspar leachates) anion exchange chemistry
modified after Krogh (1973). Isotopic measurements were
performed on a VG Sector-54 multi-collector thermal-ion-
ization mass spectrometer at MIT. Pb and U were either
loaded together (HCl-based chemistry) or on separate
(HBr-based chemistry) Re filaments in a silica-gel/phos-
phoric acid mixture (Gerstenberger and Haase, 1997). Pb
was measured by either (1) peak-hopping on a single Daly
detector (for smaller beams), (2) a dynamic Faraday—Daly
routine (F-D), or (3) for feldspar analyses with large 204
peaks, in static Faraday mode. U isotopic measurements
were made in static Faraday mode. Mass fractionation
on the Daly detector was determined to be 0.25 & 0.04%/
a.m.u. over a wide temperature range based on analysis
of the NBS-981 common Pb standard and spiked aliquots
of NBS-983. Mass fractionation and detector bias on the
F-D and static Faraday routines was determined to be
0.07 £ 0.04%/a.m.u. U mass fractionation is monitored
using a double spike. All common Pb for the zircon analy-
ses was attributed to procedural blank. Total procedural
Pb blanks for the HBr-based chemistry (apatite and tita-
nite) were determined to be 1.5 + 0.4 pg. K-feldspar leach-
ates were assigned a Pb blank of 10 pg based on the
amount of reagent used in the procedure, though the blank
is a negligible proportion of the total Pb in those analyses.
U blanks are assigned a value of 0.10 £ 0.05 pg. All sam-
ples were spiked with a 2°Pb—>*U-?*U tracer, whose cal-
ibration is detailed in Schoene et al. (2006), in which an
error of +0.015% is assigned to the 205pp/233U of the trac-
er. U-Pb data reduction was performed using the algo-
rithms of Ludwig (1980).

4. Sample descriptions and U-Pb results
4.1. EKC02-51 (Kaap Valley pluton)

EKCO02-51 comes from the Kaap Valley pluton, a
multiphase intrusion located north of the Barberton
Greenstone Belt (Fig. 2). Several previous geochronolog-
ic studies have reported U-Pb and OAr/°Ar dates for
the pluton (Armstrong et al., 1990; Layer et al., 1992;
Kamo and Davis, 1994; Schoene et al., 2006). Kamo
and Davis (1994) and Schoene et al. (2006) report iden-
tical 2°’Pb/?°°Pb dates of 3227 + 1 and 3227.2 + 0.2 Ma,
respectively, which are interpreted to be the time of
igneous crystallization (this study uses the same sample
as in Schoene et al., 2006). The date from Kamo and
Davis (1994) included both zircon and titanite fractions,
indicating fast post-crystallization cooling through
~600 °C. “°Ar/*Ar hornblende dates of ca. 3212 Ma
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also support fast post-intrusion cooling (Layer et al.,
1992).

Our sample of the Kaap Valley pluton was collected
from a fresh roadcut several kilometers east of the pass
on R61 between Badplaas and Barberton. EKC02-51 is a
weakly foliated fine-grained biotite tonalite containing
abundant pristine zircon and apatite, but no titanite or
hornblende. Thin-section analysis reveals significant low-
grade metamorphism in this rock, including chloritization
of biotite and secondary epidote, clinozoisite and sericite.
Mineral separates reveal two end-member populations of
apatite that differ according to magnetic susceptibility,
habit, and color. One end-member group is non-magnetic,
clear, and of variable habit. The second end-member is pri-
marily found in the more magnetic separates, is light blue
and translucent, and form both stubby euhedral hexagonal
prisms and subhedral grains. BSE images of both popula-
tions reveal no internal zonation, while CL images show
patchy zoning of unclear origin (Fig. 3). There is a gradient
between the two end-member populations, and so a range
of grains was chosen for analysis. The different populations
are difficult to distinguish in thin-section, though large
(>250 um in diameter) and/or euhedral grains are only
found along grain boundaries and/or associated with bio-
tite. Subhedral cylinders and barrels are found as inclu-
sions in plagioclase and quartz.

Apatite from this sample was analyzed for U-Pb sys-
tematics (Table 1), including seven whole single-grains,
two multi-grain fractions (al and a2 each had two grains),
and four grains that were removed from grain mount.
Three grains from grain mount were broken in half prior
to analysis. The 2*’Pb/>*°Pb dates form two distinct popu-
lations (Figs. 3 and 4). Fig. 5 shows the **’Pb/??°Pb dates
as a function of grain size. The older, ca. 3225-3220 Ma
population shows a slight trend towards younger
207pp/2%%Ph dates with smaller grain size, such that the
MSWD of equivalence is 8.0 (Ludwig, 1998), though it is
unclear whether this trend reflects cooling. The younger
population gives a weighted mean 2°’Pb/?*°Pb date of
3213.0 £ 0.5 Ma (MSWD = 0.8; excluding one negatively
discordant analysis, al.29a). Of the two grains that were
successfully halved and analyzed, two shards from one
grain gave identical results, while one of the shards from
the other broken grain (al.29a) was negatively discordant
and yielded a much younger **’Pb/**°Pb date. One other
grain (al.30) was —0.7% discordant, but gave an identical
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207pp/2%°Ph date to the younger population. All of the
other analyses plot between ~0.0% and ~0.3% discordant
and have radiogenic Pb to common Pb (Pb*/Pb,) ratios be-
tween ~3 and ~14 (Table 1).

4.2. AGCO1-4

This sample is a biotite tonalite from an inlier of highly
deformed plutonic basement rocks adjacent to the south-
east margin of the BGB (Fig. 2). From near this locality,
Compston and Kroéner (1988) and Kroner et al. (1989)
reported ion-microprobe U-Pb dates of zircon from multi-
ple samples that show a complex and enigmatic growth his-
tory between ca. 3.6 and 3.1 Ga. Our sample comes from
an outcrop on the Phophonyane river, approximately
1 km north of the main highway, from a unit that clearly
cross-cuts the oldest phases of bimodal gneiss in the area,
but is foliated parallel to the local fabric in those rocks.
This sample yielded abundant zircon, titanite and apatite,
which were analyzed for U-Pb systematics.

4.2.1. Zircon

Zircon grains from this sample are stubby to elongate
dully-faceted prisms ranging in length from ~30 to
200 um. The least magnetic separate yielded abundant
cloudy to translucent grains, which reveal oscillatory zon-
ing in BSE images, typical of magmatic zircons (see Corfu
et al., 2003; Fig. 6). Fifteen air-abraded grains and nine
chemical-abraded grains were analyzed for U-Pb isotope
systematics. Three chemical-abraded grains are within er-
ror of concordia and these analyses give a weighted mean
207pp/2%pPb  date of 3226.1 £0.7Ma (MSWD =0.2;
Fig. 7).

4.2.2. Titanite

Titanite is light to dark brown in color and ranges in size
from <50 to 250 pm (diameters measured as the average of
the three principle axes) and is subhedral to anhedral in
mineral separates. BSE images of titanite grains show faint
oscillatory zoning in subhedral fragments (Fig. 6). Thin-
section analysis reveals that titanite is primarily euhedral
and can be as large as 500 um, suggesting that many grains
were broken during the crushing process. For this reason,
only the most euhedral grains were selected, though this
is an imperfect process. Eleven single grain fractions and
two fractions consisting of two grains each (s4 and s7) were

32240011

Fig. 3. Cathodoluminescence images of apatite from EKC02-51 (Kaap valley pluton), with fraction number in top corner. White lines are where grains
were broken prior to removal from grain mount, and the corresponding 2°’Pb/?°°Pb dates are shown (*this analysis is very negatively discordant). U-Pb
data are in Table 1. Scale bars are 100 pm. Errors are at the 95% confidence interval.



Table 1
U-Pb isotopic data

Sample® # grains Grain Pb*/Pb.S Pb, (pg)® Th/U® Isotopic ratios Dates (Ma) % disc
diameter® 206pp,204ppf 208pp, 206z 206pp 238E 0 epph 207phy/23SUE 0 errh 207ph/209PE 0 ert corr. coef. 220Pb/23SU 207pp/235 i 207pp,206ppyi
EKC02-51 (Kaap Valley pluton)
Apatite
al 2 90 3.8 14.5 0.04 198 0.011 0.645753  0.16 22.67103  0.22  0.25463 0.12  0.839 3211.6 3212.9 3213.8 0.09
a2 2 110 32 323 0.04 165 0.010 0.648107  0.17 22.90351 0.19 0.25630 0.08  0.904 3220.8 3222.9 3224.1 0.13
a4 1 170 5.1 29.7 0.09 254 0.023 0.646260  0.15 22.68531 0.17 0.25459 0.08 0.893 3213.6 3213.5 3213.5 0.00
as 1 240 5.4 43.2 0.03 273 0.007 0.644832  0.09 22.62546  0.11 0.25448 0.06 0.827 3208.0 3211.0 3212.8 0.19
a6 1 110 5.2 14.9 0.02 268 0.006 0.648154  0.11 22.89598 0.13  0.25620 0.06  0.880 3221.0 3222.5 3223.5 0.10
a7 1 100 13.9 22.9 0.07 677 0.020 0.647802  0.08 22.87322  0.09 0.25608 0.05 0.852 3219.6 3221.6 3222.8 0.12
a8 1 200 7.8 66.2 0.03 386 0.009 0.647884  0.05 2291164 0.07 0.25648 0.05 0.744 3219.9 3223.2 3225.2 0.21
a9 1 225 6.6 71.0 0.00 337 0.001 0.648811  0.08 22.94491 0.10 0.25649 0.05 0.856 3223.6 3224.6 32253 0.07
al0 1 275 8.7 113.3 0.03 427 0.007 0.646082  0.07 22.78394 0.08 0.25576 0.05 0.814 3212.9 3217.8 3220.8 0.31
al.2%9a <l 250 5.1 5.8 0.03 268 0.009 0.654559  0.23  22.74551 0.26  0.25203 0.10 0918 3246.0 3216.1 3197.5 —1.93
al.29%b <1 250 9.4 13.9 0.01 473 0.004 0.645059  0.09 22.63267 0.11 0.25447 0.06 0.856 3208.9 3211.3 3212.8 0.15
al.30a <1 120 3.1 10.0 0.02 164 0.005 0.650454  0.34 22.80895 0.36 0.25432 0.12  0.944 3230.0 3218.8 3211.9 —0.72
al.33 <1 90 6.8 22.6 0.02 341 0.005 0.646313  0.06 22.80567 0.08 0.25592 0.05 0.741 3213.8 3218.7 3221.7 0.31
al.35a <1 150 7.5 22.7 0.01 374 0.003 0.647730  0.07 22.89238  0.11 0.25633 0.09  0.625 3219.3 3222.4 32243 0.20
al.35b <1 150 7.3 21.9 0.01 366 0.003 0.646910  0.09 22.86110 0.11 0.25630 0.07  0.790 3216.1 3221.0 3224.1 0.31
AGCO01-4
Zircon
z1 1 — 479 2.6 0.22 2453 0.071 0.528134  0.23 18.06069  0.29  0.24802 0.17 0.816 2733.6 2993.0 3172.2 16.92
z2 1 — 180.5 1.4 0.18 10143 0.068 0.437855 0.12 14.41993 0.14 0.23885 0.06  0.905 2341.0 27771 31124 29.45
74 1 — 79.4 4.2 0.23 3885 0.073 0.523614 0.16 17.68981  0.17  0.24502 0.08  0.900 2714.5 2973.0 3152.9 17.00
z5 1 — 13.6 11.3 0.22 645 0.079 0.482140  0.14 16.03199 0.16 0.24116 0.06 0918 2536.6 2878.7 3127.7 22.79
z6 1 — 19.3 5.0 0.17 953 0.054 0.537140  0.15 18.29210  0.17  0.24699 0.06  0.929 2771.5 3005.2 3165.6 15.28
z7 1 — 4.7 20.8 0.24 231 0.079 0.523837  0.21 17.74783  0.23  0.24572 0.08 0.931 2715.4 2976.2 3157.4 17.11
79 1 — 1.6 12.8 0.44 81 0.174 0411169 0.73 1291834 0.76  0.22787 0.15  0.981 2220.3 2673.7 3037.1 31.68
z10 1 — 2.7 12.2 0.44 133 0.120 0.632324  0.39 22.25520 0.42 0.25526 0.15 0.935 3158.8 3194.9 3217.7 2.32
z11 1 — 7.2 11.3 0.26 349 0.094 0.452246  0.25 14.22166  0.30  0.22807 0.16 0.851 2405.2 2764.6 3038.6 24.90
z12 1 — 2.2 4.7 0.33 118 0.091 0.636983  0.79 22.51567 0.81 0.25636 0.15 0.982 3177.1 3206.2 32245 1.86
z13 1 — 21.0 32 0.39 980 0.147 0.442169  0.23  14.49386 0.24 0.23774 0.07  0.953 2360.3 2782.6 3104.9 28.54
z14 1 — 14.5 1.1 0.03 847 0.014 0.334743  0.54 11.35342  0.55 0.24599 0.07  0.992 1861.3 2552.6 3159.1 47.07
z15 1 — 8.3 7.7 0.31 393 0.093 0.577756  0.16  19.68108  0.20  0.24706 0.11  0.837 2939.6 3075.8 3166.0 8.89
z18 1 — 0.5 25.1 0.85 30 0.357 0.389799  0.99 12.34292  1.11  0.22965 0.41  0.929 2121.9 2630.8 3049.6 35.56
z19 1 — 1.2 5.9 0.48 68 0.160 0.503230  1.11 16.42092 1.23 0.23666 0.44 0935 2627.7 2901.6 3097.7 18.43
zal 1 — 18.0 8.8 0.20 845 0.059 0.590673  0.10 21.67507 0.11 0.26614 0.05 0.892 2992.2 3169.3 3283.4 11.07
za2 1 — 15.7 2.2 0.23 795 0.063 0.649166  0.32 22.97418 0.32  0.25667 0.05 0.986 3224.9 3225.8 3226.4 0.06
zas 1 — 36.0 1.1 0.12 2013 0.040 0.519119  0.25 18.24451 0.26  0.25490 0.06 0.973 2695.4 3002.7 3215.4 19.73
zab 1 — 82.2 0.6 0.21 4594 0.060 0.602185  0.07 21.16657  0.09 0.25493 0.05  0.827 3038.6 3146.3 3215.6 6.90
zal 1 — 61.0 0.7 0.21 3415 0.059 0.615876  0.11 21.64515 0.12  0.25490 0.06  0.887 3093.5 3167.9 3215.4 4.77
zal0 1 — 329 1.9 0.18 1866 0.050 0.639734  0.13  22.65198  0.14 0.25681 0.05  0.926 3188.0 3212.1 3227.2 1.54
zal2 1 — 9.7 0.3 0.13 565 0.035 0.646799  0.55 22.88202 0.60 0.25658 0.21  0.939 3215.7 3221.9 3225.8 0.40
zal3 1 — 19.7 0.2 0.20 1119 0.053 0.648283  0.27 22.93540 0.29  0.25659 0.09  0.953 3221.5 3224.2 3225.9 0.17
zal7 1 — 8.9 0.6 0.16 520 0.042 0.638487  0.46 2257750  0.50 0.25646 0.17  0.940 3183.1 3208.9 3225.1 1.65
Titanite
sl 1 185 13.1 27.8 0.52 582 0.141 0.632054  0.12  21.58132  0.13  0.24764 0.06  0.896 3157.7 3165.1 3169.8 0.48

s2 1 180 6.9 120.0 0.23 332 0.063 0.629620  0.07 21.31665 0.11  0.24555 0.09  0.642 3148.1 3153.1 3156.3 0.33
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s4
s5
s6
s7
s8
s9
s10
sl
s12
s13
sl4

AGCO01-4
Apatite
al

a2

a3

as

ab

a7

a8

al0
all
al2
al3
al4
al.2a
al.2b
al.2c
al.2d
al.5a
al.5b
al.8
al.ll
al.12
a2.2
a2.5a
a2.5b
a2.6
a2.10
a2.14a
a2.14b

— o e N — — N

— e = = Q) = = = U

—_

<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1

120
220
210
140
120
130
200
170
190
220
220

70
55
170
90
235
60
40
35
90
120
180
240
200
200
200
200
115
115
250
200
180
120
122
122
65
130
50
50

26.2
6.0
14.8
2.1
33
4.5
26.5
7.0
4.7
224
3.9

4.1
43
3.6
34
3.0
43
1.4
32
3.9
2.6
2.3
3.1
2.6
2.5
3.2
3.6
2.0
2.5
3.2
2.4
2.0
2.4
2.3
1.3
3.3
1.2
1.6
1.3

BSO4-5 (Pigg’s Peak batholith)

Zircon
zal
za2
za3
za4
zas

—_ =

520
1620
849
10907
15791

18.6
82.4
41.8
207.7
7.2
7.0
6.5
12.4
21.6
21.1
27.9

24.2
30.1
62.0
71.3
66.6
20.2
3.7
7.3
9.6
36.6
45.6
109.4
7.7
6.3
4.5
11.8
29.2
21.8
63.1
30.1
40.5
19.5
13.0
4.7
11.2
14.7
6.7
6.1

0.23
0.22
0.20
0.16
0.20

0.16
0.40
0.36
0.72
0.19
0.14
0.17
0.25
0.31
0.34
0.20

0.29
0.26
0.18
0.26
0.29
0.23
0.35
0.27
0.29
0.21
0.21
0.27
0.21
0.19
0.23
0.25
0.30
0.29
0.19
0.28
0.30
0.32
0.19
0.36
0.30
0.40
0.48
0.57

0.49
0.41
0.46
0.41
0.49

1247
278
680
100
171
233

1285
337
227

1027
193

207
218
184
170
152
217

88
181
202
144
123
159
146
151
180
189
109
134
165
127
109
125
126

79
170

73

92

79

20711
66197
33785
405376
573023

0.044
0.107
0.096
0.183
0.051
0.038
0.045
0.068
0.083
0.091
0.054

0.078
0.071
0.050
0.070
0.078
0.062
0.095
0.074
0.077
0.056
0.056
0.073
0.058
0.050
0.063
0.067
0.082
0.079
0.053
0.076
0.081
0.087
0.053
0.098
0.082
0.105
0.129
0.154

0.134
0.110
0.124
0.110
0.134

0.632319
0.636272
0.633222
0.672447
0.626553
0.627574
0.630283
0.628332
0.631037
0.633599
0.627092

0.619091
0.616424
0.621628
0.616814
0.623436
0.618845
0.613951
0.608771
0.623017
0.624977
0.629058
0.624029
0.623147
0.625954
0.624124
0.622832
0.622059
0.618046
0.627909
0.618502
0.616764
0.621540
0.622345
0.618700
0.616637
0.643566
0.606740
0.605331

0.626060
0.625793
0.624259
0.625586
0.624828

0.08
0.13
0.09
0.11
0.15
0.23
0.11
0.14
0.10
0.13
0.22

0.19
0.19
0.16
0.11
0.10
0.20
0.78
0.29
0.11
0.25
0.14
0.06
0.49
0.97
0.62
0.22
0.18
0.11
0.08
0.13
0.21
0.18
0.14
1.41
0.17
0.90
0.72
1.27

0.11
0.07
0.11
0.05
0.12

21.56202
21.90596
21.63886
23.00599
20.96218
21.03517
21.36701
21.22956
21.33124
21.61638
21.03899

20.37702
20.20308
20.62574
20.23397
20.75546
20.31393
19.92355
19.52679
20.69392
20.86188
20.89147
20.78611
20.73630
20.92664
20.79129
20.66060
20.61508
20.25586
21.17324
20.32761
20.15648
20.58156
20.64705
20.34661
20.14140
21.25535
19.36093
19.28529

21.00242
20.97847
20.92089
20.96650
20.94386

0.10
0.16
0.10
0.14
0.18
0.26
0.12
0.21
0.12
0.14
0.23

0.25
0.21
0.18
0.15
0.14
0.22
0.87
0.33
0.19
0.28
0.21
0.09
0.52
0.99
0.64
0.25
0.23
0.16
0.10
0.27
0.23
0.23
0.18
1.43
0.21
0.92
0.78
1.31

0.12
0.08
0.12
0.06
0.12

0.24732
0.24970
0.24784
0.24813
0.24265
0.24310
0.24587
0.24505
0.24517
0.24744
0.24333

0.23872
0.23770
0.24065
0.23792
0.24146
0.23807
0.23536
0.23264
0.24090
0.24210
0.24087
0.24158
0.24135
0.24247
0.24161
0.24059
0.24035
0.23770
0.24456
0.23837
0.23703
0.24016
0.24062
0.23851
0.23690
0.23954
0.23143
0.23106

0.24331
0.24313
0.24306
0.24307
0.24311

0.05
0.08
0.05
0.08
0.08
0.10
0.05
0.13
0.07
0.05
0.08

0.16
0.08
0.08
0.09
0.09
0.10
0.38
0.16
0.14
0.12
0.14
0.06
0.16
0.23
0.16
0.11
0.14
0.10
0.07
0.20
0.10
0.13
0.11
0.36
0.10
0.25
0.29
0.36

0.05
0.04
0.04
0.04
0.04

0.876
0.876
0.887
0.809
0.889
0.914
0.910
0.789
0.825
0.941
0.939

0.782
0.919
0.892
0.802
0.783
0.889
0.897
0.877
0.695
0.895
0.747
0.688
0.951
0.973
0.969
0.897
0.815
0.747
0.774
0.702
0.906
0.829
0.789
0.967
0.864
0.963
0.928
0.962

0.918
0.834
0.925
0.772
0.945

3158.8
3174.3
3162.3
3315.3
31359
3140.0
3150.7
3143.0
3153.7
3163.8
3138.1

3106.3
3095.7
3116.4
3097.2
3123.6
3105.3
3085.8
3065.1
3121.9
3129.7
31459
3125.9
3122.4
3133.6
3126.3
3121.2
3118.1
3102.1
3141.3
3104.0
3097.0
3116.0
3119.2
3104.7
3096.5
3203.0
3056.9
3051.3

3134.0
31329
3126.8
3132.1
3129.1

3164.2
3179.6
3167.7
3227.2
3136.8
3140.2
3155.4
3149.1
3153.8
3166.6
3140.4

3109.4
3101.1
3121.2
3102.6
3127.2
3106.4
3087.7
3068.2
3124.4
3132.2
3133.6
3128.7
3126.3
3135.2
3128.9
3122.8
3120.7
3103.7
3146.6
3107.1
3098.9
3119.1
3122.2
3108.0
3098.2
3150.3
3060.0
3056.2

3138.7
3137.6
3134.9
3137.0
3136.0

3167.7
3182.9
3171.0
3172.9
3137.4
3140.4
3158.4
3153.0
3153.8
3168.4
3141.9

3111.4
3104.7
31242
3106.1
3129.6
3107.1
3088.9
3070.3
3125.9
3133.8
3125.7
3130.4
3128.9
3136.3
3130.6
3123.8
31223
3104.6
3149.9
3109.1
3100.1
3121.1
3124.1
3110.1
3099.2
3116.9
3062.0
3059.4

3141.7
3140.6
3140.1
3140.2
3140.4

0.36
0.34
0.35
—5.75
0.06
0.02
0.31
0.40
0.01
0.19
0.15

0.21
0.36
0.32
0.36
0.24
0.07
0.12
0.21
0.16
0.17
—0.81
0.18
2.26
0.11
0.17
0.11
0.17
0.10
0.34
0.21
0.13
0.20
0.19
0.22
0.11
—3.51
0.21
0.33

0.31
0.31
0.53
0.33
0.45

(continued on next page)
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Table 1 (continued)

# 71, z2, etc. are air-abraded zircons, zal, za2, etc. are chemical-abraded zircons.al, a2, etc. are whole single grains or multiple grains; al.xx, a2.xx are grains or grain fragments that were removed from
grain-mount. sl, s2, etc. are whole grains or abraded grains.

® Numbers are in pm. Apatite diameter is that of a cylinder. Titanite diameter is average of 3 axes. Multi-grain fraction diameter is average of all grains.

¢ Ratio of radiogenic Pb (including 208Pb) to common Pb.

4 Total weight of common Pb.

¢ Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/206Pb age.

T Measured ratio corrected for spike and fractionation only. Mass fractionation corrections were based on analysis of NBS-981 and NBS-983. Corrections of 0.25 - 0.04%/a.m.u. (atomic mass unit)
and 0.07 + 0.04%/a.m.u. were applied to single-collector Daly analyses and dynamic Faraday-Daly analyses, respectively.

& Corrected for fractionation, spike, blank, and common Pb. Errors below are 2-sigma. blank Pb: 206Pb/204Pb = 18.271 + 0.039; 207Pb/204Pb = 15.587 4 0.095; 208Pb/204Pb = 38.119 4 0.024.
Common Pb values used are from feldspar leaching (Housh and Bowring, 1991; see text). EKC02-51: 206Pb/204Pb = 12.576 4= 0.064; 207Pb/204Pb = 14.042 4- 0.063; 208Pb/204Pb = 32.269 == 0.060.
AGCO01-4: 206Pb/204Pb = 12.885 4- 0.001; 207Pb/204Pb = 14.419 + 0.001; 208Pb/204Pb = 32.572 + 0.002.

" Errors are 2 sigma, propagated using the algorithms of Ludwig (1980).

! Calculations are based on the decay constants of Jaffey et al. (1971).

3 9 discordance = 100 - (100 x 206Pb/238U date / 207Pb/206Pb date).

Pb-Pb date (Ma)
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U-Pb thermochronology

Fig. 6. Back-scattered electron images of typical zircon (A) and titanite (B
and C) from AGCO01-4. Scale bar in (A) is 50 um, and in (B) and (C) is
100 pm. Note the concentric oscillatory zoning in the zircon, indicating a
magmatic origin. Also note that titanite grains display weak oscillatory
zoning and are subhedral, but likely broken during processing.

173

ture, not a result of rock processing. BSE images show no
zoning features, but CL images reveal oscillatory zoning in
the cores with overgrowths of variable thickness (Fig. 10).
Overgrowths are both bright and dark in CL and cut the
internal zoning in places and are concordant to the zoning
in others.

Twenty-eight apatite fractions were analyzed for U-Pb
systematics (Table 1, Fig. 8). Ten grains were removed from
grain mount after imaging (Figs. 8 and 10). In addition, three
multi-grain and nine single-grain apatite fractions were ana-
lyzed without imaging. All of the analyses are nearly concor-
dant (except for one that is —3% discordant) and give
207pp/2%%Ph dates that span over 100 Myr from about 3060
to 3170 Ma (Fig. 8). In addition, the analyses show a strong
correlation between grain size and *°’Pb/?°°Pb date (Fig. 9).
Grain size was measured as (1) the width of the cylinder or
barrel for single, whole grain analyses (i.e. perpendicular to
the c-axis), (2) the original width of the cylinder or barrel

0.64
£ AGCO1-4
1=
[+
06318
0.62 +
0.61 1 { apatite
] # titanite
0.60
) ZOTPb’ZSEU
0.59 . . " r ; r "
0.64 0.63 0.62 0.61

Fig. 8. Concordia diagram for titanite and apatite from AGCO01-4.
Shaded gray envelope is the error-bounds of the concordia curve. Errors
are at the 95% confidence interval.

A B
0.75 0.656
2 AGC01-4 2
S zircon 48
- 3400, 0.652 =
0651 & 3200&’ . a8
| |
~ o .-"'-'N 0.648 +
o, ey ~
0.55 + 2800, D;f 0644 T
2600, o 0.640
o
2400
045+ © & 0636 )
o weighted mean
o O air-abraded 207Ph/205Ph date
. +
035 1 ® chemical-abraded 3226.1£0.7 Ma
e MSWD=0.2;n=3
0.628 +
207pp2EY 07py 235
0.25 ' t t t 0.624 t t : t + t
8 12 16 20 24 219 22.1 223 225 227 229 231 23.3

Fig. 7. Concordia diagram for zircon from AGCO01-4 depicting both air-abraded and chemical-abraded zircon grains. (B) is blow-up of shaded region in
(A). Shaded gray envelope is the error-bounds of the concordia curve. Errors are at the 95% confidence interval.
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grain diameter (um)

Fig. 9. a—t curves for apatite and titanite from AGCO01-4. Light gray
points (without error bars) represent the data reduced with the Stacey and
Kramers (1975) estimate for common Pb (S&K Pb,), to show the affect of
Pb, choice. See text for further discussion, and see Table 1 caption for Pb,
from feldspar leachates. Errors on grain diameters are uniformly chosen to
be +10 pum. Diameter for apatite was measured perpendicular to the c-axis
and for titanite is the average of the three principle axes. Errors are at the
95% confidence interval.

as the grain appeared in the EMP image prior to their remov-
al or breaking in grain mount, or (3) the average cylinder
width for multi-grain analyses (which were grouped to be
roughly the same grain size).

4.3. BSO4-5

This is a sample of the Pigg’s Peak granite that intrudes
the inlier of ca. 3.2-3.6 Ga basement rocks where AGCO1-
4 was sampled (Fig. 2). Our sample was collected at the SE
margin of the basement inlier near the “falls” outcrop
(Compston and Kroner, 1988; Kroner et al., 1989), within
several hundred meters from the contact with AGC rocks.
Itis amedium-grained undeformed biotite granite that clear-
ly post-dates all deformation in the adjacent polymodal
gneisses. Zircon from this sample is clear to pink and euhe-
dral with sharp crystal terminations. Five grains were chosen
for U-Pb analysis by the chemical-abrasion method (Table
1, Fig. 11). Four of the five grains yield a **’Pb/**°Pb date
of 3140.3 +£ 0.3 Ma (MSWD = 0.4), and we interpret this
to reflect the local crystallization age of the Pigg’s Peak bath-
olith. One grain (zal) falls outside this cluster, and including

it in the weighted mean does not effect the age beyond error,
but raises the MSWD to 3.2. The outlier may be a result of an
older, inherited domain in the grain.

5. Discussion and analysis
5.1. U-Pb thermochronology in an absolute time-frame

Interpreting our U-Pb apatite and titanite data in an
absolute time-frame is hampered by potential inaccuracies
in the U decay constants and uncertainties in the composi-
tion of non-radiogenic Pb (Pb.). Inaccuracies in the U de-
cay constants are discussed elsewhere (Mattinson, 1994,
2000; Schoene et al., 2006), and introduce a bias of
<0.3% between 2°°Pb/**U and 2*’Pb/**°Pb dates for rocks
~3 Ga. In this study, we choose to report and compare
data within the 2°’Pb/**°Pb system alone, using the
28U/?°°Pb and 2*SU/?°"Pb systems only to evaluate open
system behavior. Therefore, any absolute inaccuracy intro-
duced by the U decay constants is systematic and does not
jeopardize our ability to quantitatively compare
207pp/2%Pb dates. Studies wishing to compare these dates
with non->"Pb/??°Pb dates need to incorporate decay con-
stant errors (see also Renne et al., 1998; Min et al., 2000;
Begemann et al., 2001).

The correction for Pb, in minerals with low Pb*/Pb, is
the biggest source of inaccuracy in calculated U-Pb dates.
Making the correction to measured ratios can be done in
three ways: (1) using a bulk-earth Pb evolution model, such
as Stacey and Kramers (1975), (2) using the Pb isotopic
composition from cogenetic low-u phases, such as K-feld-
spar, and (3) using traditional ***U/?*°Pb and **>U/**’Pb
isochron regressions or the more powerful 3-D total
Pb-U isochron (Ludwig, 1998). Isochron methods are
not applicable here, given that these data obviously do
not meet the required assumption that all the minerals re-
cord the same date. We have chosen instead to reduce
the data using the K-feldspar step-leaching techniques of
Housh and Bowring (1991), taking the values determined
from the leach step with the least radiogenic Pb composi-
tion as the best estimate of initial Pb (these data are report-
ed in the caption of Table 1). In the case of apatite from
EKC02-51 and titanite from AGCO01-4 (because of the rel-
atively high Pb*/Pb, ratios) the difference in calculated
dates between using K-feldspar Pb. and the Stacey and
Kramers (1975) estimate is on average only different by
0.3 and 1.5 Myr, respectively (Figs. 5 and 9). Apatite data
from AGCO01-4, however, is quite dependent on the choice
of Pb,, and the data are on average ~11 Myr younger with
the K-feldspar Pb, values (Fig. 9). Though numerous stud-
ies have shown that this is probably more accurate than
using the ad-hoc correction provided by the Stacey and
Kramers (1975) Pb curve (Corfu, 1988; Verts et al., 1996;
Mezger and Cosca, 1999; Chamberlain and Bowring,
2000; Schmitz and Bowring, 2001), the accuracy of the
K-feldspar Pb correction is difficult to verify. For example,
Schoene and Bowring (2006) show that U-Pb thermochro-
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Fig. 11. Concordia diagram for zircon from BS04-5, a granitic sample
from the Pigg’s Peak batholith. Shaded gray envelope is the error-bounds
of the concordia curve. Errors are at the 95% confidence interval.

nometers and K-feldspar in a quickly cooled syenite do not
share the same Pb. composition, and hypothesize that this
is due to the exchange of Pb with an isotopically heteroge-
neous magmatic fluid over their differing closure intervals.
The potential for heterogeneous Pb, compositions within
thermochronometers is even more substantial in slowly
cooled rocks, simply because of the heightened probability
of complicated rock/fluid interactions over longer time-
scales. Therefore, demonstration of the accuracy of the
Pb. correction in slowly cooled U-Pb thermochronometers
remains a problem to be solved. What is important for this

study, however, is that no correlation exists between
207pp/2%°Ph date and Pb*/Pb, but instead between apparent
age and grain size, and that the topology of this curve does
not change with differing Pb, estimates (Fig. 9). Therefore,
the thermal history defined by apatite is robust, though we
must be careful when comparing the absolute timing of this
history relative to other data.

5.2. Volume diffusion vs. metamorphic growth

Apatite and titanite from two samples examined in this
study can be interpreted to record very different thermal
histories. AGCO01-4 apatite and titanite show a distribution
of dates versus grain size that spans over 100 Myr (Figs. 8
and 9), while EKC02-51 apatite from the Kaap Valley plu-
ton fall into two distinct clusters of dates within 15 Myr
after crystallization of the pluton (Figs. 4 and 5). Each
sample can be used to illustrate fundamental processes con-
trolling U-Pb systematics in these minerals, and will be dis-
cussed below.

52.1. EKC02-51

Apatite from the Kaap Valley pluton form two popula-
tions with distinct °’Pb/**°Pb dates (Figs. 4 and 5), sug-
gesting two different processes are recorded and can be
interpreted in the context of two models: (1) that the older
population represents primary igneous apatite that records
cooling and the younger one records a period of metamor-
phic/hydrothermal growth below the T, of apatite, or (2)
that the two populations, because of compositional hetero-
geneities, have different 7,.. Experiments have been pub-
lished on the diffusion of O (Farver and Giletti, 1989),
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Sr (Watson et al., 1985; Cherniak and Ryerson, 1993),
REE (Watson et al., 1985; Cherniak, 2000), U and Mn
(Cherniak, 2005), anionic halogens such as F, CI, and
OH (Brenan, 1993), and Pb (Watson et al., 1985; Cherniak
et al., 1991). We know of no study that looks at composi-
tional effects on the diffusion of Pb in apatite. Cherniak
(2000) documented the dependence of trivalent REE diffu-
sion on the method of cation substitution (coupled or
non-coupled) in fluorapatite, which in turn depends on
the concentration of other mono- to pentavalent cations
in the crystal lattice (see summary in Pan and Fleet,
2002). Because Pb*" substitutes directly for Ca®* in the
apatite structure, intralattice cation distribution is less
likely to affect Pb diffusion, and one may expect any com-
positional effect on Pb diffusion to be minimal. If the clo-
sure temperature of a compositionally distinct generation
of apatite was more than ~100 °C lower than the older
population, then the apatite dates would reflect a complex
history of slow-cooling or reheating, similar to ~3.03—
3.14 Ga *Ar/*’Ar dates from biotite (7, ~ 300-350 °C;
Harrison et al., 1985; Grove and Harrison, 1996) in this
pluton (Layer et al., 1992). Whether compositionally vari-
able closure temperatures are represented in these data or
not, both options 1 and 2 require the generation of multiple
populations of apatite and this deserves discussion.

Numerous natural and experimental studies have docu-
mented that apatite is sensitive to variable metamorphic
conditions and/or fluid compositions (Korzhinskiy, 1981;
Yardley, 1985; Zhu and Sverjensky, 1991; Fleet and Pan,
1997; Fleet et al., 2000), such that intragrain variations in
apatite composition can act as a robust indicator of chang-
ing metamorphic conditions and/or fluid composition as a
function of time. Krenn and Finger (2004) reported both
Sr-rich (>33 wt%) apatite armored by garnets and Ca-rich
compositions elsewhere in the rock and conclude the Sr-
rich varieties preserve apatite equilibrated during high-
pressure metamorphism. Grain armoring was also inferred
by Loferski and Ayuso (1995), who showed that apatite
occurring as multiphase inclusions in clinopyroxene have
distinct CI/(F + CI + OH) ratios from apatite located with-
in the groundmass. Meurer and Boudreau (1996) and Will-
more et al. (2000) investigated apatite halogen composition
within the Stillwater and Bushveld layered mafic intrusions,
respectively. Each found distinct differences in Cl mole
fraction in fluorapatite as a function of stratigraphic height
and conclude that this is because the composition of fluids
in the rock evolved over time and space during the late-
stage magmatic history. These studies exemplify that the
composition of apatite within a rock can change as a func-
tion of time depending on the degree of rock-fluid interac-
tion; the textural setting of apatite (e.g. degree of armoring)
may help determine whether or not it preserves early
compositional variations.

Grain armoring may have been important in preserving
the two different populations of U-Pb apatite dates record-
ed in EKC02-51 (Figs. 4 and 5). Petrographic evidence
shows that large euhedral apatite exists only along grain

boundaries and as inclusions in biotite, and we infer that
this population is the euhedral blue colored population in
mineral separates. Secondary chlorite, epidote, clinozoisite,
and white mica are also associated with euhedral apatite.
Only subhedral cylinder to barrel shaped apatite is found
as inclusions in quartz and plagioclase. It therefore seems
plausible that the older population is represented by grains
that are armored by quartz or feldspar and the younger
population is associated with metamorphic/hydrothermal
processes. Igneous apatite originally located on grain
boundaries or otherwise accessible by fluid flow must have
been dissolved or recrystallized during secondary apatite
growth because there is no evidence of mixing between
the two populations. Therefore, chemical equilibration of
apatite during metamorphism would have occurred by dis-
solution/reprecipitation and not diffusion or mineral
overgrowth.

5.2.2. AGC01-4

Apatite from AGCO1-4 gives **’Pb/?*Pb dates that
span over 100 Myr (Figs. 8 and 9). Such a spread in dates
could be the result of mixing portions of grains with differ-
ent ages, which is supported by CL images that reveal fine-
scale oscillatory zoning in cores typically overgrown and/or
truncated by rims with broad to patchy zoning (Fig. 10).
To test this hypothesis, grains al.5 and a2.5 were imaged,
broken, and removed from grain mount and analyzed for
U and Pb in order to isolate portions of the grains near
the edge (Fig. 10). Fragments with a proportionally larger
amount of material near the grain edge are distinctly youn-
ger (i.c. al.5b is younger than al.5a and a2.5a is younger
than a2.5b; Fig. 10), which is consistent with isotopic zona-
tion from core to rim. In addition, grain al.2 was micro-
sampled to isolate one of the overgrowths in three
dimensions by removing a thin slice of material parallel
to the imaged surface (al.2b; Fig. 10). One would expect
that fragment to be distinctly younger than al.2c if the
apparent metamorphic overgrowth occurred after the rock
passed below the T, of apatite. Instead, dates for al.2b and
al.2c are within error. These observations suggest that
there is a gradient in 2°’Pb/?*°Pb date within the apatites,
but that it is not resulting from metamorphic overgrowth.
Also, the strong correlation of date with grain size would
not be expected from mixing igneous and metamorphic
growth zones. We should note that on the a—¢ curve in
Fig. 9, the grains which were removed from grain mount
all plot slightly below the whole-grain analyses, such that
they are slightly younger for a given grain size. This is be-
cause when the grains were removed from the mounts, it
became apparent that more than 50% of the material was
removed during polishing, thereby increasing the propor-
tion of material near the grain edge. These data are best ex-
plained by volume diffusion of Pb through the crystal
lattice with the grain size as the effective diffusion dimen-
sion, as predicted by Dodson (1973, 1986). Because these
apatite retain that information, it suggests not only that
the grain size is a good proxy for the effective diffusion
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dimension, but also that the metamorphic rims observed in
CL images grew above the closure temperature of apatite at
an unrecorded time.

Titanite from AGCO01-4 also show a correlation between
207pp/?°°Pp date and grain size (Fig. 9). Two of the larger
fractions (s5 and s14) deviate from this trend, yielding both
older and younger dates and this anomalous behavior may
be explained by (1) unrecognized zircon inclusions in the
grain, (2) if the picked fractions were not, in fact, whole
grains but instead broken shards of once larger grains, or
(3) if cracks or metamictization in the grains produced
fast-diffusion pathways for Pb-loss. In any case, we regard
the a—t relationship as robust despite the two outliers. The
three grains that were air-abraded to isolate their cores give
nearly identical 2°’Pb/>**°Pb dates of ~3170 Ma regardless
of the grain size (grain sizes were measured post-abrasion).
As with the apatite, these observations are consistent with
titanite that have the grain size acting as the effective diffu-
sion dimension.

5.3. Testing for slow-cooling or reheating with numerical
modeling

The interpretation that volume diffusion is the primary
control on the measured dates in both apatite and titanite
from AGCO01-4 implies that significant information about
the thermal history of the rock is recorded in these miner-
als. In the analysis that follows, we use a finite-difference
numerical model to explore the predicted closure-times (7)
of apatite and titanite as a function of grain size (a) for
varying T-t paths to test whether or not a—¢ curves from
multiple thermochronometers are unique indicators of
thermal history recorded in AGCO01-4. The setup and in-
puts for our model are presented in Appendix A; only
discussions of the particularly important input variables
and the results are presented below.

We use the model to test the two ways of generating the
observed a—t curves for apatite and titanite: (1) slow-cool-
ing after crystallization of AGCO01-4, and (2) fast cooling
followed by thermal perturbation. These differing scenarios
are shown in Figs. 12-14, with both the model 7-¢ paths
and the resulting a—¢ curves for apatite and titanite. The
data from AGCO0I1-4 is plotted for comparison; only
whole-grain data is plotted (i.e. non-abraded titanite,
non-polished apatite), as the U-Pb systematics in those
grains should best approximate volume diffusion.

In the case of slow cooling, it can be shown that a single
cooling rate following intrusion can explain both the apa-
tite and the titanite data exclusively, but not both data sets
together. Fig. 12 illustrates this point by showing 0.7 °C/
Myr (curve 1) and 1.5 °C/Myr (curve 3) linear cooling tra-
jectories, which can fit the a— curve for titanite and apatite,
respectively; neither curve fits both datasets. In order to
produce the observed combination of trends, a model that
combines slow and fast cooling is necessary, and the best
combination is shown in Fig. 12, curve 2. A Tt curve with
such topology is necessary not only to explain the nearly
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Fig. 12. Results from finite-difference numerical model to test whether
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overlapping closure times for titanite and apatite, but also
to replicate the topology of the apatite data: relatively flat
in larger grain sizes, and steepening in smaller grain sizes.

We also tested the possibility that resetting by known
magmatic intrusions could have created the observed tita-
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nite and apatite a—¢ curves. We subjected the model grains
to 7T-t paths that initially approximate that of EKC02-51
such that apatite closes several Myr after intrusion, and
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Fig. 14. Results from finite-difference numerical model to test whether
thermal resetting of titanite and apatite at 3140 Ma can explain the
observed data from AGCO01-4. 7-¢ paths labeled 1, 2, 3, and 4 in (A)
correspond to the resulting a—¢ curves in (B) and (C) for apatite and
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are error-bounds for synthetic a—¢ curve 4. See text for discussion. Errors
are at the 95% confidence interval.

we then insert a period of reheating at either ~3110 Ma
to approximate the intrusion of widespread ca. 3.1 Ga
granites into the SE Kaapvaal craton (Fig. 13) or at
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~3140 Ma to approximate the effect of the Pigg’s Peak
granite intrusion dated in this study (Fig. 14). For the ca.
3.1 Ga intrusion, a series of 7-¢ paths were chosen ranging
from a lower-temperature thermal perturbation of long
duration (curve 1, Fig. 13) to one of higher-temperature
but shorter duration (curve 3, Fig. 13). Two scenarios,
illustrated by curves 1 and 2 in Fig. 13 can reproduce the
titanite and apatite data, respectively, but neither can
reproduce both. A high temperature, short duration ther-
mal anomaly can produce model ages similar to both tita-
nite and apatite, but the topology of the model a—¢ curve
for apatite is convex up—opposite of the observed trend.
We note that in this analysis the characteristics of the intru-
sion (i.e. temperature, size, and distance from the sample)
are unimportant—no thermal perturbation can reproduce
the mineral a—t data.

For a thermal perturbation at ~3140 Ma, the analysis is
more sensitive to the duration and magnitude of heating.
Fortunately, we know the necessary model inputs from
the local geology: the distance from the intrusion margin
is known (2 km), the intrusion has been suggested to be
tabular and horizontally expansive but only 1-2 km thick
(Jackson and Robertson, 1983), and the chemistry of the
magma gives a constraint on the temperature. For an
~750 °C granite, it is necessary for the intrusion to be
about 75 km wide to reset the modeled titanite to fit the
data, and this results in apatite ages that are far too young
(Fig. 14, curve 1). The apatite data can be reproduced with
a 15 km wide intrusion, but the titanite is not reset at all
(Fig. 14, curve 2). To reproduce both apatite and titanite,
a short-duration, very high-temperature intrusion is neces-
sary. For example, curve 3 in Fig. 14 corresponds to a
12 km wide, 1100 °C intrusion and curve 4 corresponds
to a 4km wide, 1360 °C intrusion; the latter of which
reproduces the data but is an unrealistically high tempera-
ture for a granite. Therefore, we conclude that the cooling
curve 2 in Fig. 12, which shows two periods of slow cooling
interrupted by a period of fast cooling, to be the best fit to
our data. The implications of this path for the geology of
the Kaapvaal craton will be discussed later in the text.

5.3.1. Model uncertainties

The analysis above focuses on the mean values of the
experimental data for Pb diffusion in titanite and apatite of
Cherniak (1993) and Cherniak et al. (1991), respectively,
though the uncertainties in D, and E, are important. Consid-
eration of the uncertainties in D, and E, (titanite: D, is
+106%/—51% and E, is +3.4%; apatite: errors for D, are
not reported and E, is +2.6%) results in considerable uncer-
tainty in the predicted closure times of the modeled grains.
These were propagated by reproducing the model run using
the maximum error-bounds for D, and E,. The results are
illustrated by the shaded gray regions in Figs. 12-14 for a sin-
gle predicted a—¢ curve. The magnitude of the errors in the
predicted ¢ decrease with increasing cooling rate, and there-
fore for non-linear 7-¢ paths, these errors can affect the
topology of the resulting model a—¢ curve (which is partly

responsible for the asymmetry of the error envelopes). De-
spite the large errors in the predicted titanite closure time,
the broad conclusions of the model do not change. For exam-
ple, in the case of resetting, 7—¢ curve 2 in Fig. 12 is the best
estimate for mimicking the a—¢ curve for apatite data. The
predicted a—t curve for titanite plots outside of the field of
view in Fig. 12C and the actual data are still far outside the
error envelope. Similarly, 7-¢ curve 3 in Fig. 13 can repro-
duce the titanite data, but the errors in apatite diffusion
parameters cannot account for the bad fit of the topology
of the predicted a—¢ curve for apatite. Clearly, our under-
standing of diffusion of Pb in accessory minerals, and the
uncertainties in those values, can only be aided by further
experimentation under variably hydrous conditions.

5.4. Future considerations

Because our data show a clear correlation between grain
size and closure date, it can be inferred that volume diffu-
sion over the grain diameter is an important process in
the transfer of Pb. Despite this observation, our data show
scatter beyond the analytical error from an expected ideal-
ized a—t curve, suggesting that certain assumptions of the
model may not have been fully met in reality. The follow-
ing sections discuss the relevance of several possible sources
of scatter in a—t curves.

5.4.1. Crystal geometry and anisotropy

The preferred 7-¢ path determined above is slightly
affected by the choice of diffusion geometry in the minerals.
Clearly titanite is not spherical, though it was modeled as
such. We regard this assumption to be of minimal impor-
tance because as long as the analyzed grains for a given
phase are of similar morphology, then the topology of
the a—t curve does not change and this can be more impor-
tant than assumptions of diffusion geometry and therefore
the absolute 7.. For example, titanite picked for analysis
was as euhedral as possible, and in reality is more ellipsoi-
dal than spherical. Picking small euhedral apatite is trivial
because they closely approximate that of perfect cylinders,
though larger grains (>150 um diameter) more closely
approximate a barrel or sphere. Deviation from an ideal
cylindrical shape in larger grain sizes could affect the
topology of the a—t curve (Fig. 15).

A similar concern is that due to the crystal structures of
titanite and apatite (monoclinic and hexagonal, respecitv-
ely), one may expect diffusion of Pb to be anisotropic. In
the case of apatite, the diffusion data of Cherniak et al.
(1991) was measured perpendicular to the c-axis, which is
identical to the modeled diffusion direction in a hexagonal
crystal. The reported titanite data (Cherniak, 1993) was
measured in two crystallographic directions and found to
be very similar in each case, suggesting that titanite can
be adequately modeled as an isotropic sphere for diffusion
of Pb. These points, though probably of minor importance
here, stress the need to carefully choose grains analyzed in
studies such as this one.
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5.4.2. Zoning and diffusion of the parent isotope

The mathematical formulation of Dodson (1973, 1986)
and the model above assume that the parent isotope (in this
case U) is distributed homogeneously throughout the grain
and is immobile. The latter assumption is supported by dif-
fusion experiments of uranium in apatite (Cherniak, 2005),
which show that uranium diffuses much slower than both
Pb and the REE. Because the apatite from AGC01-4 pre-
serve zoning in CL images that is likely the result of REE
zoning (e.g. Waychunas, 2002), uranium diffusion is likely
unimportant in these grains. More important is that chem-
ical zonation of the parent can affect the closure date of a
mineral, which has been acknowledged in U-Th/He dating
(Boyce and Hodges, 2005), but thus far has not been treat-
ed in the U-Pb system. Complex zonation in apatite with
respect to REE, Y, Si and the halogens have been docu-
mented (Jolliff et al., 1989; Rakovan and Reeder, 1994;
Bingen et al., 1996; Rakovan et al., 1997; Bea and Monte-
ro, 1999), and zonation with respect to U and Th have also
been reported (Boyce and Hodges, 2005). Such zonation is
most important for whole-grain Pb/U analysis if high-U
zones exist near the grain edge. Fig. 15 illustrates this point
using results from our model in which high U concentra-
tions were placed in the outer 10% of the grain radius,
and these models yield anomalously low calculated ages
(Fig. 15). Because high-U rims in accessory minerals are
commonplace, this effect may help explain the observed
scatter in a—t curve in AGCO01-4 (Fig. 9).

5.4.3. Boundary conditions

Our model imposes a zero concentration boundary con-
dition for Pb* on the grain margins (see Appendix A),
which in reality assumes that the grains are encased in an
infinite reservoir of constant Pb concentration and isotopic
composition. In reality, diffusion across the boundary of

the thermochronometer will be dictated by the partition
coefficient for Pb (as a function of temperature) between
the grain (e.g. titanite or apatite) and the adjacent phase(s),
which cannot be inferred using bulk sample crushing. In
the worst-case scenario, the mineral would be entirely en-
cased in a phase with very slow diffusion of Pb, such as gar-
net or zircon, and therefore prevent escape of Pb and raise
the effective 7.. Remedying this problem by establishing
petrographic context prior to ID-TIMS U-Pb analysis is
not likely to be useful given the difficult necessity of recov-
ering whole or half grains for quantitative thermochrono-
logy. In situ U-Pb analysis of apatite, for example by
SIMS, is not likely to be useful for establishing a—¢ curves
or characterizing intragrain age gradients because of large
errors on individual 2°’Pb/?°°Pb dates (e.g. £30-100 Myr
in Paleoproterozoic grains; Sano et al., 1999). Given the
composition of AGCO01-4 (tonalitic), it is likely that all
the minerals analyzed were either located along grain
boundaries or included in feldspar or quartz. No diffusion
studies of Pb in quartz have been published, but the 7, of
Pb in feldspar is likely similar to that of apatite (Cherniak,
1995) and would not restrain diffusion of Pb* across its
grain boundary. Therefore, while this may affect closure
dates of some of the minerals, the robustness of the a—¢
curves suggests it is of minimal concern. The more impor-
tant effect of matrix composition is in the Pb, correction, as
discussed above.

5.5. Implications for the geology of the SE Kaapvaal craton

The precisely constrained cooling histories from NW
and SE of the Barberton Greenstone Belt (BGB), repre-
sented by samples EKC02-51 and AGCO01-4, respectively,
show that rocks on either side of the belt experienced dras-
tically different cooling histories between ca. 3.2 and 3.1 Ga
(Figs. 2 and 16). Layer et al. (1992) documented fast cool-
ing in the Kaap Valley pluton in the “°’Ar/*’Ar systematics
of hornblende and biotite (Fig. 16), and interpreted those
data to represent emplacement of the pluton to mid-crustal
depths, followed by a variable thermal effect of ca. 3.1 Ga
granites depending on sample locality. Our U-Pb apatite
data from the Kaap Valley pluton are consistent with those
data.

The model cooling path determined above for AGCO01-4
(Figs. 12 and 16) can be interpreted as follows: (1) emplace-
ment of granodiorite into the middle- to lower-crust, where
it resided for ~80 Myr, (2) exhumation to the middle to
upper crust coincident with intrusion of the Pigg’s Peak
batholith ca. 3140 Ma, and (3) slow-cooling during thermal
equilibration of the BGB after the period of 3.1 Ga granitic
intrusion. Modeling studies have shown that differential
cooling paths in adjacent terranes can be strongly con-
trolled by differential heat production by varying concen-
trations of U, Th, and K (Royden, 1993; Huerta et al.,
1996; Flowers et al., 2004, 2005). However, such models
cannot account for the period of rapid cooling evident in
AGCO01-4. The sharp changes in the cooling rates must
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Fig. 16. T-t curves from the Kaap Valley pluton (north of the BGB) and
from the Ancient Gneiss Complex inlier (south of the BGB). See Fig. 2 for
sample localities. South of the BGB curve is that determined from titanite
and apatite data from this study in conjunction with numerical modeling
(see Figs. 12-14 and the text for discussion). Zircon dates for the Kaap
Valley pluton come from Kamo and Davis (1994) and Schoene et al.
(2006). ***Data from de Ronde et al. (1991). **Data from Kamo and Davis
(1994). *Data from Layer et al. (1992).

be due to some combination of tectonic and erosional pro-
cesses. In this case, assuming a linear geotherm between 15
and 35°C/km gives exhumation rates between 1.3 and
0.6 mm/yr for the 12 Myr period of ~20 °C/Myr cooling
in AGCO01-4. If exhumation were due entirely to erosion
(and the geotherm was constant over time), these rates
would be reasonable for areas of moderate topography
(e.g. Burbank, 2002). This translates into 7-16 km of verti-
cal exhumation over 12 Myr of rapid cooling for the stated
geotherms, and requires a major modification of crustal
structure.

Attaching a tectonic impetus to the observed exhuma-
tion is difficult because geochronologic constraints on tec-
tonic activity after ~3.2 Ga are rare. The necessary period
of exhumation along the eastern margin of the BGB be-
gins at the time of the intrusion of the Pigg’s Peak bath-
olith ca. 3140 Ma and prior to the intrusion of the ca.
3107 Ga Mpuluzi and Nelspruit batholiths to the south
and north of the BGB (Fig. 2). It is widely documented
that following ca. 3.23 Ga convergence and thrust-faulting
within the greenstone belt, the primary kinematics of the
area switched to transtension and extension (Jackson
et al., 1987; de Ronde and de Wit, 1994; de Ronde and
Kamo, 2000). A proposed mechanism for this transition
is extensional collapse of the ca. 3.23 Ga orogen (Jackson
et al., 1987; de Ronde and de Wit, 1994; Kamo and Da-
vis, 1994; Kisters et al., 2003), though the timing is poorly
constrained. De Ronde et al. (1991) document movement
on one such shear zone in the BGB near the Kaap Valley
pluton to have occurred between 3126+ 21 and
3084 + 18 Ma by dating zircon and rutile from a syntec-
tonic porphyry. It seems likely then, given the current
geologic constraints, that the exhumation inferred from
our data and modelling is connected to the observed
transtension of the crust. The resulting crustal thinning

may be responsible for induced heating and melting in
the lower crust and the production of the Pigg’s Peak
batholith to the SE and the ca. 3.1 Ga granites elsewhere.
Detailed mapping has revealed that along the borders of
the Mpuluzi batholith, the rocks intruded into transcur-
rent shear zones (Westraat et al., 2005), consistent with
this interpretation. When movement on these shear zones
stopped is unclear, though our data suggest that signifi-
cant horizontal thermal gradients existed across the
BGB for at least 50 Myr after granitoid intrusion, indicat-
ed by the youngest apatite age in AGC01-4 compared to
that in the Kaap Valley pluton. Thus, the U-Pb thermo-
chronology reported in this study record both differential
exhumation across the BGB ca. 3.2-3.1 Ga and also track
the thermal imprint left by granitic intrusion during crat-
onization ca. 3.1-3.0 Ga.
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Appendix A. Finite-difference model setup

To model the diffusion of Pb within apatite and titanite,
we use a one-dimensional forward-time center-space finite
difference code based on the 1D diffusion equation:
oC GHo
—=D(T,t) —,
ot ox?
in which C is the concentration of Pb [moles/m], ¢ is time
[s], and x is the radial distance from the grain’s center
[m]. D, the diffusion coefficient [m?/sec], is subject to the
Arhenius relationship:

D=D L

i

Values for D, and E, for titanite and apatite were mea-
sured experimentally by Cherniak (1993) and Cherniak
et al. (1991), respectively, R is the gas constant [J/mole/
K], and T{(7) is temperature [K] as a function of time [s].
T-t curves were constructed by (1) using conjoined seg-
ments of linear d7/d¢ of various durations, or (2) a combi-
nation of linear cooling and exponential cooling/reheating
that was approximated using the error function solution to
the diffusion equation for intrusions of various widths
(Carslaw and Jaeger, 1959; Royden, 1993; Turcotte and
Schubert, 1982).
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Modeled minerals were generated over varying grain ra-
dii with a set number of nodes across the radius of each
grain. The parent isotope was assigned a concentration
for each node along the radius of the grain and allowed
to generate daughter product as a function of time. The
parent was not allowed to diffuse, and the daughter was al-
lowed to diffuse according the above equations. The con-
centration of daughter at the grain edge was held
constant at zero, mimicking a homogeneous infinite reser-
voir. Closure ages for minerals are determined by calculat-
ing the apparent age at each node based on the ratio of
parent to daughter, and to approximate the 3D nature of
the problem, each node age was integrated over the appro-
priate volume depending on the diffusion geometry as-
sumed (i.e. sphere for titanite or cylinder for apatite).
Stability of the model was maintained by adjusting the
length of a time step based on the T of that time step for
a given node spacing, based on the relationship d¢ = stabil-
ity * dx*/D. The relationship between the predicted T, and
the variables dx (as determined by the # of nodes) and sta-
bility is shown in Fig. Al; also shown is the 7, predicted
analytically by Dodson (1986). Based on these curves, sta-
bility was held at 0.2 for the model runs and 100 nodes
were used in each grain. The results from the modeled tita-
nite agree very well with that predicted by Dodson (1986)
in that T, from our model agree to within 8 °C for cooling
rates of <1 °C/Myr and ~5 °C for cooling rates of 10 °C/
Myr (Fig. A2) using a spherical geometry. Agreement is
even better for cylindrical geometries. The discrepancy be-
tween the apparent T likely resides in the fact that the
Dodson formulation becomes inaccurate at low cooling
rates (Dodson, 1973, 1986). Note that in the example here,
the grain size and cooling rate are small enough such that
the Dodson (1986) formulation is not restricted by diffusive
isolation of grain cores (see Ganguly and Tirone, 1999).
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Fig. Al. Stability test of numerical model, comparing results from this
model the analytical solution of Dodson (1986) for spherical titanite. See
text for discussion.
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Fig. A2. Quantitative comparison of spherical titanite 7, estimates from
the numerical model used in this study to that of Dodson (1986) for a
given cooling scenario. See text for discussion.

Therefore, we regard the strong agreement between the
analytical and numerical approaches to indicate that our
results are robust within the stated assumptions.
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