Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in Aston Research Explorer which is unlawful e.g. breaches
copyright, (either yours or that of a third party) or any other law, including but not limited to
those relating to patent, trademark, confidentiality, data protection, obscenity, defamation,
libel, then please read our Takedown policy and contact the service immediately

(openaccess@aston.ac.uk)



REMOBILISATION OF URANIUM AND THORIUM BY ORE-FORMING FLUIDS:
A MINERATLOGICAIL, STUDY

VOL. I

CHRISTOPHER MICHAEL POINTER

Doctor of Philosophy

THE UNIVERSITY OF ASTON IN BIRMINGHAM

May 1987

11s copy of the thesis has been supplied on condition that anyone who
onsults 1t is understood to recognise that its copyright rests with its
ithor and that no quotation from the thesis and no information derived
om it may be published without the author s prior, written consent.




The University of Aston in Birmingham

Remobilisation of Uranium and Thorium by Ore-forming Fluids:
a Mineralogical Study

Christopher Michael Pointer

Submitted for the degree of
Doctor of Philosophy
1987

Summary

Mineralogical investigations have determined the sites of U and
Th associated with two radiocelement-enriched granites from different
geological settings. In the Ririwail ring complex, Nigeria, the U- and
Th-bearing accessories have been greatly affected by post-magmatic
alteration of the biotite granite. Primary thorite, zircon and
monazite were altered to Zr(+Y)-rich thorite, partially metamict
zircon (enriched in Th, U, Y, P, Fe, Mn, Ca) and an unidentified
LREE-phase respectively, by pervasive fluids which later precipitated
Zr-rich coffinite.

More intense, localised alteration and albitisation completely
remobilised primary accessories and gave rise to a distinctive
generation of haematite- and uranothorite-enriched zircon with clear,
Hf -enriched rims and xenotime overgrowths. In the Ririwai lode,
microclinisation and later greisenisation locally remobilised or
altered zircon and deposited Y-rich coffinite and Y(+Zr)-rich
thorite which was overgrown by traces of xenotime and LREE-phase(s)
of complex and variable composition.

Compositions indicating extensive solid-solution among thorite,
coffinite, xenotime and altered zircon are probably metastable and
formed at low temperatures. The widespread occurrence of REE-rich
fluorite suggests that F-complexing aided the mobility of REE, Y, U,
Th and Zr during late-magmatic to post-magmatic alteration, while
uranyl-carbonate complexing may have occurred during albitisation.

The Caledonian, Helmsdale granite in northern Scotland has
undergone pervasive and localised hydrothermal alteration associated
with U enrichment. Zircon xenocrysts, primary sphene and apatite
contain a small proportion of this U which is largely adsorbed on to
secondary iron-oxide, TiO, and phyllosilicates. Additional sites for
U in the overlying, Lower Devonian Ousdale arkose include coffinite,
secondary uranyl phosphates, hydrocarbon and traces of xenotime and
unidentified LREE-phases. U may have been leached from the granite
and deposited in the arkose, along channelways associated with the
Helmsdale fault, by convecting, hydrothermal fluids.
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Core samples of albitite and albitised and biotite granite.
Interstitial calcite with haematite inclusions in albitite.
High magnification of haematite inclusions in calcite.
Polished slab of microclinite - greisen - quartz vein
contact in Ririwal lode.

zoned Li-mica crystal in greisenised granite.

white mica replacing chloritised biotite in the Ririwail lode.

White mica replacing microcline in the Ririwai lode.

Li-mica in the greisen.
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Ignimbrite from the Goundai volcanic centre, Air, Niger.

Zircon in Tio, .

Lexan of the same area, showing densest fission tracks

associated with the TiO, and lower density tracks associated

with zircon.

Uraniferous zircons with low reflectance patches associated
with very dense fission tracks.

Lexan superimposed on the ignimbrite, showing low
concentrations of U associated with the matrix.

Surface samples of Ririwai biotite granite

Haematite-rich zircon with thorite overgrowth.
Haematite-rich thorites in biotite.

Borehole samples of Ririwai biotite granite

Fluorite, zircon and columbite/TiO,.

Corroded zircon with thorite overgrowths.

Zircon with thorite overgrowth.

Euhedral zircon with thorite inclusion in overgrowth.

The same zircon with the thorite inclusion more evident

Zircon containing large inclusions of thorite and haematite.

Zircon containing abundant thorite and haematite inclusions.

Zircon embayed by white mica.
Residual rim of corroded zircon. Greisenised granite.
Haematite-rich zircon with finely-banded outer zone.

Haematite- and thorite-rich zircon with clear rims.

Zircon with low reflectance, trace-element enriched patches.

BSEI of part of the same zircon.
BSEI high magnification of dark patches.

Incipient development of the dark patch along zoning.
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Zircon with concentric, dark, trace-element enriched patches.
Zircon with dark patches along outer growth-zone.

Similar zircon to Plate 46.

Similar zircon to Plate 46.

Zircon with outer, haematite-rich zone and dark patches.
Zircon with positions of analyses marked.

Haematite-rich thorite grains in altered biotite.

Two thorite grains, with haematite rims, in K-feldspar.
Thorite with fluorite in biotite.

Zoned thorite with thick haematite rim.

Thorite replacing and overgrowing zircon.

Zircon partially in cassiterite, enclosing/replaced by thorite.

1 mm long monazite interstitial to quartz and feldspar.
Irregular monazite, interstitial to quartz and feldspar.
Monazite showing alteration to a LREE-phase.

LREE-phase included in fluorite in biotite.

Interstitial coffinite in biotite.

Coffinite enclosing molybdenite and admixed with sphalerite.
Pyrochlore intergrown with columbite.

Ririwal albitised granite

Concentric zoning of Types 1, 2 and 3 zircon in a large grain.

The same zircon, partiy included in biotite and overgrown by
bladed haematite.

Hf-enriched, outer Type 1 zone of zircon in Plates 639 and 70.
Zircon showing embayment by feldspar.

Banding in Type 3 zircon.

Concentric zoning of Types 1, 2 and 3 zircon in a large grain.

BSEI of the same zircon, emphasising the thorite inclusions.
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zoning of Types 1, 2 and 3 zircon in a smaller grain.
High magnification of the analysis 2 area in Plate 70.
Thorite, monazite and fluorite associated with colurbite.
Interstitial thorite with indistinct banding structure.
Thorite replacing the outer zone of zircon.

Thorite overgrowing/replacing zircon.

Interstitial thorite surrounded by rim of Fe-oxide.
Corroded remains of large monazite included in feldspar.
Monazite enclosed by a rim of Fe-oxide.

Clear monazite showing replacement by a turbid LREE-phase.
LREE-phase inclusions in fluorite replacing zircon.
Inclusions of LREE-phase showing alignment in fluorite.
High magnification of IREE~phase inclusions in zircon.
Embayed zircon, overgrown by fluorite and xenotime.

Ririwai albitite

Embayed zircon with 40 um diameter thorite inclusion.

The same grain, showing isotropic domains of Type 3 zircon.
Subhedral zircon showing truncation of concentric zoning.
Zircon with large thorite overgrowth and inclusion.
Irregular, interstitial monazite associated with sphalerite.
7ircon with xenotime overgrowths and LREE-phase inclusion.
Complex Ta-Np-Pb-etc. silicate with surrounding pyrite rim.

Microclinite, Ririwai lode

Zircons included in quartz along fractures.
Zircon intergrown with thorite/U-Si-phase and pyrite.
?REE-microlite, pyrite, columbite and a U-Th-Y-Si phase.

Interstitial, poorly crystallised coffinite.

Coffinite/IREE-phase intergrowth and X-ray maps for U and LREE.
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Greisenised wallrock, Ririwai lode

Euhedral monazite inciuded in Li-mica with pleochroic halo.

Zircon with dark patches enriched in Th, U, Fe, Ca, Mn, Y & P.

Part of the zircon is highly enriched in Hf.
It is partly enclosed by a 250 um long thorite.

Zircon with dark patches, highly enriched in Th and Fe.

Complex intergrowth of zircon, thorite, xenotime and mcnazite.

Complex intergrowth of zircon, thorite, xenotime & LREE-phase.

X-ray map for Zr, Th and Y (for Plate 100).
X-ray map for Zr, Y, Th and IREE (for Plate 101).
Complex intergrowth of thorite, zircon, columbite, fluorite,
cassiterite and pyrite.
Thorite overgrowing zircon, included in quartz.

luster of tiny thorites included in Li-mica.
Pale yellow thorites associated with pyrite in K-feldspar.
Thorite lozenge overgrown by cassiterite.
Intergrowth of Zr-rich thorite and altered zircon.
Intergrowth of Th-Pb-P phase with Zr-thorite and monazite.
Cluster of U-Th-Y-Si phase grains.
Monazite intergrown with LREE-phases.

Greisen, Ririwai lode

"Welded clump" of zircons with low reflectance patches.
Iexan fission-tracks associated with trail of thorites
Typical thorite with core enriched in haematite inclusions.
Interstitial thorite with abundant haematite and pyrite.
Monazite aggregate showing alteration to a LREE-phase.
Complex Th-Y-LREE phase included in Li-mica.

Complex Th-LREE phase overgrowing zircon.
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The Helmsdale area

Photomicrograph of Helmsdale granite (plane polarised light).
Same area as Plate 120 (crossed polarised light).
Alteration zone of sericitised and haematised granite.
Alteration with U enrichment along a minor fault in granite.
Fractured and reddened, radiocactive granite.

Impregnated slab of reddened, porphyritic granite.
Pnotomicrograph of an alteration zone in granite.
Radioactive, clay-filled alteration zone in granite.

Purple fluorite and clusters of apatite crystals in arkose.
Interstitial caicite in the arkose.

Interstitial baryte in the arkose.

Interstitial, purple fluorite in the arkose.

Site of Borehole 1 in the Cusdale arkose.

Site of excavation at Anomaly 5 in the Ousdale arkose.

Joint coating of secondary uranyl minerals in the arkocse.

Ousdale Arkose

Zircon with complex zoning which is cut by the grain edge.

Zircon with a second nucleus of zoning.

Concentrically-zoned zircon with larger, outer zone/overgrowth.

Zoned zircon included in hydrocarbon.

zoned zircon.

X~ray map of the same zircon showing distribution of U.
Euhedral sphene included in quartz.

Pleochroic sphene included in quartz.

Apatite and small zircon, included in K-feldspar.

Lexan of the area in Plate 143.

Electron diffraction pattern of coffinite from Borehole 2.
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Electron image of the same coffinite.
Interstitial coffinite infilling feldspar cleavage.
Interstitial coffinite.

Coffinite replacing pyrite.

Iarge intergrowth of coffinite with pyrite.

The same intergrowth in transmitted light.
Intergrowth of coffinite with TiO,.

Similar intergrowth to Plate 152.

Selective enlargement of Plate 153.

Coffinite overgrowing zircon.

Coffinite replacing and overgrowing hydrocarbon.
U-Zr-Si phase, possibly Zr-rich coffinite.

BSEI of the same grain.

U-Th-Zr—-Si phase, possibly Zr-coffinite, associated with TiO,.

Coffinite intergrown with part of a TiO, pseudomorph.
Coffinite associated with TiO,.

Metatorbernite veinlet.

Metatorbernite replacing euhedral apatite.

X-ray map for U of grain in Plate 163.

X-ray map for P of grain in Plae 163.

Metatorbernite partially replacing apatite with zircon.

Metatorbernite pseudomorph after apatite.

Metatorbernite pseudomorph after a 2 mm long, tabular apatite.

lLexan of the pseudomorph in Plate 168.

Metatorbernite intergrown with white mica.

Typical, subhedral anatase.

Disseminated leucoxene along quartz and feldspar boundaries.
Trellis pattern of TiO,.

T1i0, pseudomorph after sphene with a core of calcite.

Page
192
192
192
196

196

196
196
196
196
196
198
198
198
198

198

203
205
205

205

")
(@)
Ut

N
(@]
(G2}

205

205




175

176

177

178

179

180

181

182

184

186

187

188

189

190

191

192

193

194

195

196

197

_29_

TiO, pseudamorph after sphene with a small zircon inclusion.

Pyrite-marcasite intergrowths overgrowing hydrocarbon.
Irregular strands of TiO, in hydrocarbon.

Inciusion of xenotime in hydrocarbon.

Xenotime overgrowing zircon.

LREE-phase overgrown by pyrite.

IREE-phase intergrown with coffinite.

LREE-phase intergrown with ?uraninite.

Low magnification of mineralised arkose.

Lexan of the area in Plate 183.

Iexan showing fission tracks with small fractures in quartz.

Iexan showing fission tracks with caicite & quartz veinlets.

Iexan showing fission tracks with marcasite veins.

Helmsdale granite

Sphene included in quartz.

ILexan of the same sphene.

Fuhedral martite with superimposed Lexan.

Part of a Z mm diameter pyrite crystal in a quatrz vein.
Iexan of the area in Plate 191.

Ti0, and haematite pseudomorph in deformed biotite.
Anatase and leucoxene in a pseudomorph after sphene.
Iexan of the area in Plate 194.

Sericite-clay patches in an alteration zone.

Iexan of the area in Plate 196.

Appendices

Cellulose nitrate alpha particle detectors.

ILexan fission track cdetectors.

Campbridge Microscan V electron microprobe.
Wire-grid wound around a polished thin-section.

Cambridge S150 scanning electron microscope.
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ED

EPMA

BSEX

ZAF

cps
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FET
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DET
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Key to Abbreviations

Light rare earth elements.

Heavy rare earth elements.

High field strength (elements).

Energy dispersive (spectometry/spectra).

Wave-length dispersive " .

Scanning electron microscopy/microscope.

Transmission electron microscopy/microscope.

Electron probe microanalysis.

Back-scattered electron image.

Atomic number (7), absorption (A), fluorescence (F) correction.
X-ray diffraction.

counts per second.

Fission tracks.

No fission tracks visible.

Fine FT i.e. Very sparse. The tracks can be counted.

Medium FT i.e. Too many tracks to count but there are spaces
between individual tracks.

Dense FT i.e. No spaces occur between tracks which render the Lexan
opaque.

Burned-out FT i.e. Light brown discoloration with no FT visible,
due to the U content exceeding the recording capacity of the Lexan.
Usually surrounded by DFT.

(see Appendix 1, Section 3.)
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Chapter 1 Introduction

1. General aims of the study

This thesis aims to clarify the behaviour of U and Th in the
natural environment, through a detailed study of their mineralogy.
Fmphasis is placed on the remobilisation of U and Th in primary
accessory minerals at low to medium temperatures, during the
post-magmatic alteration of granite. The two granites concerned in
this study are the Helmsdale granite, northern Scotland and the
Ririwal granite, northern Nigeria. In both intrusions, earlier
studies had revealed enriched concentrations of radioelements but

their mineralogical sites had not been fully characterised.

2. Npproach

A selective review of the geochemistry and mineralogy of U and
Th in Chapter 2 provides a framework and basis for comparisons with
new data from the Ririwal and Helmsdale areas. Chapters 3 and 6
introduce the two areas and review petrographic, geochemical and
mineralogical work, together with genetic models. Details of the U-
and Th-bearing minerals in Chapters 4 and 7 are based on the data
from laboratory techniques which are briefly outiined in Appendix 1.
In Chapters 5 and 8 the results are discussed, in the light of
published literature, and genetic models and parageneses are
constructed. Chapters 5 and 8 are summarised in Chapter 9 which

suggests ideas for future work. All tables, figures and plates are

included in Volume II.
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. Applications

New data on the mineralogy of U and Th are likely to find direct
applications in several fields of the earth sciences:-—

Mineral exploration - Knowledge of the mineralogy of U and Th

and their behaviour in fluids will help formulate models of
mineralisation which may be used in the exploration for new ore
deposits.

Radicactivc waste disposal - The chemical behaviour of the

actinide elements Pu, Np and Am, the most abundant actinides in
nuclear fuel waste (Boulton, 1978), is similar to the geochemical
behaviour of U (Bagnall, 1972), while Th is a good analog for Pu’
(Krauskopf, 1986). Thus, new data concerning the mobility of U and
Th and the stability of their mineralogical sites may be relevant to
the design and location of repositories for radioactive waste.
Similar applicaticns could be made to the stabilisation of
radionuclides in U mine tailings.

Geochronology — The stability of U- and Th-bearing minerals

during post-magmatic alteration may have direct implications for the
U-Pb, Th-Pb and Pb-Pb dating of accessory minerals such as zircon,
which is widely regarded as being resistant to leaching.

Geothcrmal energy - U, Th and K are the main heat-producing

elements in the Earth’s crust, in which localised areas of high heat-—
flow can be harnessed for the production of geothermal energy or may
drive natural, hydrothermal convection systems, responsible for
mineralisation. Mass balance calculations, based on a knowledge of
the mineralogical sites of U, Th and K, can help determine the

controls of radioelement distributions in granitic rocks.
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Chapter 2 The Geochemistry and Mineralogy of Uranium and Thorium

Geochemistry

Brief introductions to the chemistry and geochemistry of U are
given in Rich et al. (1977), Rogers and Adams (1969), Dongarra (1984)
and Nash et al. (1981). U is an oxyphile and lithophile element which
is enriched in the upper crust, where it is more abundant than 22 other
naturally occurring elements and has an average abundance of 2 ppm
(range of 1-4 ppm). The abundance of U and Th in various rock-types is
shown in Table 1.

In nature, the valence states 4+, 5+ and 6+ occur, but the 4+
(uranous) and 6+ (uranyl) states are most important geochemically. Due
to their identical ionic charge and close ionic radii, U*" and Th*® are
geochemically very similar and tend to occur together in the same
ninerals, where they substitute for other elements of similar ionic
charges or radii (Table 2). The large ionic radii and high valencies
of U and Th prevent them from entering the crystal lattices of the
major rock-forming minerals, except in trace amounts (Table 20). For
this reason, U* and Th*" tend to be concentrated in accessory
minerals, as well as forming a few minerals containing essential U*

and/or Th.

Late-magmatic/post-magmatic transport

The incompatible natures of U and Th are reflected by their
abundances in igneous rocks. Table 1 shows them to be enriched in the
late-stage members of igneous differentiation suites and there is a
general tendency for U and Th to increase with increasing silica and/or

alkali contents. At the surface, U* is readily oxidised to U¢*, which
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forms UO," (uranyl ion), the chemical properties of which differ
significantly from those of Th and the other elements in Table 2. The
much greater solubility of uranyl accounts for the variation in Th/U
ratios in surface material and the lack of Th etc. in secondary
minerals (Table 19). For example, Ragland et al. {(1967) found a
negative correlation between the U content and degree of fractionation
of granite in the Enchanted Rock batholith, Texas, U.S.A.. They
attributed this to a loss of U as a result of increaéingly effective
oxidative processes during crystallisation of the magma. U*" was
oxidised to UO%" which is more soluble in the volatile igneous phases.

Ragland et al. (op. cit.) concluded that autometasomatism was an

important mechanism of chemical fractionation during crystallisation.
Further examples of U mobility at magwmatic temperatures, due to
autometasonatism are reviewed in Section &, Chapter 5. These
demonstrate the importance of F in complexing with U as UF, which 1s
retained in the melt or partitioned into fluid phases and removed (e.g.
Bohse et al., 1974). The abundance of fluorite and other F-containing
gangue minerals in areas of U mineralisation indicates the importance
of uranyl fluoride complexes, which predominate in acid to neutral
solutions below 300°C {Fig. 1, after Romberger, 1984). As temperatures
increase, fluoride camplexes are superseded by hydroxide complexes
(Fig. 2) which may be the only soluble U species at temperatures of

300°C and above (Romberger, op. cit.).

Hydrothermal and groundwater transport

The hydrothermal transport and deposition of U can occur at high
temperatures but the geochemistry of U is better characterised at low

temperatures (Kimberley, 1978). Fluid inclusion data indicate that
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temperatures of U transport reach 340-350°C (Poty et al., 1974) or even
500°C (Sassano et al., 1972). 1In pure water, at near-neutral pH, the
concentration of U in solutions equilibrated with uraninite passes
through a maximum near 260°C (Lemoine, 1975). 1In natural waters, the
transport of U may be aided by a large variety of complexes (Table 3)
and the relative importance of these depends on temperature and the
composition of the aqueous solution (Romberger, 1984). For example, in
near neutral solutions, phosphate complexing may be important at very
low levels of priosphate while, in alkaline solutions at low
tamperatures, carbonate complexes predominate (Fig. 3). Fig. 5 is a
log £0,- pH diagram, showing the distribution of uranyl and uranous
complexes and the soliubility of U oxides at 200°C in solutions
containing 100 ppm F, 1000 ppm S and lin NaCl at pCO, of 10 atm. (after
Romberger, 1984).

The geochemistry of U at much lower temperatures was studied by
Langmuir (1978) who concluded that U is usually complexed in natural
waters at 25°C. With typical concentrations of ligands under anoxic
conditions, various fluoride complexes predominate below pH 3~4 and
uranous hydroxyl complexes at high pH's (Fig. 4). In oxidised waters,
uranyl fluoride complexes and UO;" predominate below pH 5, while UO,
(HPOk)?/ predominates from about 4 to 7.5 and uranyl di- and
tricarbonate complexes predominate at higher pH's (Fig. 7). Camnplexes
in the system U-0,-H,0-CO, at 25°C and 1 atm. for U=10"‘ m and pCO,= 10"
atm. are shown in an Eh-pH diagram (Fig. 6, modified by Dongarra, 1984
after Langmuir, 1978), in which the stability field for crystalline
uraninite is shaded.

Langmuir and Herman (1980) found complexing to increase the

mobility of dissolved Th by many orders of magnitude below pH 8 in




natural water at low temperatures. The important inorganic complexes

0

of Th with increasing pH are Th(SO,);, ThF;, Th(HPO,)., Th(HPO,)} and

kA

Th(OH):, but organic complexes, such as citrate and oxalate,

predominate in organic-rich waters, including soil-water.

c) Deposition

Romberger (1984) and Rich et al. (1977) discussed the various
mechanisms of U deposition. Where uranyl carbonate complexes
predominate, loss of CO, due to boiling or reaction with the wallrock
may be an important mechanism of U deposition (e.g. Poty et al., 1974;
Tugarinov, 1975; Cathelineau and Ieroy, 1981). According to Hostetler
and Garrels (1962), uranyl-carbonate complexes break down at
temperatures above 120°C, resulting in uraninite precipitation.
However, the potential precipitation of substantial amounts of U due to
loss of CO, has been questioned by Rich et al. (1977). Dilution of the
hydrothermal solutions and precipitation of gangue minerals that
contain the appropriate anions (e.g. fluorite, calcite) are further
mechanisms mentioned by Romberger (op. cit.).

Fig. 5 demonstrates that U oxide precipitates during reduction and
increasing pH, and the relative importance of these two processes
depends on the initial conditions and the composition of the
transporting solution. Increases in pH may be caused by reactions of
the transporting solutions with the wallrock or boiling. Reduction can
be accomplished by Fe, S and organic compounds. Rich et al. (1977)
commented on the common association of haematite with pitchblende and
suggested the role of Fe® as a reductant for U°‘¢*. Nash et al. (1981)

zt

found the evidence of a direct role of Fe® in the precipitation of U

inconclusive and believed that such reduction could only be effective
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at high temperatures. Romberger (1984) suggested that ferric oxides
may have resulted from U deposition, rather than oxidation of Fe
being the cause of U precipitation.

Nash et al. (op. cit.) discussed the association of U with

organic materials which tend to contain oxygen-bearing moieties. The
coordinate positions of the U or uranyl ions are typically bonded to
oxygen atoms in the various ligands. Often H,S is responsible for the
reduction of uranyl species and it is not always clear whether organic
matter plays a direct role. It seems more likely that organic matter
fixes the uranyl ion and reduction follows more slowly.

Sorption can play an important role in the concentration of
uranyl, prior to its reduction to U** in uraninite or coffinite.
Langmuir (1978) found the pH range of minimum solubility of the uranyl
minerals to coincide with the pH range of maximal uranyl sorption on
organic matter, Fe- , Mn- and Ti-oxyhydroxides, zeolites and clays.
Langmuir (op. cit.) quoted the enrichment factors (weight of sorbed U
per weight of sorbent plus U, divided by the weight of dissolved U per
weight of solution) for various materials (Table 4) and concluded that
clays are relatively unimportant as concentrators of U.

Langmuir and Herman (1980) concluded that the adsorption of
dissolved Th increases markedly with pH above a pH of 2, reaching
95-100% adsorption on to clays, oxyhydroxides and organic matter at a
pH above 5.5-6.5. They found adsorption to be more complete on to
humic organic solids than on to clays and to be inhibited by organic

ligands, which form strong Th. complexes.
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Mineralogy

Frondel (1958) has given the most comprehensive description of U
and Th minerals. A brief introduction to U mineralogy was given by
Steacy and Kaiman (1978) who, together with Morton (1978), compiled a
list of U-bearing minerals. Smith (1984) provided a more detailed
treatment of U mineralogy and classified the minerals into a "reduced”
family, with U%* as the dominant valence state and an "oxidised"
family, in which all or most of the U exists as U¢*, usually in the
form of the uranyl ion (UO§+). This classification is preferred to the
0ld one of "primary" and "secondary' minerals, since some species, e.g.
coffinite, can have either primary or secondary origins. The
classification of Smith (op. cit.) is used here and only the more
important U- and/or Th-bearing minerals are included, with more

emphasis placed on those found in the Helmsdale or Ririwal areas.

U4t and Th minerals

Uraninite (U0 , +x)

Uraninité is, by far, the most common U *"mineral, the only
significant oxide of U and comprises the main ore mineral in the
majority of U deposits. The term "pitchblende" has been extensively
used for the massive, microcrystalline variety of uraninite which is
free of Th and REE and typically occurs in low-tearnperature,
hydrothermal vein deposits, but Smith (1984) recommends that use of the
term be discontinued.

Uraninite always shows some oxidation of stoichiometric UC, and is
probably restricted to the range UO,,~ UO, 4 in nature. The cell
parameters of uraninite tend to decrease linearly with increasing

oxidation and decreasing temperature of formation, and this has been
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utilised by many workers (e.g. Von Pechmann and Bianccni, 1982) to

determine its origin :

Pegmatite : 5.465 A
Vein . 5.439 A
Sediment : 5.410 A

Cell parameters should be used with caution, since they can ie
modified by oxidation due to weathering or the radioactive decay of U
and are dependent on the substitution of trace elements. Oxidised, low
temperature uraninite also gives a more diffuse XRD pattern.
Experimental syntheses have shown that uraninite may precipitate in a
particularly oxidised state, while Voultsidis and Classen (1978)
reported the occurrence, in the Key Lake deposit, Saskatchewan, of
tetragonal «U,0,, which was probably metastable. These higher oxides
of U have a strong affinity for water and form a brightly coloured
mixture of hydrated, secondary uranyl minerals (Section c) around
weathered uraninite.

Uraninite has a fluorite—type structure and is isostructural with
cerianite (Ce0,) and thorianite (ThO,) with which it forms complete
solid solutions, thus accounting for the high REE and Th content of
many pegmatitic uraninites. Uraninite may also contain significant
quantities of ¥, Ca and Zr which substitute for U, together with
radiogenic Pb which may remain dispersed throughout the structure or
nucleate into Pb- or galena-rich areas (Bowles, 1978). Experimental
studies by Mumpton and Roy (1959} confirmed the complete solid solution
between ThO, and U0, at 1300°C and extensive defect fluorite solid
solutions between ThO, and U,0,. A large solid solution gap lies
between zrO, and UO,, with up to 8 mole % 2rO, dissolving in UO, and

less than 4 mole % UO, in ZrO, at temperatures up to 1300°C. Luawig
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and Grauch (1980) reported up to 7 wt % SiO, substituting in uraninite
but Marlow (1981) was unsure whether Si, Ti, K, Fe and Al were
substituting in the uraninite lattice or were present as

microinclusions.

ii) Thorianite (ThO,)

Thorianite is much less common than uraninite and closely
resembles the latter in its physical and optical properties. U is
always present in considerable amounts but material containing equal
arounts of Th and U is rare. Below 400°C, under hydrothermal
conditions, Mumpton and Roy (1959) prepared a continuous, although
nmetastable series of solid solutions with the fluorite structure, with
compositions varying from ThO, to nearly pure 7ZrO,. rretto and Fujimori

(1986) reported Zr-rich thorianite in a phonolite from Brazil.

iii) Coffinite (U(SiO4), x(OHJsx)

Coffinite was first described from Sandétones of the Colorado
Plateau U deposits by Stieff et al. (1956) who proposed the above
formula. Chemical, infra-red, X-ray and differential thermal analysis
(DTA) studies of Belova et al. (1969), Abdel-Gawad and Kerr (1961) and
Ludwig and Grauch (1980) indicated that natural coffinites lacked an
essential OH component but contained adsorbed water, while Fuchs and
Gebert (1958) and Fuchs and Hoekstra (1959) found no evidence of
essential OH in coffinite synthesised hydrothermally. Mampton and Roy
(1961) concluded that the system UO,- SiO, contains no compounds aiter
they and Frondel and Collette (1957) consistently failed in attempts to
synthesise "USiO,".

published analyses of coffinite (Table 5) usually have low oxide
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totals, while the U:Si ratio deviates from unity and these effects may
be due to the fine-grained, poorly crystallised nature of the mineral
as well as to voids and adsorbed water related to metamictisation (see
Chapter 5, Section 3.c.). Admixed organic matter, together with
organometallic complexes of U (Smith, 1984) or small uraninite
inclusions (see below), may also be to blame. Ludwig and Grauch (1980C)
suggested their low totals could be due to unmeasured V, lattice
hydroxyi, U¢" and the presence of submicron voids due to shrinkage
during crystallisation.

Coffinite is isostructural with zircon, hafnon, thorite and
xenotime and may show significant solid solution with each of these
tetragonal minerals (Smith, 1984). The few experimental studies in the
U-Th~Zr-Y system are discussed more fully in Chapter 5 (Section 3.d.),
while the subsolidus assemblages in the system 5i0,-ThO,- UGC,-ZrO,,
based on the experimental work of Mumpton and Roy (1961), are
summarised in Fig. 8 (after Speer, 1982). In a limited number of
published coffinite analyses (Table 5 and Fig. 15A), Zr is unreported.
Marlow (1981) reported up to 2.1 wt % ZrO, in an unidentified
U-silicate which showed pressure solution contacts with intergrown
zircon. Th can occur in substantial amounts in coffinite (up to 17.3
wt ¢ ThO, in Table 5; up to 20 mol % ThSiO,, Robinson and Spooner,
1984), while the analyses of Marlow (198l) suggest that there is
complete solid solution between thorite/thorogummite and an
unidentified U-Si phase which replaced uraninite during a deuteric
phase of alteration.

Y reaches a maximum of 12.9 wt ¢ Y,0, (Premoli, 1982; Table 5) but

is generally much lower or unreported. A value of 8.96 wt

o
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(Harrison et al., 1983) was recalculated from a very poor analysis of
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finely disseminated coffinite with hydrocarbon, in which the oxide
total of 19.56 wt % was normalised to 100%, with the ommission of Al,
K, S and Ca, which were assumed to be contaminants. Speer (1982) noted
that coffinite can contain trace amounts of Y, while qualitative ED
spectra of Gocht and Piuhar (1981) revealed significant Y and HREE in
coffinite associated with organic matter and silica. Silver et al.
(1980) concluded, from correlated Y and P, that these elements were
present as a xenotime component in coffinite.

Ca invariably substitutes for U in minor amounts, but it can reach
significant concentrations of up to 5.9 wt % Ca0O in coffinite and 8.3
wt & Ca0 in the U-silicate of Marlow (1981). Radiogenic Pb is
generally much lower than in uraninite, partly because the coffinite
structure does not accept Pb as an isomorphic replacement so that it is
continuously diffused out of the structure (Cuney, 1978). Speer (1982)
noted that the oldest coffinites are frequently dusted with galena
because metamict coffinite (and thorite) loses Pb more easily than
uraninite. A variety of other elements are reported in coffinite in
minor and trace amounts (Fe, Al, Mg, V, K, Ti, S) in Table 5, but many
of these could be present as admixed contaminants. Silver et al.
(1980) found coffinite to be irregularly zoned in U, Th, Fe, Ca, Y, P
and REE, with highest Fe in the core and highest U in the outer zones,
while Silver et al. (1984) noted an inverse correlation between the U
content and Fe and Th contents.

Often, coffinite occurs in intimate association with uraninite
(e.g. Ludwig and Crauch, 1980; Ludwig et al., 198l), while some workers
(e.g. Abdel-Gawad and Kerr, 1961; Gocht and Plubar, 1981; Moench,
1962) have attributed variable U: Si ratios of coffinite, or uraninite

lines in XRD traces of coffinite, to sub-microscopic, admixed uraninite
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grains. This was confirmed by Nord (1977) who, using a TEM, was able
to resolve 5-15 nm sized particles of uraninite (a = 5.45 A) which,
together with amorphous silica, he attributed to breakdown of coffinite
as a result of oxidation. In most cases, it has been demonstrated that
coffinite replaces uraninite (e.g. Wallis et al., 1984; Halenius and
Smellie, 1983; Darnley ct al., 1965; Morton, 1974) during decreasing
temperatures (leroy, 1978) or increasing temperatures (Cuney, 1978) but
sometimes uraninite replaces coffinite (e.g. Bayushkin et al., 1968).
Ludwig and Grauch (1980) believed there to be no marked time break
between the formation of co-existing coffinite and uraninite.

Speer (1982) and Langmuir (1978) discussed the possible controls
on the stabilities of coffinite and uraninite. Brookins (1975)
estimated sG°f = =456 + 2.6 kcal/gfw for USiO,. This free energy
value indicates that the reaction;

uUsio, + 2i,0 = U0, + H,Si0
is at equilibrium when dissolved silica is 10 ¥ "mol/1 or 8 ppb SiO,.
Langmuir (1978) argued that this would make coffinite stable relative
to uraninite at low temperatures in all natural waters (which contain
an average of 17 ppm Si0O,). In order to explain the cammon occurrence
of quartz and uraninite, Langmuir (op. cit.) proposed that coffinite
becomes stable relative to uraninite at intermediate dissolved silica
levels, above those in average groundwaters (i.e. >60 ppm $i0,) but
helow saturation with amorphous silica.

Speer (1982) pointed out that the co-existence of pure coffinite
and stoichiometric uraninite with quartz is a metastable condition but
the three-phase assemblage may be stable if the uraninite 1s oxidised
(Fig. 9). Langmuir (1978) constructed diagrams (Fig. 10) showing

possible equilibrium relations between uraninite, coffinite, amorphous




_.44_

silica and dissolved silica concentrations as a function of the
oxidation state of the uraninite. The upper oxidation limit of
uraninite able to co-exist with coffinite (UO,.,,) was calculated from
the uraninite cell edge of Nord (1977, see above). Hostetler and
Garrels (1962) concluded, from their proposed reaction;

Coffinite = U0, + SiO, + H,0
that equilibrium between the solid phases was a function of the
activity of water and aqueous silica. In high temperature,
hydrothermal veins and pegmatites the reaction is driven to the right.

Coffinite is stable under low temperature and pressure, reducing
environments, as shown by its widespread occurrence in the unoxidised
portions of the Colorado Plateau-type deposits (Speer, 1982), although
it is also found in vein-type (e.g. Arribas, 1566) and various other
deposits. The upper temperature limit of coffinite formation usually
lies in the range 200-360°C (e.g. Akdel-Gawad and Kerr, 196l; Speer
et al., 1981; Wallis et al., 1984). The deposition of coffinite is
favoured by acidic, reducing conditions (Langmuir, 1978) but
Abdel-Gawad and Kerr (op. cit.) believe an alkaline-reducing
environment to be essential.

Reduction is accomplished by metastable S species of intermediate
oxidation state (Ludwig et al., 1981) or organic matter. Numerous
examples of coffinite intimately associated with organic matter exist
(e.g. Dubinchuk et al., 1977; Harrison, 1975; Harrison et al., 1983;
Moench, 1962 etc.). Preconcentration of U prior to coffinite
deposition may also be accomplished by silica gel, to give a
coffinite-opal mixture (e.g. Gocht and Pluhar, 1981; Bomber et al.,

1986; Mueller and Halbach, 1983) or by zeolites (e.g. Ratayama et al.,

1974; Mueller and Halbach, cp. cit.) or by TiO, .




Basham and Rice (1974) described thin bands of authigenic
coffinite around Ti-bearing grains, while Wallis et al. (1984)
identified coffinite which was intergrown with and replacing authigenic
rutile. Reynolds and Coldhaker (1978) and Reynolds et al. (1977)
studied the association of U with TiO,, formed by the action of
sulphidising fluids on re~Ti oxides in roil-front deposits. They
interpreted U-Si correlations in TiO, as possible coffinite. Ruhlmann
(1980) similarly noted the localised deposition of coffinite against
anatase and proposed a hypothetical solid solution between U (Ti0,),_,
(OH),, and U(SiO,),., (OH),, , although experimental work is needed to
confirm this. Ruzicka and Littlejohn (1982) described intergrowths of
anatase, coffinite and U-Ti aggregates from the Beaverlodge area,
Saskatchewan and concluded that both Ti and U were mobile together in

the ore-fluids.

iv) Thorite, uranothorite, huttonite ((Th,U)SiO,)

and thorogqummite ((Th,U) (Si0,)i-x (OH)4x)

Monoclinic huttonite is the only stable polymorph of ThSiO,
according to Mumpton and Roy (1961), who synthesised it at 1100°C and
above, whereas metastable thorite (tetragonal) was only formed at 1175
°c and below. Other studies have shown that thorite is stable between
110°C (Openshaw, 1979) and 1225 + 10°C (Finch et al., 1964). Frondel
and Collette (1957) hydrothermally synthesised what they believed to be
hydroxyl thorite (thorogummite) at temperatures of 400-150°C. They
based their conclusion on expanded cell dimensions, diffuse XRD
patterns and a strong (OH) absorption indicated in infra-red studies.
Mumpton and Roy (1961) similarly prepared poorly crystallised thorite

below 250°C but concluded that water was present as adsorbed H,O,
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rather than as hydroxyl. They plotted published analyses on a SiO,-H O
~ThO, ternary diagram (Fig. 11) and found them to lie along the
ThsiO,-H,0 join, instead of the ThSiO,~Th(OH), join, thus arguing
against the formula Th(siO,), , (OH) , for hydrous thorite. Many of the
thorite analyses in Table 6 have low oxide totals, suggesting the
presence of water, although other factors, such as metamictisation, may
be partly responsible (see Chapter 5, Section 3.b.).

Despite the findings of Mumpton and Roy (op. cit.), many workers
have used the term "thorogummite", which Frondel (1953) defined as a
hydroxylated, secondary alteration product of thorite, typically
occurring as a non-metamict, fine-crystalline aggregate. Semenov and
Kazakova (1961) noted that "hydrothorite" characteristically had a low
U content, while Barritt (1983), Perez (1985), Maurice (1982), Smellie
(1982b), Basham et al. (19824) and Staatz et al. (1976) found that
selective leaching of U was associated with the hydration and oxidation
of thorite. Silver et al. (1984) attributed variable compositions in
thorite to leaching and the addition of different elements during its
alteration to thorogummite. Phair and Shimamoto (1952) described the
alteration of green uranothorite to a yellow-brown hydrothorite
containing 4.2 wt % U, while Rimsaite (198la, 1982b) described the
replacement of uranothorite by Fe-rich thorogqummite. Marlow (1981) was
uncertain whether to explain the very variable internal composition (U,
Th, 8i, Ca and Fe) of thorogummiite as primary variations in the
original thorite or as hydration associated with its secondary
alteration or a combination of both. Pagel (1982) attributed the
spread in ThSiO, - USio, compositions of thorite to metamictisation,

which encourages the hydration of thorites and leaching of U.
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Cameron-Schimann (1978) applied the name thorogummite to a late,
interstitial material that was bright yellow, amorphous and rapidly
deteriorated under the probe beam. Ballantyne and Littlejohn (1982)
noted a significant decrease in UO, (from 23.4 to 3.0 wt ¢ ) and SiC,
(from 22.9 to 10 wt % ) associated with the hydration of euhedral,
cubic uranothorite to a mottled, low relief phase. In contrast to the
above cbservations, Khvostova (1969} identified a hydrous, U-rich
thorite, although the exact U content was not specified.

Virtually all of the thorite analyses in Table 6 show some U,
although there is considerable variation from less than 1 wt % to 35 wt
,- This upper limit of U in thorite is similar to that
synthesised metastably and found in a literature search by Mumpton and
Roy (1961), who concluded that there was little justification in
calling some U-bearing thorites "uranothorite”. However, analyses o=
naturally occurring and synthiesised thorites suggest a continuous solid
solution between USiO, and ThSiO, (Chapter 5, Section 3.d) ).

Other minor and trace elements that have been reported in thorite
are listed in Table 7 (after Speer, 1982). Table 6 shows that Zr is
frequently unreported or attains just a few wt % ZrO, in thorite;
exceptionally it reaches about 9 wt % ZrO, (Perez, 1985; Marlow, 1981).
Reported amounts of Hf and Zr could represent solid solutions with
zircon (and hafnon; Speer, 1982), which is often intimately associated
with thorite as epitaxial overgrowths or inclusions (e.g. Silver et al.
1980 and 1984; Perez, 1985; Marlow, 1981; Rimsaite, 1986). Silver
et al. (1980) reported a maximum of 10% zircon component in thorite,
which is the maximum value quoted by Mumpton and Roy (1961) from 90
analyses of thorite in the literature.

Although REE in thorite are generally limited to between 0.5 and 7
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wt % (Speer, 1982), higher amounts of Y and REE are found in the
literature (e.g. Staatz et al., 1976 in Table 6) for thorites which
contain dominantly ILREE or HREE. Henderson {(1984) found LREE were
usually dominant in thorite. Earlier suggestions of a continuous ThSiO,
-CeSi0, solid solution series are not supported by the data of Andersen
and Neumann (1985). Vlasov (1966) reported that substantial Y
(typically 3 wt % Y,0,) and HREE contents were found in thorite formed
in hydrothermal rocks, in which HREE minerals normally have a Dy
maximum {e.g. 25% of REE in thorite). From their data and from an
appraisal of a limited number of thorite analyses in the literature,
Staatz et al. (1976) concluded that thorite does not selectively
accommodate one group of REE over another, but rather incorporates
whatever is available.

ILike zircon, xenotime frequently forms epitaxial overgrowths on or
inclusions in thorite and probably represents a solid solution
component in thorite in some cases. Silver et al. (1980) reported a
10-15% xenotime component in thorite but Silver et al. (1984) founa
insufficiént P to balance the Y. Speer (1982) pointed out that the

** are much less than those

amounts of PS* and As®* substituting for Si
needed to compensate for the amounts of Ca, Fe, Y and REE reported in
thorites, and this is confirmed by most of the analyses in Table 6. P, O
is usually less than 3 wt % but, exceptionally, ranges from 4 up to
almost 14 wt %. Frondel (1958) described a highly P-rich variety of
thorite/thorogunmite called "auerlite", with (PO,) : (Si0,) = 0.8 : 1.

Iike coffinite, thorite invariably contains Ca, which probably
substitutes for Th (Speer, 1982) and is normally present in

concentrations of 1 — 5 wt % CaO (Table 6), although up to 10 wt 2

Ca0 (Cameron-Schimann, 1978) has been reported. Similarly, Fe is
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usually reported and Speer (1982) regards it as a wmajor substituent in
thorite, since it is present in amounts up to 12 wt % Fe,0,. George
(1951) inferred that anhydrous, blue-green tiiorite contained U and Fe
in the lower oxidation state, whereas yellow and orange thorite had
undergone oxidation and hydration. Staatz et al. (1976) reported a
metamict thorite with 5 wt % Fe,O, containing small inclusions of
goethite, while Robinson and ZAbbey (1957) reported pyrite and magnetite
as contaminants in an Fe-bearing thorite. It is possible that scme of
the higher FeO values quoted in Table 6 are also due to contamination,
since iron-oxide and —sulphides are often closely associated with
thorite (e.g. Yeliseyeva, 1977; Perez, 1985; Rimsaite, 1983). Otner
elements which Speer (1982) regards as contaminants include C, present
as inclusions of carbonate minerals or as microscopic films of
hydrocarbon (Robinson and Abbey, 1957), Mn, Cl and F. Pb is probaply of
radiogenic origin but, as in coffinite, it is only present in small
amounts.

Thorite is a relatively rare though widespread mineral which
usually occurs in pegmatites associated with granites or syenites and
in placer concentrates derived from them (Speer, 1982). Thorite is
increasingly being discovered in igneous and metamorphic rocks with
normal Th concentrations, in which the bulk Th/U ratio is positively
correlated with the Th/U ratio of the thorite (e.g. Barritt, 1983;
Perez, 1985). Speer et al. (1981) found that, where the Th/U ratio
of a granite was 3.5-10, U could be entirely incorporated 1nto uranoan
thorite, which contained up to 10 mole % USiO,. Where the Th/U ratio
ranged from 1.2-3.0, the amwount of U exceeded the limit of ThSiO, -USiO,
solid solutions, giving rise to uraninite, which co-existed with

uranoan thorite containing 15 mole % USiO,. In some cases (e.g. Pagel,
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1982; Cuney, 1978) early crystallisation of thorite in a granite leads
to depletion of Th and enrichment of U in the residual melt. Thorite
has been less camronly described from hydrothermal deposits (Phair and

Shimamoto, 1952).

Brannerite—-thorutite ((U,Th)Ti,0.) and complex uranctitanates

Brannerite (UTi,0,) is monoclinic and isostructual with thorutite
(ThTi,0, Ruh and Wadsley, 1966), but an orthorhombic variety with the
proposed formula U*’U¢*(Ti, Fe), O, (CH), has been reported by the Peking
Institute of Uranium Geology (1978). The identification and structural
determination of brannerite are difficult, due to its altered anc
metamict nature. Heating usually restores an X-ray pattern but Jerkins
(1974) warns that chemical changes may occur.

Theoretically, there is complete solid solution between UT1,0, and
ThTi,0, but, so far, natural specimens have shown a gap between Th, .,
and Th,,, (Ferris and Ruud, 1971). Thorian brannerite, corresponding
to the lower limit of this gap, has been found in sodic granitoids and
felsic gneisses at Crocker s Well, South Australia (see Chapter 5,
Section 6 for genesis of thorian brannerite). Jenkins (1974) plotted
EPMA data of the brannerite as mole % on a TiO,+ Fe,O,, UO. + 0.5 (CaO
+ PbO), ThO, + 0.5 (CaO + PRO) ternary diagram (Fig. 12A7A). Ashley
(1984) distinguished two varieties of brannerite, both with the
approximate composition:

1+
o013

U “* Th Pb Y Fe

0-te6 0-10 0oy

008 Ca,,s Slo Ti,,s Og
A dark brown, opaque brannerite containing inclusions of TiO, and
radiogenic galena, with 2% H,0, weathered to a greenish translucent,

inclusion-free variety, containing l1% H,O.

In brannerite, U may be partially oxidised and replaced by Ca and
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REE, while Fe may replace some of the Ti and partial hydration can
occur. A more realistic formula may be;

(U, Ca, REE ) (Ti, Fe), O,__(OH),,

6— g
where the variable O content reflects the oxidation of U which is not
compensated by the substitution of Ca and REE (Smith, 1984). Szymanski
and Scott (1982) noted that brannerite is commonly deficient in U but
contains excess Ti and they proposed the formula;

(U, Th, Pb, Ca, ¥, Ce),__ (Ti, Si, Al, Fe),,, O,
where x = 0.3-0.75. With increasing leaching of U, brannerite aquires a
yellowish rim of anatase and is ultimately replaced by TiO,. Silver
et al. (1980; 1984) described four different zones in brannerite which
had undergone varying degrees of post-magmatic alteration. EPMA of the
different zones indicated the inner two to be of branneritic composition,
whereas the outer two consisted of a Pb—, U- and Th-bearing aggregate
of anatase and other phases. Silver et al. (1984) concluded that
recrystallisation of the brannerite had been accompanied by expulsion
of Pb and Th from the central zone.

From the EPMA of various world occurrences of brénnerite (Fig.
12B), Ferris and Ruud (1971) concluded that the composition ranged
from;

(U,Th),,,Ti, O, to (U,Th),, T1,,0, with Thy,_,., and Ug..q—o0.96
They noted that compositions in the Blind River ores, from Ontario,
Canada, ranged from uraniferous leucoxene to brannerite and these were
often associated with TiO, and pyrite from the breakdown of detrital
ilmenite. Ferris and Ruud (op. cit.) concluded that the grains did
not have a detrital origin, but rather formed by the adsorption of U on

titanogels, which are very effective concentrators of uranyl (Section 2.

e.i.) and which later crystallised as "brannerite" or "protobrannerite"




(Schindlmayr and Beerbaum, 1986). Korolev and Rumyantseva (1976)
coprecipitated U and Ti hydroxide gels from HCl solutions of U and Ti
in the proportions 1 : 2. XRD of the heated precipitates gave a
brannerite pattern. Ramdohr (1957) named this in situ formation of
brannerite the Pronto Reaction;

uo, + 2-3 Ti0, = UTi, O, ,
and it may involve either Ti-bearing soluticns migrating to and
reacting with uraninite or U-bearing solutions migrating to TiO,.

Jenkins (1974) also proposed an authigenic origin to the Blind
River brannerite, after plotting EPMA data on the ternary diagrams
aiready described (Fig. 12B). These demonstrate that the Blind River
material does not have a true branneritic composition but instead
varies from U-bearing rutile to Ti-deficient brannerite. Since
"brannerite" implies a mineral of specific composition, Jenkins (1974)
preferred the term "brannerite series," including:

(U, Th)Ti,0,, - (U,Th),Ti,0,,

A similar, authigenic origin of brannerite has been accepted by
many other workers for the Proterozoic quartz-pebble conglomerates from
the Elliot Lake - Biind River area (e.g. Clenmey 1981; Robinson and
Spooner, 1984; Saager and Stupp, 1983) and from the Witwatersrand and
Pongola Basins, South Africa (e.g. Schidlowski, 1981; Feather, 1981;
Thiel et al., 1979; Saager et al., 1981; Clemmey, 1981). In the
Witwatersrand, migrating Ti-bearing soluticns were responsible for the
brannerite pseudomorphs after uraninite "ghosts", while U-bearing
solutions reacted with altered Fe-Ti oxides to give uraniferous
leucoxene aggregates. Andreoli et al. (1985) believed that uranif-
erous leucoxene and/or "rutile-like phases” in hydrothermally altered
granite of the pre-Witwatersrand basement, could be detrital precursors

to the brannerite-uraniferous leucoxene of the Witwatersrand reef
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horizons.

An authigenic origin has also been attributed to brannerite from
the Karpinka ILake U Prospect in Saskatchewan, Canada, which is believed
to represent a metamorphosed, epigenetic sandstohe—type U deposit
(Williams—-Jones and Sawiuk, 1985). Sulphidising fluids caused
replacement of detrital Fe-Ti oxides by spongy Ti-rich cores rimmed by
pyrite, tcgether with alteration of feldspar and pyroclastic iragments
to kaolinite. U was adsorbed on to the titania and kaolinite which,
after metamorphism, recrystallised to brannerite and uraninite-
sillimanite associations, respectively. Brannerite formation has also
been attributed to adsorption of U on TiO, from another sandstone-type
U deposit, in the Great Slave region of North Western Territory
(Morton, 1974):

Sorption
xTi0, + (U0 ,)*" ———> TiO,(x)-UO,-complex (uraniferous
anatase/titanogel )

In Sweden, reactions between uraninite and Ti-bearing solutions,
sphene and altered Fe~Ti oxides gave rise to uranotitanates of a highly
variable composition in altered granites of the Arjeplog-Arvidsjaur-
Sorsele U province (Adamek and Wilson, 1979; Halenius and Smellie,
1983; Halenius et al., 1986; Smellie and Iaurikko, 1984; see Chapter
5, Section 6.b.iii.), at Duobblon (Lindroos and Smellie, 1979;
Smellie, 1982a) and in Precambrian rocks of the Olden Window (Smellie,
1982b: Troéng, 1982). A detrital origin has been proposed for
prannerite, irregularly disseminated in graphite schists (formerly
black shales) from the Mauji-Reshian area, Azad Kashmir, Pakistan
(Rahman, 1979). The brannerite shows peripheral replacement by

graphite but there is no evidence for the Pronto Reaction (e.g.

uraninite inclusions).
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Analysis of U-Ti phases in the Witwatersrand conglomerate

Simpson and Bowles (1977) investigated the association of U
with lenticular to rounded granules of quartz, kaolinite and
pyrophyllite from the Witwatersrand banket-type ores. U is
disseminated throughout the granules but fission-tracks revealed
point-sources, which Simpson and Bowles (op. cit.) were unable to
correlate with a specific mineral.

Schidlowski (1981) noted ubiquitous, small brannerite specks
interspersed in the Witwatersrand conglomerate matrix and believed
these to have formed in situ from the random encounter of U- and
Ti-bearing, mineralising fluids. Clemmey (1981) noted an association
of U with Ti in phyllic minerals and envisaged the precipitation of U
and Ti in micro-reducing environments, around specks of carbon.

Plates 1-4 show the association of fission-tracks with phyliic
granules and partial replacements of pyrite concretions in a sample
(1022) of conglomerate from the Orange Free State. Probe analyses in
this study have subsequently shown at least some of the point-sources
to be associated With small, U- and Ti-bearing grains of a highly
variable composition (Table 8). The grains range from less than 10 jm
up to 20 um across and are frequently associated with pyrite (Plates
5-8). In Table 8, high values for Si, Al and Fe probably reflect
contamination from the host phyllosilicates, while high Fe and S are
likely to be from the pyrite. S concentrations are sufficiently high
for the Pb to be present as galena which could be of radiogenic origin.
In all the analyses, U and Th are positively correlated, suggesting
they belong to the same mineral. In Grain 4, there is also a
correlation of U and Ti, but in the other two grains there is little
correlation and U tends to greatly exceed Ti. These campositional

variations might reflect different stages in the progressive reaction
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of U-bearing solutions with TiO, to form a range of U-Ti phases. An
association of the U-Ti phases with pyrite is consistent with the TiO,

resulting from the alteration of Fe-Ti oxides by sulphidising fluids.

vi) Multiple oxides of Nb and Ta

Compositions of these minerals vary greatly because of complex
substitutions but they may be expressed by the general formula

A, By Ol where:

A = REE, U, Ca,Th, Fe} Na
B = Nb, Ta, Ti, Fe**
O = 0O, OH, F

U can reach 24% but is generally below 10% in these minerals which
comprise approximately 25 species, half of which belong to the
pyrochlore group, the euxenite-polycrase, fergusonite-formanite and
other isomorphous series (Steacy and Kaiman, 1978).

The pyrochlore group has been revised by Hogarth (1977) who
identified a number of synonyms, doubtful species and discredited names
and outlined a classification based on the relative proportioﬁs of Ti,
Nb and Ta in the B-site and on the identity of the dominant A-site
atoms (Table 9). Defects to the pyrochlore structure, resulting from
charge balance effects and coupled substitutions, contribute to the
deviations from ideal stoichiometry shown by many pyrochlores (Smith,
1584).

Pyrochlores, together with other complex oxides such as euxenite,
polycrase and samarskite which have a columbite-type structure, are
often metamict and contain U which has been oxidised to U®’. Despite
this, they are refractory minerals which can occur in placer deposits.
More usually, they are found as accessory minerals in granitic and

syenitic rocks, their pegmatite facies or in carbonatites.
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b) Accessory minerals with minor U** and Th

Tables 13-18 show the range of U and Th contents in various
accessory minerals. Apatite, epidote and sphene generally contain low
concentrations of U and Th, allanite and monazite are dominated by Th,

while zircon and xenotime may contain high Th and/or high U.

1) Zircon (Zr, Hf)SiO,

Zircon is typically enclosed by the major minerals and
crystallises early from the melt at high temperatures (Deer et al.,
1966). Pupin (1980) suggested that zircon crystallises early in
water—poor magma, but crystallisation is more prolonged in hydrous
magmas, culminating in the late development of trace element-enriched
hydrozircon. Infra-red studies showed that zircon, synthesised
hydrothermally at 150°C by Frondel and Collette (1957), contained (OH),
in substitution for (Si0,), while Caruba et al. (1985) concluded that
F was essential for the stability of hydroxylated zircon synthesised at
temperatures down to 400°C. Mumpton and Roy (1961) pointed out that,
if natural zircons are ZrSiO,- 2Zr(OH), solid solutions, they should
lie along this join in a SiO,- 2rO,- H,0 plot. Fig. 13 shows that
zircon analyses lie along the ZrSiO, - H,0 join, indicating that water
of natural zircons is present largely as molecular water, not hydroxyl.
From a review of studies of water in zircon, Speer (1982) concluded
that the substitution of (OH)” for SiO, in natural zircons is minor and
most water is adsorbed by metamict material as either H,O or (OH).

Vlasov (1966b) described "gelzircon" (2ZrSiO, .nH,0) containing up to 20%

H,O.

€z

Although zircon is fairly resistant to normal chemical attack

(Deer et al., 1966), the crystal structure can undergo progressive
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breakdown as a result of the radicactive decay of constituent U and Th
atoms. The mechanism of this metamictisation is discussed more fully

in Chapter 5 (Section 3.a.) and it results in a systematic decrease in
density, birefringence and refractive index of the zircon (Table 10).

Experimental studies of Tole (1985) indicate that, whereas crystalline
zircon is thermodynamically stable in aqueous solutions of pH 0 - 9 at
25 - 80°C, amorphous (metamict) zircon exhibits limited dissolution at
a pH of 5. Dissolution is further increased by the presence of F and

alkali ions, which form stable complexes with Zr (Chyi, 1986; Vlasov,

1966a; Henderson, 1984).

Over 50 elements have been reported in zircon analyses and, of
these, the best documented are listed, with their atomic radii, in
Table 11 (after Speer, 1982). Hf is the main substituent for Zr and
ranges from 0.59-5.13 wt ¢ HfO, in Table 12. 1In a compilation of 463
zircons by Ahrens and Erlank (1969), Hf contents ranged from 0.6 to 7.0
wt %, With a mean of 1.71 % but were generally less than 3 %. Muach
higher Hf contents occur in pegmatite zircons from the Pyrenees ( <26
wt % HfO,; Fontan et al., 1980), South West Africa ( <31 wt % HEO,;
von Knorring and Hornung, 1961) and Norway (22-24 wt % HfO,). Correia
Neves et al. (1974) suggested the following classification for natural
(zr, HE)SiO, solid solutions :

mol ¢ HfSiO, :  0-10 10-50 50-90 90-100

zircon Hafnian Zirconian Hafnon
Zircon Hafnon
Complete solid solution between zircon and hafnon was demonstrated by
Ramakrishnan et al. (1969) who synthesised intermediate compositions
in the 2rsio,- HfSiO, system.

Speer (1982) concluded, from the similar average Zr : Hf ratios in
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zircons (40 : 1) and the earth’s crust, that geochemical separation of
these elements must be inefficient in most geological situations.
Igneous zircons with Hf-enriched rims (e.g. Ono, 1975) and the uncommon
enrichment of Hf in zircon with differentiation of the host rock
(Ahrens and Erlank, 1969; Ehmann et al., 1979; Deer et al., 1982)
demonstrate that infrequent enrichment of Hf does occur. Metasomatic
processes (e.g. albitisation, Chapter 5, Section 4) may also be

responsible for Hf enrichment.

o

Y is generally unreported in zircon or ranges from 1 to 4 wt
Y,0, and, exceptionally, attains approximately 10 wt % ¥,0,. The
analyses of Barritt (1983) demonstrate a solid solution series between
zircon and xenotime (Fig. 15A). Medenbach (1976) reported up to 25 wt%
(Y + REE,0,) in zircon while Speer (1982) concluded, from a review of
zircon, that Y can attain 16.5 wt % Y,0,, with the highest Y and P
corresponding to about 25 mol % xenotime (analyses of Romans et al.,

+

is closer to

1975). HREE generally predcminate, since the size of Zr*
the HREE than to the LREE (Table 11). This is supported by partition
coefficients obtained from natural (Nagasawa, 1970) and experimental
(Watson, 1980) systems, although Krasnobayev et al. (1976) concluded,
from a study of 62 zircons, that the mineral will incorporate whatever
REE are available. Y and P are incorporated in zircon overgrowths or
late zircon during falling magmatic temperatures at the end of
crystallisation (Veniale et al., 1968; Kohler, 1970; Pupin and Turco,
1975). Hoffman and Long (1984) noted domains of Y enrichment with Zr
and Hf depletion and domains of Y depletion with Hf enrichment in
Lewisian zircons showing sector zoning. In a compilation of U and Th
concentrations in zircon (Table 13), values are predominantly below 1

wt 2 but can reach 7 wt % U and 10 wt % Th. Enriched radioelement



contents are typically associated with low oxide totals which are
sometimes below 90% and are probably due to voids, with or without
adsorbed water, resulting from radiation damage to the zircon lattice.

Ahrens (1965) and Ahrens et al. (1967) found that the Th/U ratio
in zircons was less than one, in contrast to the general value of 3.5-4
for igneous rocks. This could either reflect the preferential
inclusion of U** in zircon because it is closer to Zr in ionic radius
than Th (Table 11) or co-crystallisation with a Th-enriched phase, such
as monazite or thorite, or both (Speer, 1982). Ahrens (1965) found the
Th/U ratio to increase with increasing U and Th contents of zircon and
remarked on the previously observed tendency for zircon Th/U ratios to
increase with differentiation in basic and granitic rocks. In contrast
to the above observaticns, the enrichment of U with differentiation of
granites is indicated by the common occurrence of zircon with rims
containing higher U than the cores (e.g. Chovan and Kral, 1979; Grauert
and Seitz, 1973; Silver et al., 1980; Silver and Deutsch, 1963;
Yeliseyeva, 1977; Troéng, 1982; Berzina et al., 1974; Clark et al.,
1979). Conversely, Silver et al. (1984) and Stuckless and Van Trump
(1982) described zircon with cores enriched in U relative to the rims.
High U cores are often due to inherited or xenocrystic zircons.
Stuckless and Van Trump (1982) attributed zoning and other non-uniform
distributions of U within and among zircons from a single sample to
variations in partitioning coefficients for U between melt and zircon.
For example, the oxygen fugacity of the magma will control the level of
U“t, which is preferentially incorporated into the zircon structure,
relative to U¢*. Other variables which can affect the distribution of U
in zircon are coupled substitutions, lattice defects and diffusion

rates relative to crystallisation rates (Stuckless and Van Trump,
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op. cit.), Yeliseyeva et al. (1975) believed U enriched rims to reflect
a uniform distribution of U and Zr throughout the melt as a result of
diffusion, allowing the build-up of a U concentration gradient around
the zircon. With periods of intensive stirring of the melt, this
diffusion zone was destroyed, leading to repeated alternations of

U-poor and U-rich zones in the zircon.

ii) Monazite (LREE, Th)PO.

Monazite is monoclinic and isostructural with huttonite (Th(SiO,))
, brabantite (Ca, Th(PO,),) and cheralite (LREE, Th, Ca, U(P, si )O,).
Solid solution in the ternary system ThSiO, -REEPO,-CaTh(PO,), is
represented in Fig. 14 (after Speer, 1982). Table 14 shows Th values
generally fall within the range 2-12 wt % Th, although 24.78 wt 2 Th
is quoted by Vlasov (1966b). This exceptionally high Th content is
accompanied by high Si (6.09 wt & Si0,) and indicates the coupled
substitution Si“T == P®*. Henderson (1984) reported that Th is usually
présent in monazite in substitution for REE up to 13 wt% ThO,, with
charge balance maintained through the simultaneous substitution of Si.
This charge balance mechanism appears to be operative in other analyses
and probably represents solid solution between monazite and huttonite.
Price et al. (1982) were able to express compositional variations in
monazite in terms of two solutions between four end members; monazite
to xenotime and huttonite to an unnamed Pr, Nd canpound. Other coupiled
substitutions suggested by Gramaccioli and Segalsta d (1978) include
ca® = REE®" (equivalent to solid solution with cheralite) and K == REE?",
Jefferies (1985a) suggested the first of these controlled entry of Th
into monazite from the Carnmenellis granite, Cornwall, on the basis of

a strong 1:1 correlation of Th and Ca. The slight decrease in unit
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cell dimensions of monazite, resulting from this substitution, lead to
the preferential incorporation of the smaller Y atom and hence a
positive correlation between Ca, Th and Y. According to Mannucci et al.
(1986), the similar unit cell volumes of the various end member
components indicate an ideal-solution behaviour in monazite, so that
the solubility of Th, Ca and U should be independent of temperature or
other components in solid solution. Thus, element correlations reflect
processes of fractionation before the monazite crystallised.

Price et al. (1982) found the variation of Th and U among 10
monazites to be greater than that between 20 spots in one grain. Th
variation within some grains was more substantial (Table 14) and an
X-ray map of one example showed a Th-enriched core, although U-rich
domains were not evident in a monazite with enhanced U. Similarly,
Chovan and Kral (1979) found U to be homogeneously dispersed in
monazite, although it differed between grains (Table 14). Chovan and
Kral (op. cit.) and Silver et al. (1980) noted that Th concen-
trations were higher in the margins of zoned grains.

U concentrations rarely exceed 0.5 wt % in monazite (Overstreet,
1967) and generally remain below 2.5 wt % U in Table 14. U is probably
present as U*" and so it can share in the same coupled substitutions
associated with Th (Mannucci et al., 1986). Factor analysis studies by
Price et al. (1982) showed that U behaves like the smaller trivalent
REE.

U and Th may also be present as inclusions of other mine