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To investigate the long-term stability of brannerite with respect to alpha decay damage and interaction with
aqueous fluids, we have undertaken a study of twelve natural samples from a range of geological environ-
ments. Our results indicate that seven of the samples exhibit only minor alteration, usually located within
veinlets or around the rim of the sample. The remaining five samples consist of variable amounts of unaltered
and altered brannerite. Based on a total of 3 metal cations, the Ti and U contents of unaltered brannerite range
from 1.8 to 2.1 and 0.4 to 0.9 atoms per formula unit (apfu), respectively. Maximum amounts of the other
major cations on the A-site are 0.48 Ca, 0.22 Th, 0.14 Y, and 0.07 Ln (lanthanide=Ce, Nd, Gd, Sm) atoms
pfu. Maximum values of other cations on the B-site are 0.15 Fe, 0.14 Si, 0.09 Al, 0.06 Nb, 0.04 Mn, and 0.04
Ni atoms pfu. Altered regions of brannerite contain significant amounts of Si and other elements incorporated
from an aqueous fluid phase, and up to 40–90% of the original amount of U has been lost as a result of alter-
ation. SEM-EDX results also provide evidence for TiO2 phases, galena, and a thorite-like phase as alteration
products. Electron diffraction patterns of all samples typically consist of two broad, diffuse rings that have
equivalent d-spacings of 0.31 nm and 0.19 nm, indicating that brannerite is rendered completely amorphous
by alpha decay damage.Many of the grains also exhibit weak diffraction spots due to fine-grained inclusions of
a uranium oxide phase and galena. Using the available age data, these samples have accumulated alpha decay
doses in the range of 0.7–200×1016 αmg−1. Although imprecise, the U–Th–Pb chemical ages determined by
microanalysis are generally consistent with the known ages and geological histories of the brannerite host
rocks. To a first approximation, it is possible to understand the results of chemical and isotopic dating of bran-
nerite by treating each sample as a complex system composed of nominally unaltered, altered, and recrystal-
lised areas. The dominant effects are U loss from altered areas and Pb loss from unaltered brannerite and, to a
lesser extent, altered brannerite, the structure of which approximates to a Ti–Si–O glass-like network wherein
Pb is more comfortable as a network modifier.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
1. Introduction

Brannerite, ideally UTi2O6, is a common accessory phase in special
purpose, pyrochlore-rich titanate ceramics designed for the encapsu-
lation of actinide-rich nuclear wastes. In particular, the pyrochlore-
rich waste forms are candidates for the long-term storage of surplus
Pu in the United States, Russia, and the United Kingdom. Designs in
the United States, circa 2000, called for ceramic pucks containing
about 35–40 wt.% TiO2, 20–25 wt.% UO2, 10 wt.% PuO2, 10 wt.% HfO2,
7–10 wt.% Gd2O3, and 8–12 wt.% CaO. These ceramic materials typi-
cally contain 60–90% pyrochlore (ideally CaUTi2O7), 0–25% zircono-
lite (ideally CaZrTi2O7), 0–20% brannerite, and 0–15% rutile (ideally
TiO2). Zirconolite-rich ceramics have also been produced from the
basic formulation by increasing the Hf content at the expense of U.
Extensive work has been carried out on these waste forms and related
ceramic materials in terms of processing parameters, phase
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assemblages, incorporation of minor elements, and overall element
partitioning with the general aim of producing bulk ceramics with
minimal degradation of physical properties (e.g., bulk swelling and
cracking) and high chemical durability in aqueous fluids following ex-
tensive radiation damage (Strachan et al., 2005; Icenhower et al.,
2006; Strachan et al., 2008).

The aqueous dissolution kinetics of nearly single phase samples of
pyrochlore, zirconolite, and brannerite have been determined as a
function of temperature and pH (Roberts et al., 2000; Zhang et al.,
2001). Results of these studies demonstrate that the dissolution
rates of all three phases exhibit a shallow v-shaped pattern as a func-
tion of pH with a minimum at pH=8 at temperatures of 25–75 °C.
Minimum dissolution rates are typically between 10−6 and
10−5 g m−2 d−1 at pH=8 and maximum values are between 10−6

and 10−5 g m−2 d−1 at pH=2. Dissolution rates generally follow
the order branneriteNpyrochloreNzirconolite, especially at low pH
values. In general, the dissolution of brannerite is non-stoichiometric
as a function of pH, with enhanced release of U relative to Ti under
acidic conditions (Zhang et al., 2003). Thomas and Zhang (2003) pro-
vided a kinetic model of the oxidative dissolution of brannerite based
hts reserved.
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on the oxidation of surface U4+ atoms followed by release of U6+ to
solution, driven by protons or carbonate species under acidic or alka-
line conditions, respectively. A kinetic rate law using this simple two-
step model was shown to provide a qualitative description of the pH
dependence of the dissolution of brannerite over a range of pH.

Even though brannerite is a minor phase in these pyrochlore-rich
waste forms, the pure end-member composition contains 62.8 wt.%
UO2; therefore, it may account for a significant fraction of the total
amount of actinides in the bulk solid. In order to study both the
short-term and the long-term behavior of brannerite, it is sometimes
useful to employ a combination of laboratory experiments and natu-
ral analog studies. As in previous investigations of natural samples,
these studies are designed to assess both the aqueous durability and
radiation damage effects. In this report, we provide results on the
chemistry and microstructure of a suite of twelve brannerite samples
from several different localities, ranging in age from about 5 Ma to
1.6 Ga. The geological environments of these samples are granitic
rocks, pegmatites, quartz veins, and low to medium temperature hy-
drothermal ore deposits. We have not included brannerite samples
from low temperature, Precambrian quartz-pebble conglomerates in
this study (e.g., Ferris and Ruud, 1971; Saager and Stupp, 1983). The
major objectives are to assess the level chemical substitution in bran-
nerite; describe the geochemical alteration; including the extent of U
loss, elemental exchange with crustal fluids; and to determine radia-
tion damage response as a function of age. In addition, we discuss
some of the implications of U-Pb chemical ages in the context of exist-
ing geochronological information. The results of this study are com-
pared with existing data for other potential actinide host phases,
among which pyrochlore and zirconolite are particularly important
in ceramic nuclear waste forms.

2. Experimental procedures

2.1. Scanning electron microscopy

SEM-EDX work was carried out on polished sections using a JEOL
JSM-6400 SEM operated at 25 kV for microanalysis and 15 kV for sec-
ondary (SE) and backscattered electron (BSE) imaging. The SEM is
equipped with a Noran Voyager Si(Li) microanalysis system, includ-
ing an ultra-thin window detector with a nominal resolution of
134 eV on the Mn Kα X-ray peak. EDX spectra were acquired for
500 s and processed using Noran software for standardless analysis.
The results are therefore normalized to 100 wt.% as part of the itera-
tive data reduction routine (including full matrix corrections for ab-
sorption and fluorescence). However, this procedure has been
optimized for the quantitative analysis of anhydrous materials by
adjusting the calibration factors using a large suite of natural and syn-
thetic reference standards. In this study, EDX spectra were obtained
from unaltered brannerite, altered brannerite (identified by darker
BSE contrast), and associated mineral inclusions or alteration
products.

2.2. Transmission electron microscopy

TEMwas performed on crushed fragments dispersed on holey car-
bon grids using a JEOL 2000FXII TEM equipped with a Link ISIS Si(Li)
microanalysis system and operated at 200 kV. The EDX detector is of
the ultra-thin window type and has a nominal resolution of 129 eV on
the Mn Kα X-ray peak. The instrument was calibrated for selected
area diffraction (SAED) work over a range of objective lens currents
with a gold standard. The chemistry of the brannerite fragments
and mineral inclusions were checked by EDX using a nominal probe
size of approximately 20 nm. Spectra were acquired for 600–900 s
live time (plus 20–30% dead time) and processed with the Link ISIS
software package TEMQuant using previously established operation
and calibration procedures (Lumpkin et al., 1994a, 1994b).
2.3. SRIM simulations

In order to provide an estimate for the number of atoms displaced
per alpha decay event, Nd, in brannerite, we used the calculated den-
sity of 6.37 g cm−3 and two additional density values of 5.73 g cm−3

(10% lower) and 5.10 g cm−3 (20% lower) in an effort to account for
the effects of hydration and radiation damage induced swelling. We
conducted SRIM (the Stopping and Range of Ions in Matter; Ziegler
et al., 2009) simulations as a function of density with full damage cas-
cades in order to approximate the number of displacements for the
recoil nucleus, assumed to be 234U with a nominal energy of 80 keV.
We also conducted additional simulations in “light ion mode” for
the alpha particle by using 4He and a nominal energy of 4.5 MeV. Dis-
placement energies (Ed) were constrained to be equal for U, Ti, and O
in all calculations, but due to the lack of experimental data, the calcu-
lations were performed with Ed=25, 50, and 100 eV in order to fur-
ther assess the range of atomic displacements produced. All binding
energies (Eb) were set to the default value 3 eV for these calculations.

2.4. Alpha decay dose, displacements per atom, and age calculations

The U–Th–Pb chemical ages of the brannerite samples were calcu-
lated using the equivalent uranium (eU) method. In this approach,
the present amount of 232Th is converted to an equivalent amount
of 238U from the relationship:

eU ¼ λ238=λ232×Thð Þ þ U ð1Þ

The age, alpha decay dose, and displacements per atom (dpa) are
then obtained from Eqs. (2)–(4), respectively:

t ¼ ePb=eU−1
� �

=λ238 ð2Þ

D ¼ 8N238 eλ238 t−1
� �

þ 6N232 eλ232 t−1
� �

ð3Þ

dpa ¼ Nd×D×Mbranð Þ= Nf×NA

� �
ð4Þ

In these equations, λ238, λ232,N238, andN232 are the decay constants
and present amounts of 238U and 232Th per mg,Mbran is the molecular
weight of brannerite, Nf is the number of atoms per formula unit, and
NA is Avogadro's number. In these calculations we have ignored the
very small contribution fromnatural 235U and furthermorewe assume
that all Pb detected by SEM-EDX is radiogenic in origin.

3. Geological background

The samples used in this study occur in a variety of geological en-
vironments and may have been exposed to late stage hydrothermal
and meteoric aqueous fluids. Here we briefly summarize the localities
listed in Table 1 beginning with the (nominally) oldest samples and
ending with the youngest. The oldest samples in our collection are
from Crocker's Well, South Australia. In this case, the host rocks
have a well-defined age of 1580 Ma based on U–Th–Pb isotopic age
dating of zircon (Ludwig and Cooper, 1984). Brannerite samples from
Crocker'sWell, South Australia, are associatedwith late tectonic granitoid
intrusions containing plagioclase, quartz, andK-feldspar asmajor constit-
uents. Here, the brannerite occurs as an accessory mineral in the granitic
rocks, particularly in shear zones and fractures, and is usually associated
with rutile (Campana and King, 1958; Ludwig and Cooper, 1984). The
thermal history of this geological terrain is not simple, as the rocks
were subjected to amphibolite grade regional metamorphism during
the Early Ordovician geological time period (~420–480Ma) as indicated
by Rb-Sr isotopic dating.

Brannerite from the Kansanshi mine, Western Province, Zambia, is
found in association with a low temperature Cu–Au deposit hosted



Table 1
Summary of localities, age data, and alpha decay doses of natural brannerite.

Locality Samples t (Ma) t (Ma) U–Th–Pb D (1016 α mg−1) dpa

Crocker's Well, SA B1, 5, 6 1580 350–680 177–200 91–104
W. Province, Zambia B4 500–520 465 63–67 32–35
Sierra Albarrana, Spain B2, 10 350–390 360–480 48–57 25–30
Bou-Azzer, Morocco B8 305–315 191 42–44 21–23
San Bernardino Co., CA B7 65–250 178 7–28 3–15
Stanley, Idaho B11 65–90 72 8–11 4.3–5.4
Ticino, Switzerland B3, 9, 12 20–25 ≤22–29 3.0–3.8 1.5–2.0
Bourg d'Oisans, France B13 5–11 ≤25 0.7–1.6 0.3–0.8
Binntal, Switzerlanda – 11 – 1.3–1.6 0.7–0.9

a Graeser and Guggenheim (1990).
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within metamorphosed (greenschist facies) and hydrothermally
alered sedimentary rocks in the “Domes” region of the central African
copperbelt (Kampunzu et al., 2009). The sulfide mineralization
occurs within veins and is also present as finely disseminated grains
in the upper part of the Katanga Supergroup. Minerals of the deposit
include pyrite, pyrrhotite, chalcopyrite, and bornite together with
minor amounts of monazite, brannerite, molybdenite, silver, and
gold. Re–Os isotopic dating of molybdenite and U–Pb isotopic SHRIMP
dating of monazite indicate that the veins have ages of approximately
500–520 Ma considering the reported uncertainties in the data
(Torrealday et al., 2000).

Granitic pegmatites are also the source of brannerite in the Sierra
Albarrana region of Spain (Perez et al., 1991). The pegmatites occur
within lower Paleozoic metamorphic rocks, mainly gneisses, banded
migmatites, and schists, and consist mainly of feldspars, micas,
quartz, tourmaline, fluorapatite, and garnet. Brannerite is generally
associated with quartz in the internal zones of the pegmatite dikes
and may be altered to anatase and sphene. Numerous mineral speci-
mens have come from this area, consisting of large brannerite single
crystals completely enveloped by a tan alteration rind. Accessory
minerals in these pegmatites include beryl, chrysoberyl, uraninite,
monazite, xenotime, allanite, zircon, and columbite group minerals.
The pegmatites are believed to have formed during Hercynian defor-
mation and low-pressure metamorphism (up to amphibolite grade),
suggesting an age range of approximately 350–390 Ma (Abad-Ortega
et al., 1993; Azor and Ballèvre, 1997; Simancas et al., 2000).

The brannerite specimen from Bou Azzer, Morocco, also comes from
a unique Co–Ni ore deposit associated with late Proterozoic ophiolite
(serpentinized mantle peridotite). Most of the ore is structurally con-
trolled and occurs primarily within quartz-carbonate-sulfide veins.
The main sulfide minerals include bornite, chalcocite, chalcopyrite, py-
rite, pyrrhotite, sphalerite, and tetrahedrite, together with arsenopyrite
and the principle ore minerals which include a suite of Co–Ni–Fe arse-
nides and Au-Ag alloys (Leblanc and Billaud, 1982; Favreau et al.,
2007; Ahmed et al., 2009). The tectonic history of the region is complex
and the origin of the ore bodies is a subject of considerable interest and
debate. Recent isotopic age dates Re-Os ages of 350–400 Ma for moly-
benite (Re-Os), 308±31Ma for carbonates (Sm-Nd), and 310±5 Ma
for brannerite were reported by Oberthür et al. (2009). The authors
note several difficulties with the Re-Os method and prefer the more
precise U–Pb age obtained from brannerite as representative of the
age of ore mineralization.

The brannerite sample from California was described by Hewett et
al. (1957) as occuring in a gray granite gneiss composed of quartz and
potassium feldspar as major minerals, with minor amounts of plagio-
clase feldspar and biotite, and a suite of trace minerals including mag-
netite, zircon, monazite, xenotime, euxenite, and rutile. Brannerite
occurs in this rock as nodules up to 5×5 cm in size. There is some un-
certainty in the age of this locality, as the original description sug-
gested that the gray gneiss might be Precambrian on the basis of
textural features; however, they may be younger igneous rocks that
have been deformed within a tectonic shear zone. Undeformed
Mesozoic igneous rocks of similar mineralogy are also common in this
region and euxenite from a granitic pegmatite in these igneous rocks
gives an age of 150 Ma (Hewett et al., 1957). Furthermore, after making
some corrections for biotite and rutile inclusions, the chemical analysis
of brannerite reported by Hewett et al. (1957) gives a U–Th–Pb chemi-
cal age of ~220 Ma using Eqs. (1) and (2), therefore in the absence of
more definitive data, we have assumed a rather broad Mesozoic age
range of 65–250 Ma for the calculation of dose and dpa in this study.

Brannerite samples from Idaho, Switzerland, and France represent
the youngest geological occurrences of brannerite included in this
study. The sample from Idaho was found in a stream placer deposit
at Kelly Gulch in the Stanley Basin area of Custer County and probably
originated from the weathering of nearby Cretaceous granitic intru-
sions (Hess and Wells, 1920). We have assumed an age of 65–90 Ma
for this sample based upon the known ages of muscovite-biotite
type (Na rich) and hornblende-biotite type (K rich) intrusions in
the area. In Switzerland, brannerite primarily occurs in relatively
late stage, post-metamorphic granitic pegmatites in the Ticino region.
These igneous rocks are generally intruded as dikes and consist of
quartz, feldspars, and micas as the mainminerals (Bianconi and Simo-
netti, 1967). Brannerite typically occurs as small single crystals or
groups of crystals enclosed in quartz or K-feldspar together with
minor amounts of rutile and scheelite. Other minerals in the pegma-
tites include molybdenite, arsenopyrite, apatite, and titanite. The gra-
nitic pegmatites of the Ticino region and have reasonably well
established ages of 20–25 Ma (Graeser and Guggenheim, 1990). The
French brannerite sample occurs in an Alpine hydrothermal quartz-
barite vein at the La Gardette mine, near Bourg d' Oisans, Isere,
where it occurs as individual bladed crystals or as groups of crystals
enclosed within quartz and associated with gold, galena, sphalerite,
and tetrahedrite (Geffroy, 1963). The most likely age range of Alpine
veins in this region is on the order of 5–11 Ma based on a combination
of Th-Pb and U-Pb dating of monazite and Ar-Ar dating of potassium
feldspar (Gasquet et al., 2010).

4. SEM-EDX results

4.1. Microstructural observations

Brannerite samples with the oldest geological ages generally ex-
hibit the most interesting microstructural features, including evi-
dence for interaction with an aqueous fluid, formation of secondary
alteration products, and the presence of cracks within the brannerite
and in adjacent minerals. Samples from Crocker's Well (B1, B5, and
B6) consist of variable amounts of unaltered and altered material.
Sample B1 exhibits the most advanced level of geochemical alteration
(Fig. 1A). A large proportion of this sample consists of altered bran-
nerite, fine-grained clusters of TiO2 (anatase?) typically 10–50 μm in
size, and irregular patches of thorite. Another important result from
the SEM work is the observation of fracturing of the associated rock
matrix or inter-grown minerals, in this case, the associated primary
rutile exhibits several microfractures that are filled with a poorly



Fig. 1. Representative backscattered electron images of brannerite samples with geological ages greater than 100 Ma. A) Sample B1, Crocker's Well, South Australia, t=1580 Ma,
showing advanced effects of alteration (medium gray) and recrystallization to secondary phases, including thorite (white) and TiO2 (small black patches, probably anatase). An area
of primary rutile (dark gray) is present on the right hand side of the sample. Cracks present in the rutile may be due to volume expansion of the brannerite induced by alpha decay
damage. Some of the cracks contain a poorly characterized secondary uranium oxide phase (light gray to white). B) Sample B4, Kansanshi mine, Western Province, Zambia, t=500–
520 Ma, showing relatively unaltered brannerite (light gray) with patches of altered material (medium and dark gray), TiO2 (small black patches, probably anatase), and numerous
patches and specks of uranium oxide and galena (white). C, D) Samples B2 and B10, Sierra Albarrana, Spain, t=350–390 Ma, showing alteration confined to interior cracks and the
outermost surface of the brannerite. The alteration exhibits darker gray contrast, but the gray level varies and becomes darker with increased Si content. E) Sample B8, Bou Azzer,
Morocco, t=305–315 Ma. This sample exhibits narrow zones of alteration (darker gray) around crystal rims and along interior cracks. Note that the host rock is cracked due to
volume expansion of the brannerite, and these cracks are filled by secondary uranium oxide phases. F) Sample B7, San Bernardino County, California, tb250 Ma. Brannerite in
this sample is relatively unaltered and associated with a suite of rare element minerals (see text). The host rock primarily consists of biotite, albite, and quartz. Image magnification
is exactly double that of the image shown in (E).
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characterized U-oxide secondary phase. The other samples (not
shown) from Crocker's Well are not as severely altered as sample
B1, although they do contain patches and small spots of TiO2, thorite,
and galena. This result is generally consistent with observations made
by Ludwig and Cooper (1984), who found that the color of brannerite
changed from black at deeper levels to olive-brown nearer to the
ground surface at Crocker's Well.
We examined one specimen from the Western Province, Zambia
(B4), which exhibits a relatively uniform matrix of brannerite
(Fig. 1B) with small patches of altered material (TiO2+unknown U-
oxide) and numerous small particles of galena (generallyb5 μm in
size). For the samples from Sierra Albarrana, Spain (B2, B10), alter-
ation typically follows microfractures into the interior of the branner-
ite and in some cases there are variations in the backscattered



Fig. 2. Representative backscattered electron images of brannerite samples with geological ages less than 100 Ma. A) Sample 11, Stanley, Idaho, tb80 Ma. This sample was obtained
from a placer deposit and shows alteration around the rim and along cracks in the interior of the grain. B, C) Samples B3 and B9, Ticino, Switzerland, t=20–25 Ma, showing alter-
ation restricted to small cracks near the exterior of the grain in (B). This sample also shows possible primary compositional zoning. Sample B9 is relatively unaltered. D) Sample B13,
Bourg d'Oisans, France, nominal t=5–11 Ma, appears to be unaltered, but exhibits minor alteration in localized areas along grain boundaries and small cracks.
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electron contrast of the altered material, indicating that elemental
concentration gradients may exist within the altered areas (Fig. 1C,
D). SEM results for sample B8 from Bou-Azzer, Morocco also reveal
the presence of alteration along grain boundaries and fractures
(Fig. 2E). This specimen was found to contain patches of pyrite
(with about 2 wt.% As), fine particles of galena and U-oxide, and a sec-
ondary TiO2 phase, the latter being observed in the altered rims. In
this sample, the quartz matrix is heavily fractured in the vicinity of
the brannerite crystals and the fractures are filled with a poorly char-
acterized U bearing material with considerable variation in backscat-
tered electron contrast. Together with the above observations on
sample B1, these results give a clear indication of local transport of
U away from the source brannerite during alteration. A third example
of fracturing of the rock matrix was observed in sample B12 from
Switzerland (not shown), but in this sample the microfractures are
largely barren, consistent with the low level of geochemical alteration
in this specimen (see below).

The brannerite sample from California (B7) consists of relatively
unaltered grains of brannerite (generallyb50 μm) intimately associ-
ated with thorite, xenotime, zircon, allanite, rutile, and apatite
(Fig. 1F). The matrix for this rare-element mineral assemblage con-
sists of biotite, quartz, albite, and some chlorite that may be a retro-
grade alteration product of biotite. Although worth further detailed
study, this specimen is very complex and warrants an independent
investigation of the mineralogy and crystal chemistry. Any further
study is therefore beyond the scope of this paper.

As noted above in Section 3, the sample from Stanley Idaho (B11)
was obtained from a placer deposit; however, the SEM observations
of this study show that the interior of the partly rounded grain
shown in Fig. 2A appears to be relatively unaltered. In this specimen,
alteration is confined to a region around the rim of the grain on the
order of 100 μm in width and along a set of cracks running through
the grain. Optical microscopy and SEM-EDX work revealed that the
youngest samples of this study are either unaltered or exhibit only
minor alteration. In particular, the samples from Switzerland (B3,
B9, B12) and France (B13) appear to be either free of alteration or re-
veal evidence for alteration only at a high contrast setting of the BSE
detector, suggesting that elemental changes between the unaltered
and altered areas are minor. Alteration is usually confined within ir-
regular patches, narrow veinlets, or around the rim of the sample
(see Fig. 2B–D).

4.2. Chemistry of unaltered brannerite

Average compositions of relatively unaltered areas of each bran-
nerite sample are given in Table 2 (assuming all Fe is Fe3+ and all U
is U4+). The range of compositions based on all of the analyses
obtained in this study indicate that these natural brannerites contain
36–42 wt.% TiO2, 30–57 wt.% UO2, 0–15 wt.% ThO2, 0–7 wt.% CaO, 0–
7 wt.% PbO, 0–2 wt.% Nb2O5, 0–3 wt.% SiO2, 0–2 wt.% Al2O3, 0–3 wt.%
Fe2O3, 0–5 wt.% Y2O3, and 0–3 wt.% Ln2O3 (Ln=Ce, Nd, Sm, Gd).
Both MnO and NiO were detected in various samples but it is unusual
for these metal oxides to reach levels of 0.5–1.0 wt.% and Na2O was
not detected in any of the samples.

The chemical formula of brannerite was initially calculated from
the SEM-EDX analyses by normalization to 6.00 oxygens. On this
basis the cation total commonly exceeds the ideal value of 3.00
(range=3.04–3.24) when normalized to 6.00 oxygen atoms,

image of Fig.�2


Table 2
Average compositions of relatively unaltered areas of 13 brannerite samples.

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

Nb2O5 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.8 0.0 0.1
SiO2 0.5 0.1 0.1 1.6 0.5 1.0 0.3 0.6 0.0 0.0 0.1 0.0 0.0
TiO2 39.3 37.9 39.8 39.8 37.5 40.1 40.8 39.7 40.8 37.4 39.0 39.8 41.4
ThO2 7.5 2.2 2.0 2.6 12.1 11.6 9.0 0.4 1.8 1.1 6.3 1.7 1.0
UO2 40.2 50.0 55.3 45.1 36.6 36.7 38.4 50.6 55.9 52.0 46.5 56.5 52.8
Al2O3 0.2 0.9 0.2 0.8 0.3 0.2 0.3 0.2 0.1 0.3 0.2 0.0 0.2
Fe2O3 1.7 1.6 0.7 1.0 2.0 1.6 0.8 1.4 0.4 1.1 2.0 0.8 0.4
Y2O3 1.7 0.7 0.8 1.7 0.9 1.3 3.1 1.1 0.0 0.5 2.2 1.1 1.2
Ln2O3 2.2 0.3 0.4 1.2 1.3 1.5 1.5 1.1 0.2 0.4 1.1 0.0 1.7
CaO 1.5 3.5 0.5 3.2 4.5 2.3 3.4 2.8 0.5 4.1 1.4 0.0 0.3
MnO 0.1 0.3 0.0 0.1 0.1 0.1 0.1 0.5 0.0 0.1 0.0 0.0 0.1
NiO 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.5 0.0 0.0 0.0 0.0 0.0
PbO 5.3 2.5 0.2 3.0 3.2 3.2 1.5 1.1 0.2 3.2 0.6 0.2 0.2
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indicating that a significant amount of the U must be in a higher va-
lence state than the assumed U4+ state. Therefore, we re-normalized
the analyses to 3.00 cations and calculated the amount of U6+ neces-
sary to provide charge balance. Results of this exercise show that on
average, all but one of the brannerite samples return U4+/(U4++
U6+) ratios in the range of 0.35 to 0.95 (sample B5 returned an un-
usually low value of 0.14). There is some correlation between the cal-
culated U valence state and geological age, with the following
grouping of U4+/(U4++U6+) ratios: all of the Alpine samples
(0.87–0.95), the Idaho brannerite (0.70), then all of the remaining
older samples (0.14–0.53). The re-normalized analyses indicate that
the A-site typically contains 0.45–0.88 U, and up to 0.31 Ca, 0.22 Th,
0.14 Y, and 0.07 Ln atoms per formula unit (apfu). Similarly, the B-
site typically contains 1.74–2.10 Ti, and up to 0.15 Fe, 0.14 Si, 0.09
Al, 0.06 Nb, 0.04 Mn, and 0.04 Ni apfu. With few exceptions, the cation
totals for the A-site and B-site are mostly within the ranges 0.90–1.05
and 1.95–2.10 apfu, respectively, suggesting that there may be minor
deviations from AB2O6 stoichiometry in these heavily radiation dam-
aged samples.

Analyses of the nominally unaltered brannerite samples are summa-
rized in Fig. 3, where we have plotted the most significant correlations
togetherwith other data having apossible bearing onpost-crystallization
chemical effects and interactions with late stage fluids. For the B-site, a
good negative correlation was observed for Ti and Fe+Al, with
slope=−0.53 and correlation coefficient R=0.78 (Fig. 3A). Including
other B-site cations (Nb, Mn, and Ni) with Fe+Al changes the slope of
the fit slightly but does not significantly improve the correlation. The
amount of Si incorporated in nominally unaltered brannerite is quite
high, up to 0.15 apfu, but the correlation with Ti is not very good
(Fig. 3B), and extensive occupancy of octahedral sites by Si is not normal-
ly expected in oxide compounds at low pressure. With regard to the A-
site cations, we observe a very good negative correlation between U
and Th, with slope=−0.45 and R=0.86 (Fig. 3C). Although Ca is the
second most abundant A-site cation in brannerite, the correlations with
Th and U are weakly positive and negative, respectively (Fig. 3D, E), a re-
sult that is difficult to rationalize without invoking coupled substitutions
with B-site cations or oxygen and hydroxyl groups. The variable valence
state of U is also an issue in these samples, but because it has not been de-
termined experimentally, the real statistical variation of U4+, U5+, and
U6+ against other elements cannot be evaluated. Nevertheless, there is
a very good negative correlation between U and the summation of Ca,
Y, Ln, and Th with slope=−1.2 and R=0.84 (Fig. 3F).

4.3. Geochemical alteration

Average compositions of altered areas of the brannerite samples
determined by SEM-EDX are given in Table 3. The results indicate
that the altered areas show a considerable range of chemical modifi-
cation, with ranges of 38–77 TiO2 and 3.3–43.6 UO2 (in wt.%) for the
essential brannerite components together with maximum amounts
of 12.3 Fe2O3, 3.0 Al2O3, 1.5 Nb2O5, and 0.2 MnO for the nominal
group of B-site components and up to 13.5 ThO2, 10.2 PbO, 4.3 CaO,
2.3 Ln2O3, and 1.6 Y2O3 for the nominal A-site components. Geochem-
ical alteration of brannerite also leads to increases in the atypical
components SiO2, As2O5, and P2O5 with these oxides reaching maxi-
mum values of 16.5, 5.9, and 4.3 wt.%, respectively. As in the unal-
tered brannerite, Na2O is also consistently near or below the
detection limit of approximately 0.1 wt.% in the altered areas. Com-
parison of Tables 2 and 3 suggest that, on average, the brannerite
samples investigated in this study have lost between about 8 and
93% of the U as a result of geochemical alteration processes. These re-
sults are summarized in Fig. 4, where we plot the Si/Ti ratio versus U/
Ti for all analyses obtained in this study. Here we can see that the data
for nominally unaltered brannerite cluster between U/Ti=0.23–0.43
with maximum Si/Ti ratios of about 0.08. Although the data points
for the altered brannerite appear to fall into three groups, possibly
due to inadequate sampling, the overall trends are generally consis-
tent with simple U loss or U loss coupled with uptake of Si from the
associated aqueous fluid phase.

The analytical data from unaltered and altered areas of the bran-
nerite samples were also used to calculate a set of distribution coeffi-
cients, Kd, after normalization of the cation proportions to Ti. In this
study, we set Kd=Ka/u, where Ka/u is the atomic composition of the al-
tered area divided by the atomic composition of the unaltered area of
the sample. This distribution coefficient serves as the geochemical ex-
change parameter or enrichment/depletion factor for element mobil-
ity during alteration. The results are summarized in Table 4. Because P
and As were not detected in any of the nominally unaltered branner-
ite samples, the reported Ka/u results for these elements are all mini-
mum values. However, the data show that P is consistently enriched
in altered brannerite, in some cases by at least a factor of 30 relative
to unaltered areas of the same sample. It is noteworthy that As in
enriched in by a factor of at least 105 in the high Si areas of sample
B8 from Bou-Azzer, Morocco. Although the behavior of Si was pre-
sented above in some detail (see Fig. 4), the enrichment factors listed
in Table 4 provide a more quantitative description of the variation
within and between samples. We find that Ka/u for Si is greater than
10 in more than half of the average analyses reported in this work
and reaches a value greater than 60 in sample B10 from Sierra Albar-
rana, Spain. With regard to the actinides, Th proves to be relatively
immobile in most of the brannerite samples with a significant deple-
tion by a factor of 2.5 in the Si poor alteration zone of sample B3 and
enrichment by a factor of 4.6 in the Si rich altered area of sample B8.
This result is interesting in view of the evidence of U loss presented
above (Fig. 4), e.g., the distribution coefficients listed in Table 4
show that U is depleted in the altered brannerite by a factor of 2–10
in most of cases reported here.

For the other elements of interest, Al either remains immobile or is
enriched typically by a factor of 2–3 in the altered brannerite areas,
with Ka/u values above 5 observed in three cases. Apart from minor



Fig. 3. Plots of the chemical composition of relatively unaltered brannerite in atoms per formula unit. A) Negative correlation between Ti and Fe+Al; this is the only major trend
observed for B-site cations and implies that a coupled substitution must exist in order to account for charge balance. B) Relatively unaltered brannerite contains significant amount
of Si but the correlation with Ti is poor. C) A good negative correlation is observed between U and Th, consistent with the simple substitution of Th4+ for U4+ controlled by the hos
rock geochemistry. D, E) the behavior of Ca is more complicated and it shows a weak positive correlation with Th and a negative correlation with U, respectively. F) As expected
there is a good negative correlation between U and the sum of Th, Ca, Y, and Ln cations on the A-site.
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Table 3
Average compositions of altered areas of brannerite samples.

B1 B3a B3b B6 B8a B8b B10a B10b B11a B11b B13

P2O5 1.1 1.5 1.5 0.1 0.0 0.1 4.3 0.4 3.3 0.4 0.1
As2O5 0.0 0.0 0.0 0.2 1.9 5.9 0.0 0.0 0.0 0.0 0.1
Nb2O5 0.0 0.0 0.0 0.1 0.2 0.2 0.0 0.0 1.5 0.8 0.3
SiO2 16.5 6.2 1.0 11.6 1.8 9.6 0.4 3.6 3.8 1.6 2.6
TiO2 45.5 47.3 76.7 47.6 69.5 38.9 73.6 39.4 62.8 42.3 57.2
ThO2 13.5 3.0 1.8 13.1 1.1 1.8 3.0 1.0 8.9 5.8 1.0
UO2 8.2 27.9 9.4 11.3 17.0 32.1 7.5 43.6 3.3 42.5 23.7
Al2O3 0.6 1.1 1.7 0.6 1.0 0.4 3.0 1.0 2.0 0.0 0.3
Fe2O3 1.8 1.3 4.2 1.4 4.4 0.6 3.9 1.1 12.2 1.3 4.8
Y2O3 0.1 0.1 0.0 0.4 0.0 0.1 0.0 1.2 0.0 1.6 0.5
Ln2O3 1.5 0.7 0.0 2.2 0.1 0.6 0.2 2.1 0.2 1.3 2.3
CaO 3.6 0.6 0.3 4.3 0.9 3.3 1.1 2.1 0.7 0.6 1.0
MnO 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.2 0.0 0.1 0.1
NiO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PbO 7.6 10.2 3.4 7.0 2.1 6.4 2.9 4.3 1.3 1.7 6.0
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variation, Fe appears to be relatively immobile in most of the samples.
It is depleted by a factor of 2.5 in the Si rich part of sample B8, shows
variable behavior in the altered areas of B11, and is enriched by a fac-
tor of 8.7 in the altered areas of B13. Except for one sample (B10), Y is
consistently depleted in the altered brannerite, in many cases by a
factor of 10 or more. This pattern is not followed by the lanthanides,
which exhibit depletion by a factor of up to 10 in half of the cases ex-
amined and enrichment by a factor of up to 4.7 in the other cases. A
similar behavior is found for Ca, although not necessarily in the
same samples, and in most cases Pb tends to be enriched by a small
amount in the altered brannerite. In sample B13 from France, Pb
shows an unusually large enrichment factor of 21.7, possibly due to
enrichment of common Pb this Alpine vein system (in the form of ga-
lena precipitates in the altered areas?).

5. TEM results

Electron diffraction patterns were obtained from relatively unal-
tered areas of all of the brannerite samples examined in this study.
Fig. 4. Graphical representation of the behavior of Si in unaltered (gray circles) altered
brannerite (open circles). Here, the variation is expressed as the U/Ti atomic ratio ver-
sus the Si/Ti atomic ratio because alteration leads to signification deviation from AB2O6

stoichiometry. This plot shows the significant variation of U content and small amounts
of Si incorporated in nominally unaltered brannerite. Altered samples may exhibit con-
siderable loss of U; however, the Si content shows broad variation with U loss. See text
for discussion and additional information regarding the linear fits.
In regions where the samples appear to have no inclusions or where
the abundance of the inclusions is low, the SAED patterns typically
consist of two broad, diffuse rings characteristic of amorphous mate-
rials. In each case, the diffuse rings have equivalent d-spacings of
0.31 Å and 0.19 nm, similar to those of many other metamict oxide
minerals (Headley et al., 1981; Ewing and Headley, 1983; Lumpkin
and Ewing, 1988; Lumpkin, 1992; Lumpkin et al., 1994a). Representa-
tive SAED patterns, intensity profiles, and bright field images of fully
amorphous areas of samples B1, B3, B10, and B4 are shown in
Figs. 5–7. Bright field images of these grains are typically featureless,
consistent with the absence of long-range periodicity in the material
following prolonged alpha decay damage to doses in excess of
1016 αmg−1.

Many of the samples examined thus far also exhibit weak diffrac-
tion spots in SAED patterns taken from areas having a sufficient num-
ber of inclusions. In most cases, the diffraction spots appear to be due
to the presence of 5–100 nm crystallites of a U-oxide phase (Figs. 6B
and 7A). Measurement of the limited number of diffracted beams in
the SAED patterns in samples B10 and B4 indicate that the inclusions
may be uraninite, with d-spacings of 0.32, 0.27, and 0.16 nm. This was
confirmed by qualitative EDX analyses of several of the larger inclu-
sions found near the thin edges of several brannerite grains. Some
of the grains in sample B4 from the Western Province of Zambia
were also found to contain 10–200 nm sized spherical voids
(Fig. 7B), similar to previous observations on metamict zirconolite
and columbite (Ewing and Headley, 1983; Lumpkin, 1992). These
voids have been attributed to the accumulation of radiogenic He in
the sample over time.

Although a detailed analysis of altered brannerite at the TEM scale
is beyond the scope of this work, we present a limited set of results
for sample B13, primarily to address the issue of the nature of the sec-
ondary TiO2 phase. Diffraction patterns and bright field images
(Fig. 8) of the altered brannerite in this sample demonstrate that it
consists of a mixture of both crystalline and amorphous material as
shown by the presence of diffraction spots and diffuse rings, respec-
tively. Measurement of d-spacings from the crystalline component
is consistent with the presence of brookite with some anatase and a
possible contribution from galena. TEM bright field images of this
sample indicate that the crystallite dimensions are on the order of
50 nm or less.
6. Discussion

6.1. Implications of U–Th–Pb chemical ages

Of most interest here are the samples from Crocker's Well, South
Australia (B1, B5, and B6). In Fig. 9 we show a time-temperature plot
that illustrates some aspects of the geological history of theOlary region
(data from Ludwig and Cooper, 1984; Clarke et al., 1986; Foden et al.,
2006) together with the available chemical and isotopic U–Th–Pb
ages. The data point at 1580 Ma is the U–Th–Pb isotopic age and mini-
mum closure temperature of zircons from granitic rocks associated
with the brannerite deposit at Crocker's well. The data points at 1466
and 490 Ma represent the closing phases of Olarian and Delamerian
metamorphism, respectively. We have also included a data point at
770 Ma in an effort to approximate the temperature during theNeopro-
terozoic (542–1000 Ma). This estimate is based on the approximate
thickness of overlying sediments (Paul et al., 2000) in the vicinity of
Crocker's Well, assuming a geothermal gradient of 30 °C km−1. The
remaining data points at 446 and 301 Ma represent the ages closure
temperatures obtained fromRb–Sr dating of biotite and fission track dat-
ing of apatite, respectively. All of these data define the time-temperature
history (Fig. 9); however, this trend is poorly constrained between the
two metamorphic episodes due to lack of specific data relevant to the
cooling and exhumation of the Olary terrain.
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Table 4
Enrichment-depletion factors of altered brannerite samples based on Ti-normalized, atomic compositions. These factors are calculated relative the unaltered composition.

B1 B3a B3b B6 B8a B8b B10a B10b B11a B11b B12 B13

P N13.6 N17.9 N11.0 N1.2 – N1.5 N32.9 N5.7 N29.6 N5.3 N2.8 N1.0
As – – – N2.9 N19.0 N105.5 – – – – – N1.2
Si 28.4 49.7 4.9 9.8 1.7 16.3 N3.6 N60.8 23.5 14.7 — N30.2
Th 1.6 1.1 0.4 1.0 1.6 4.6 1.4 0.9 0.9 0.9 0.9 0.7
U 0.2 0.5 0.1 0.3 0.2 0.7 0.1 0.8 0.1 0.8 1.0 0.3
Al 2.6 1.0 0.9 2.5 2.9 2.0 5.1 3.2 6.2 b0.3 N7.8 1.1
Fe 0.9 0.7 1.3 0.7 1.8 0.4 1.8 1.0 3.8 0.6 0.9 8.7
Y 0.1 0.1 b0.1 0.3 b.1 0.1 b0.1 2.3 b0.1 0.7 0.6 0.3
Ln 0.6 1.8 b0.3 1.2 0.1 0.5 0.2 4.7 0.1 1.0 N3.5 2.6
Ca 2.1 0.1 0.1 1.6 0.2 1.2 0.1 0.5 0.3 0.4 1.8 2.4
Pb 1.2 3.3 0.7 1.8 1.1 5.9 0.5 1.3 1.3 2.6 1.0 21.7
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Although imprecise, our average U–Th–Pb chemical ages of 350–
680 Ma (Table 1) for unaltered brannerite are consistent with epi-
sodic loss of Pb due to Delamerian metamorphism at 490–514 Ma.
This conclusion is supported by the U–Th–Pb isotopic ages of 550–
670 Ma determined on two brannerite samples by Ludwig and Cooper
(1984) and previous U–Pb analyses that returned age dates of
515–665 Ma (Campana, 1954; Greenhalgh and Jefferey, 1959).
Based on the microanalytical and microstructural data presented
in this study, it is possible to understand the results of age dating
of bulk samples of brannerite from the partitioning of parent and
daughter products between unaltered material, altered areas, and
any U–Th–Pb secondary phases present:

Utot ¼ xunaltUunalt þ xaltUalt þ ΣixsecUsec ð5Þ
Fig. 5. Representative selected area electron diffraction (SAED) patterns, intensity profiles
A) Sample B1, Crocker's Well, South Australia. B) Sample B3, Ticino, Switzerland. These result
diffuse rings and no Bragg beams from crystalline material, while the corresponding BF image
Thtot ¼ xunaltThunalt þ xaltThalt þ ΣixsecThsec ð6Þ

Pbtot ¼ xunaltPbunalt þ xaltPbalt þ ΣixsecPbsec: ð7Þ

These equations give the total amounts of U, Th, and Pb present
depending on the phase proportions (xi) and distribution of U, Th, and
radiogenic Pb between the unaltered brannerite, the altered material,
and any secondary U–Th–Pb phases formed within the sample. Open
system behavior is clearly defined using this approach, in the case of
the samples from Crocker's Well the U–Th–Pb ages are mainly affected
by U loss from the alteredmaterial and Pb loss from both unaltered and
altered areas, although a higher proportion of Pb is lost from the unal-
tered material (Tables 2 and 3). Thus, older ages are expected in bulk
samples with a higher proportion of altered material due to extensive
, and TEM bright field (BF) images of relatively unaltered natural brannerite samples.
s are typical for fully amorphous brannerite, with the SAED patterns showing prominent
s are relatively featureless.
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Fig. 6. Representative SAED patterns, intensity profiles, and BF images of relatively unaltered natural brannerite samples. A, B) Samples B2 and B10, respectively, Sierra Albarrana,
Spain. These sets of SAED patterns and BF images show how the abundance of UO2 inclusions varies from sample to sample; it may also vary considerably within the same sample.
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loss of U from these areas combinedwith greater retention of radiogen-
ic Pb. The ability of Pb to serve as a networkmodifierwithin the Ti–Si–O
framework of the glass-like structure of altered brannerite provides a
reasonable explanation for the preferential retention of radiogenic Pb
in the altered phase (Table 4). Laboratory annealing studies of sample
B10 (Zhang et al., 2006) demonstrate that amorphous brannerite begins
to recrystallize between 500 and 700 °C and, as expected from crystal
chemical considerations, this is accompanied by Pb loss from the bran-
nerite. At higher annealing temperatures, the presence of Si and Al in
this sample led to the formation of an alumino-silicate glass phase
that retained both Ca and Pb.

For the brannerite sample from the Western Province, Zambia, the
age of 465 Ma determined by SEM-EDX microanalysis in this study is
consistent with Pb loss on the order of 7–10% based on the known age
range (Table 1); however, the radiogenic Pb lost from the radiation
damaged brannerite may be largely trapped within particles of galena
observed in the specimen. This observation is consistent with previ-
ous studies of radiation damaged zirconolite and pyrochlore group
minerals that have been exposed to fluids containing S species
(Lumpkin et al., 1994b; Lumpkin and Ewing, 1995, 1996). For the
two samples from Sierra Albarrana, Spain, one sample returned an
age within the estimated age range; whereas, the other sample
returned an older age. The reason for this discrepancy is unclear;
however, it is possible that the brannerites are older than the nominal
age range and represent different degrees of Pb loss as a direct result
of Variscan metamorphism. This is consistent with the occurrence of
the host pegmatites in rocks of lower Paleozoic age and the fact that
the age range cited in Table 1 is based on 40Ar/39Ar dating of
amphibole and muscovite, both of which can be interpreted as cool-
ing ages, e.g., after the peak of metamorphism in this region (Azor
and Ballèvre, 1997). In the case of the sample from Bou Azzer, Moroc-
co, we determined an average age of 191 Ma based on microanalyses
of the unaltered brannerite, considerably younger than the “bulk”U–Pb
age of 310 Ma (Oberthür et al., 2009). This result is consistent with loss
of 37–40% of the radiogenic Pb from the unaltered areas of the sample;
however, this sample also contains abundant fine particles of galena,
providing evidence for local trapping of Pb in a metal-sulphide hydro-
thermal system.

The Mesozoic brannerite samples from granitic rocks of San
Bernardino County, California and Stanley Gulch, Custer County, Idaho
give chemical U–Pb ages that are in reasonable agreementwith the esti-
mated host rock ages and U–Th mineral ages. In the case of the San
Bernardino brannerite, the average age of 178 Ma indicates formation
in the mid-Jurassic, consistent with the limited geological background
data summarized earlier. Our average U–Th–Pb chemical age of 72 Ma
for the sample from Idaho is remarkably consistent with the nominal
age of the late Cretaceous granitic rocks in the Stanley Gulch area. Nev-
ertheless, this age determination could be somewhat low as the altered
areas of the sample, although volumetrically small, contain significantly
higher Pb concentrations (Tables 2–4). All of the younger brannerite
samples from Swiss Alpine pegmatites give upper limit chemical U–
Th–Pb ages that are consistent with the established ages of the host
rocks. The nominal age of the brannerite sample from Bourg d'Oisans,
France is considerably younger than the upper limit U–Th–Pb age
(Table 1), due to the detection limit constraints imposed by the SEM-
EDX analytical technique.
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Fig. 7. Representative SAED patterns, intensity profiles, and BF images of relatively unaltered natural brannerite samples. A, B) Both sets of images are from samples B4, Kansanshi
Mine, Western Province, Zambia. The SAED pattern and BF image in A) reveals the presence of UO2 and other inclusions and B) shows the presence of sub-spherical voids, possibly
related to the accumulation of radiogenic He in the sample over time.
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6.2. Crystal chemistry of natural brannerite

The compositions of relatively unaltered areas of brannerite deter-
mined in this work are generally consistent with older chemical ana-
lyses reported in the literature (e.g., Hess and Wells, 1920; Pabst,
1954; Hewett et al., 1957; Campana and King, 1958; Bianconi and
Simonetti, 1967). Our results demonstrate that the U content of natu-
ral brannerite is quite variable and that U can be replaced by significant
amounts of Ca, Th, Y, and lanthanides, up to about 50–60% of the A-site
in total. For the A-site cations, the substitution Th4+→U4+ is straightfor-
ward; however, more complicated coupled substitutions must be postu-
lated for Ca, Y, and Ln substitution. The most likely substitutions on the
A-site are Ca2++U6+→2U4+ and (Y, Ln)3++U5+→2U4+. We also
found that the Ti content is less variable than U in natural brannerite,
with minor replacement of Ti by Fe, Si, Al, Nb, Mn, and Ni up to a maxi-
mum of around 20% of the B-site occupancy. The incorporation of triva-
lent transition metals can only be partly explained by the coupled
substitution (Fe, Al)3++Nb5+→2Ti4+ up to a maximum of 0.06 Nb
apfu, this is also the charge compensation mechanism in coexisting pri-
mary rutile. In this case, it is possible that some the deficient charge on
the B-site is also compensated by U5+ or U6+ on the A-site, but this is dif-
ficult to confirm.

Another possible charge compensationmechanism for Fe3+ or any
other B-site cations with valence states less than four in natural bran-
nerite is substitution of OH- for O2-, but this remains open to question
pending detailed investigation by quantitative microanalysis, thermal
analysis, and infrared spectroscopy. The available chemical analyses
in literature cited above indicate that natural, radiation damaged
brannerite typically contains b0.1 to 3.7 wt.% H2O, with one analysis
of material from Crocker's Well giving an H2O+(released above
105 °C) value of 7.4 wt.%. Although the partitioning of this water be-
tween OH− and H2O is unknown, it's presence does support the pos-
sibility of charge compensation by OH− groups.

The role of Si in unaltered brannerite is unclear, although we nom-
inally include it on the B-site, the data shown in Fig. 3B show that
there is a poor correlation between Si and Ti. Since the SEM and
TEM results of this study have failed to provide evidence for micro-
scale or nano-scale inclusions of a discrete silicate phase, we believe
that the Si is located somewhere within the brannerite structure. In
principle, Si is unlikely to substitute for Ti in octahedral coordination
above trace levels at low pressure and may instead occupy interstitial
sites in the structure. This issue remains to be resolved through the
application of careful synthesis and characterization methods and a
more detailed quantitative electron probe microanalysis study.

Calculated formulae based on 6 oxygen atoms suggest that some
of the U may be present in a higher valence state. These results are
generally consistent with the older chemical analyses wherein both
UO2 and UO3 are reported, giving U4+/(U4++U6+) values between
0.0 and 0.9 (see Pabst, 1954; Hewett et al., 1957; Campana and
King, 1958; Bianconi and Simonetti, 1967). Where direct comparisons
can be made, we find that the literature data for one Alpine sample
gives U4+/(U4++U6+)=0.9, consistent with the range observed in
this study. In three other instances, chemical analyses of samples
from Crocker's Well and San Bernardino County, California, both
have U4+/(U4++U6+) values of ~0.0 and a sample from Idaho
gives U4+/(U4++U6+)=0.24. All of these analyses give higher U va-
lence states than the estimates presented here by SEM-EDX micro-
analysis. One issue with these older analyses is that they may
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Fig. 8. Representative SAED patterns and BF images of unaltered and altered material in
sample B13, Bourg d'Oisans, France. A) Unaltered amorphous brannerite. B) Altered
brannerite showing a mixture of amorphous and crystalline material (brookite is the
main secondary phase).
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contain surface material or altered material with U in higher valence
states included in the bulk analysis procedure. Direct measurements
on unaltered areas of two of our samples by electron energy loss spec-
troscopy (Colella et al., 2005), on the other hand, give somewhat
lower U4+/(U4++U6+) atios of 0.65 for a sample from the Swiss Alps
Fig. 9. Geological history and U–Th–Pb age dating results for brannerite samples from
Crocker's Well, South Australia. A) Estimation of the time-temperature history, derived
from geological data and closure temperatures for fission tracks in apatite, the Rb–Sr
isotopic system in biotite, and the U–Th–Pb isotopic systems in zircon.
and 0.60 for a sample from Spain. Recent synthesis work which shows
that up to 0.3 atoms per formula unit of Ca or Gd can be substituted for
U in brannerites heated in air or argon at 1350–1450 °C. Diffuse reflec-
tance spectroscopy and X-ray photoelectron spectroscopymeasurements
conducted on these synthetic samples indicates that some U is present as
U5+, thereby providing a charge-balancing mechanism for incorporation
of Ca and Gd (Vance et al., 2001; Finnie et al., 2003).
6.3. Brannerite stability in natural systems

The results of this study demonstrate that natural brannerite is
susceptible to geochemical alteration in natural environments, with
substantial loss of U from altered areas and loss of Pb from unaltered
areas and to a lesser extent, altered areas. The observed U loss is partly
compensated by incorporation of large amounts of Si and other elements
from the attendingfluid phase, including Al, P, andAs, the latter being re-
stricted to hydrothermal metal-sulphide ore deposits such as Kansanshi,
Western Province, Zambia and Bou Azzer, Morocco. During alteration, Y
is also typically removed from the altered brannerite, but the behavior of
Fe, Ca, and Ln are more erratic and these elements may be either lost or
gained. The range of compositions observed is entirely consistent with
the variation in gray levels seen in the BSE images of altered brannerite.
Furthermore, the quantitative evidence for U loss is consistent with the
observation of U rich material located within fractures extending into
the host rock matrix in two of the natural brannerite samples.

Although we have ample evidence for the chemical alteration of
brannerite, there is very little direct evidence for corrosion or total
dissolution of the brannerite matrix (Ifill et al., 1966; Szymanski
and Scott, 1982). The samples available for this investigation generally
do not show extensive replacement features or other physical indicators
of corrosion. However, the observed alteration patterns are indicative of
a dissolution-reprecipitationmechanismwith variable uptake of Si from
the associated aqueous fluid phase and release of U as transportable,
uranyl complexes. Under relatively acidic conditions with the uranyl
ion as the major stable carrier of U, the following equations provide a
Fig. 10. Plot of geological age versus dose for unaltered brannerite samples of this study
(green squares). Included for reference are the critical dose curves for natural pyro-
chlore (blue) and zirconolite (red) derived from studies numerous suites of samples
from different localities, with different ages and U-Th contents. All samples examined
in this study have been rendered amorphous by alpha decay damage and therefore
no critical dose can be obtained. Included for reference is the partly crystalline sample
from Binntal Switzerland (Graeser and Guggenheim, 1990), shown as a yellow square
symbol. These data suggest that the critical dose for amorphization of natural branner-
ite is close to that of natural pyrochlore for t~10 Ma. See text for further discussion and
implications.

image of Fig.�8
image of Fig.�9
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general description of the alteration of natural brannerite (see
Fig. 4):

2Hþ þ 0:5O2 þ UTi2O6 ¼ 2TiO2 þ UO2½ �2þ þH2O ð8Þ

2Hþ þ 0:5O2 þ SiO2½ � þ UTi2O6 ¼ SiTi2O6 þ UO2½ �2þ þ H2O: ð9Þ

Eq. (8) describes the complete breakdown of brannerite to a sec-
ondary TiO2 phase and Eq. (9) provides a description of the role of sil-
ica in driving the conversion of brannerite to the glass-like Ti–Si–O
phase via a dissolution-reprecipitation mechanism. Because it takes
on the order of 10 Ma to reach the critical amorphization dose by
alpha decay (see following section and Fig. 10), the cumulative
alpha decay dose of the brannerite samples investigated in this
study may have varied significantly prior to geochemical alteration.
Therefore the structures probably ranged from partially crystalline
to fully amorphous during alteration, providing an additional thermo-
dynamic driving force via increased stored energy (metastability) of
radiation-damaged brannerite. Nevertheless, brannerite appears to
be generally resistant to dissolution at low temperatures in relatively
oxidizing environments, for example, the samples from Idaho occur
in a placer deposit and have survived the weathering and breakdown
of their host rocks with minimal dissolution of the original crystals.

6.4. Radiation damage effects

Based on the Th and U contents and either the known age or the
chemical U–Pb age determined by SEM-EDX (Tables 1 and 2), the bran-
nerite samples examined in this work have average calculated alpha
decay doses of 2–170×1016 α/mg. Results obtained from the SRIM sim-
ulations using Ed=50 eVand ρ=5.096–6.370 g cm−3 (Table 5) indicate
that Nd ranges from 651 to 667 displacements per alpha decay event, of
which 560–571 are derived from the collision cascade produced by the
recoil nucleus (range=23 nm) and 91–100 are produced by the alpha
particle, mainly near the end of the track (range=13 μm). Thus, any
real variation in densitywill have only aminor effect on the total number
of calculated displacements. However, as shown in Table 5, the variation
of the threshold displacement energies has a significant effect on the cal-
culated number of displacements; for Ed values increasing from 25 to
100 eV the corresponding Nd values decrease by a factor of about 4,
therefore in the absence of experimental or computational data on the
threshold displacement energies for brannerite the calculated dpa values
will have considerable uncertainty. In this study, we used a value of
Nd=660 (Ed=50 eV) as the basis for the dpa calculation in Eq. (4).
Note that the Nd value derived from SRIM simulations is much lower
than previously assumed for natural oxide minerals. Typically, a value of
Nd=1500 or more has been employed in previous studies and this is in
part due to the use of lower Ed values of 20–25 eV. For the dose range ob-
served in this study, the corresponding dpa values range from 0.3 to 104.

The current data set for brannerite is shown in Fig. 10. For compari-
son, natural pyrochlores and zirconoliteswith ages of 100 Maor less be-
come amorphous at doses of approximately 1×1016 α/mg (Lumpkin
and Ewing, 1988; Lumpkin et al., 1994b). Unfortunately, the critical
Table 5
Simulated number of displacements per recoil atom (234U, 80 keV) and alpha particle
(4He, 4.5 MeV) in brannerite as a function of displacement energy and density.

Ed=25 eV Ed=50 eV Ed=100 eV

Density
(g cm−3)

Recoil Alpha Total Recoil Alpha Total Recoil Alpha Total

6.370 1153 211 1364 571 96 667 283 43 326
5.733 1139 217 1356 565 100 665 280 46 326
5.096 1124 199 1323 560 91 651 279 41 320
Average 1139 209 1348 565 96 661 281 43 324
amorphization dose (Dc) cannot be determined from these samples be-
cause none of the grains retained crystallinity, even the geologically
young samples. However, using literature data for a partially crystalline
brannerite from Binntal, Switzerland (Graeser and Guggenheim, 1990),
the critical dose appears to be close to 1–2×1016 α/mg. There is
some uncertainty in this evaluation based upon the assumed age
and calculated dose of the French sample, which places a data point
for an amorphous sample just below the partially crystalline data
point (Fig. 10). One issue here is that the age of the French sample
in not well constrained, it may be older and closer to the age of the
Swiss samples, which would move the estimated critical dose to a
value in the range of 1.3–3.3×1016 α/mg.

None of the samples examined by TEM showed the presence of sig-
nificant crystalline domains of brannerite, even though some of the sam-
ples are geologically young. Furthermore, the amphibolite grade thermal
event (temperatures of 500–650 °C are typical) experienced by the sam-
ples from Crocker'sWell was either insufficient to restore crystallinity in
these geologically old brannerite samples or the recovery of damagewas
subsequently erased within the samples due to continued alpha decay
damage after the peak of metamorphism.
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