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ABSTRACT

(U, Th)-silicates are extremely rare in most ore-bearing
conglomerates in the Witwatersrand. However, authigenic
coffinite is fairly common in the Dominion Reef, the oldest
conglomerate in the Witwatersrand Basin, and on the West
Rand Goldfield, in reefs in the uppermost part of the Wit-
watersrand Supergroup. The coffinite was formed in situ
from detrital uraninite through the uptake of silica. Thorite
and thorogummite of detrital origin also are present in the
Dominion Reef. Chemical data indicate that (U, Th)-silicates
form two complete series of anhydrous and hydrated spe-
cies, for which the general formulae are (U,Th)SiO, and
(U,Th)SiO4ernH,O (n<4), respectively. On the basis of
existing names, the end members of the anhydrous series
are anhydrous coffinite and thorite, and those of the
hydrated series are coffinite and thorogummite.

Keywords: (U, Th)-silicate, coffinite, thorite, thorogummite,
(Zr, Th)-silicates, Witwatersrand, South Africa.

SOMMAIRE

Les silicates d’uranium et de thorium sont rarissimes dans
la plupart des conglomérats minéralisés du bassin de Wit-
watersrand (Afrique du Sud). Toutefois, la coffinite authi-
géne est relativement répandue dans le niveau du Domi-
nion Reef, le conglomérat le plus ancien du bassin, ainsi
que dans le camp aurifére de West Rand, dans les bancs
de la partie supérieure du supergroupe de Witwatersrand.
La coffinite s’est formée in situ & partir de ’uraninite détri-
tique, suite & un apport de silice. Thorite et thorogummite
d’origine détritique sont aussi présentes dans le Dominion
Reef. Les données chimiques montrent que les silicates de
(U, Th) appartiennent & une de deux solutions solides com-
pletes, (U, Th)SiO, et (U,Th)SiO4enH,0 (n <4). D’apres la
nomenclature déja établie, les termes sont coffinite anhy-
dre et thorite dans le premier cas, et coffinite et thorogum-
mite pour la série hydratée.

(Traduit par la Rédaction)

Mots-clés: silicate de (U, Th), coffinite, thorite, thorogum-

mite, silicates de (Zr,Th), Witwatersrand, Afrique du
Sud.

INTRODUCTION

Tetragonal thorite was first described by Berze-
lius (1829), thorogummite by Hidden & Mackintosh
(1889), and the monoclinic polymorph huttonite by
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Hutton (1950). However, the uranium-bearing sili-
cates have been overlooked in many deposits because
their optical properties are identical to those of the
thorium-bearing species. Thorium-free coffinite was
first recognized by Stieff et al. (1955, 1956) in the
uranium deposits of sandstone type, of Phanerozoic
age, on the Colorado Plateau, where it occurs in
association with uraninite.

In recent years, coffinite also has been recognized
in fossil placers of the quartz-pebble conglomerate
type of Proterozoic and Archean age (Hiemstra 1968,
Robinson & Spooner 1982, Oberthur 1983, Smits
1984).

MINERALOGICAL AND CHEMICAL ASPECTS
OF (U, Th)-SILICATES

Except for thorite and thorogummite, the (U,Th)-
silicates are black. In hand specimen, thorite can be
yellowish grey, light olive to olive grey, or moder-
ate light brown to light brown (¢f. Rock Color Chart
distributed by the Geol. Soc. Am. in 1963) (Frondel
1958). The variation in color is due mainly to the
presence of trace amounts of ferrous and ferric iron.
Synthetic thorite is white, and synthetic coffinite is
blue (Fuchs & Hoekstra 1959). Thorogummite occurs
as fine-grained aggregates that are moderate reddish
brown to very pale orange, and is loosely referred
to as orangite (Glatthaar & Feather 1985). Huttonite
is colorless to very pale cream (Frondel 1958).

The reflectance of the (U, Th)-silicates in air ranges
from 7 to 10% (Uytenbogaardt & Burke 1971), but
is less than 1.5% in oil (Ramdohr 1961). The varia-
tion in the composition of the silicates does not affect
their optical appearance, which is identical for all
anhydrous and hydrated species.

The (U, Th)-silicates are microcrystalline and are,
as a rule, intimately admixed with a number of impu-
rities such as sulfides, gold, carbonaceous matter,
clay minerals, and silica. For this reason, it is difficult
to obtain a pure sample for the determination of its
correct chemical composition and physical proper-
ties. Even with the electron microprobe (EMP), it
is almost impossible to single out the microcrystal-
lites, and to avoid contamination by neighboring
minerals.
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F1G. 1. Geological map of the Witwatersrand Basin after the removal of overlying rocks and the location of goldfields

(modified from Borchers 1961).

The hydrated and anhydrous (U,Th)-silicates pos-
sess similar X-ray-diffraction (XRD) patterns.
However, with the substitution of uranium by tho-
rium, the d-values shift, and the cell parameters
increase (Speer 1980). In the Witwatersrand reefs,
XRD patterns are readily obtained from coffinite and
thorogummite, but the hydrated uranoan thorite is
metamict.

Frondel (1953) studied hydrated zircon species
and thorogummite from various parts of the world,
and proposed the following formula for thoro-
gummite: Th(SiO,),_,(OH),,. On the basis of in-
frared absorption spectral data, Stieff ez al. (1955,
1956) introduced a similar formula for coffinite:
U(SiOy),(OH),.

Thorite also forms a complete series with zircon
(Frondel & Colette 1957). Caruba ef al. (1985) pro-
posed the following general formula for these spe-
cies: (Zr,Th,U,REE)(SiO,),_,(OH),,»nH,0, in
which x varies from 0.2 to 0.8. Thorian zircon occurs

as a detrital component in the Dominion Reef,
whereas the metamict, radioactive zones in the zoned
zircon of the Witwatersrand conglomerates belong
to the same series.

All (U, Th)-silicates crystallize in the space group
D}p-I4,/amd in the tetragonal system (Fuchs &
Gebert 1958). They are isostructural with zircon,
including the hydroxylated species, and xenotime.

(U, Th)-SILICATES IN THE WITWATERSRAND. REEFS

(U, Th)-silicates are rare in most of the ore-bearing
reefs in the Witwatersrand, except for those that are
mined on the West Rand Goldfield (G.F.), which
belong to the uppermost sediments of the Witwaters-
rand Supergroup, and those mined in the Domin-
ion Reef west of the Klerksdorp G.F. (Fig. 1), which
is the oldest reef, located at the base of the sedimen-
tary succession. An estimated 25% and 30% of the
uranium that is held in detrital uraninite has been
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FiG. 2. Photomicrographs of thorian coffinite from the West Rand G.F. (incident light in oil). a. Well-rounded (black)
grain with specks of galena (white), and minute laths of pyrrhotite (white). b. Amoeboid grain on pyrite (white),
composed of coffinite (dark grey), gold (white), galena (white spots), phyllosilicates (black), and pyrrhotite laths
(white), enveloped by a film of uraniferous leucoxene (pale grey) mixed with quartz and phyllosilicates. ¢. Coffinite
(black) pigmented by galena (white) in kerogen. d. Kerogen (grey) enveloped by coffinite (black) enclosing minute
specks of galena (white), and larger pyrrhotite grains (white). e. Uraninite (grey) grain partly transformed to coffinite
(black), both pigmented by galena (white). f. Cluster of uraninite grains (dark grey) partly altered to coffinite (black)
spotted by galena (white), and enveloped by a film (paler grey) of mixed uraniferous leucoxene, phyllosilicates, and
quartz.

transformed in situ to (U, Th)-silicates in the West a result of geochemical interaction between degrital
Rand G.F. and the Dominion Reef, respectively, as  uraninite and silica from silica-saturated solutions.
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Fic. 3. Photomicrographs of (U,Th)-silicates in the Dominion Reef (incident light in oil). a. Uraninite (grey) grain altered
to (U,Th)-silicates (black), covered by (U, Ti)-bearing authigenic mineral (grey). b. Subhedral thorite grain, spotted
by galena (white) and intergrown with gangue (black). c. Well-rounded grain of cheralite (grey), enclosing thorian
zircon and thorite (black) spotted by galena (white). d. Detrital grain of chlorite (black) intergrown with lens-shaped
crystals and rectangular cross-sections of thorite (dark grey), dusted with galena (white). The larger white spots are

other sulfides.

F1G. 4. Partly chloritized (black) grains of pyrite (white)
cemented by a mushy mixture (pale grey) of anatase,
uraniferous leucoxene, coffinite, phyllosilicates, and
quartz (incident light in oil).

Microscopic description

On the West Rand G.F., thorian coffinite

occurs: (1) as rounded (Fig. 2a), irregularly shaped
or amoeboid (Fig. 2b) particles, (2) enclosed in kero-
gen (Fig. 2¢), or surrounding it (Fig. 2d), and 3) in
partly altered uraninite grains (Fig. 2e).

The coffinite is invariably pigmented by galena
that is smaller than 5 ym in size (Fig. 2¢), or by larger
grains that formed through the coalescence of the
small specks (Fig. 2a). The lead sulfide formed from
radiogenic lead, was partly inherited from precur-
sor uraninite, and was partly formed after the trans-
formation.

The round shape of some of the grains of coffinite
indicates that they were subjected to reworking. On
the other hand, the amoeboid particles must have
formed after burial. The latter variety is made up
of several phases, i.e., thorian coffinite, uraninite,
uraniferous leucoxene, gold, phyllosilicates, quartz,
and sulfides, and the admixture is enveloped by a
20-prn-wide film of mixed uraniferous leucoxene,
phyllosilicates, and quartz. The (U,Ti)-bearing
minerals found in the Witwatersrand are essentially
uranous titanates of the general formula
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FIG. 5. Photomicrographs of secondary uranium-bearing minerals on the West Rand G.F. (incident light in oil) a. Col-
loform, secondary uraninite (smooth, grey) and coffinite (black) around a remnant of primary uraninite (u, grey).
Galena (white) coalesced to larger grains. b. Colloform coffinite (black) onto which colloform pyrite (white) precipi-
tated. c. Replacement in situ of primary uraninite by secondary uraninite (smooth, grey) and coffinite along cracks
(dark grey), enveloped by a film of uraniferous leucoxene. Galena (white) coalesced to larger particles.

U, Ti,, O Two groups can be distinguished,
according to their UO,/TiO, ratio and optical
properties. The species with a ratio below unity are
referred to as uraniferous leucoxene, whereas those
above unity are called brannerite (Smits 1984).
Many of the coffinite grains seem to have formed
in situ from small groups of detrital uraninite, of
which the original shape may be retained (Fig. 2f).

In the Dominion Reef, hydrated (U,Th)-silicates
of variable thorium and uranium concentrations
commonly formed at the expense of detrital ura-
ninite, the replacement starting at the grain bound-
aries and along crystal planes and cracks (Fig. 3a).
Detrital thorogummite, thorite (Fig. 3b) and
metamict detrital grains of hydrated thorian zircon,
as large as 3 mm, which are optically identical to
thorite, also have been identified. Like thorite, the
hydrated thorian zircon is probably of pegmatitic ori-
gin. Well-rounded, pale-olive detrital grains of the
thorium phosphate cheralite (Fig. 3¢), which enclose
remnants of thorite and thorian zircon, also have
been found in the Dominion Reef, but are
uncommon.

In a reef on the Orange Free State G.F., spindle-
shaped thorite crystals enclosed in a detrital chlorite
particle (Fig. 3d) were observed once. On the same
goldfield, the partial alteration of uraninite that is
enclosed by kerogen to hydrated thorian coffinite or hy-
drated uranoan thorite also has been noticed in the
margin of well-developed, uraninite-rich seams of kero-
gen present at the base of the Beisa Reef (Smits 1984).

Coffinite has been positively identified by XRD
as a component of a uraniferous, leucoxenic sub-
stance (Fig. 4) found in most of the reefs, but not
in the Dominion Reef, to cement heavy minerals
locally within the reef. The substance is of earthy
habit and indefinite outline, and is referred to as
‘mushy anatase’, because the XRD patterns indicate
that anatase mixed with quartz and phyllosilicates
is the major constituent. The presence of radioac-
tive material is confirmed by the presence of sub-
microscopic particles of radiogenic galena.

Secondary coffinite and uraninite of colloform

“habit (Fig. 5a), commonly covered by a film of

secondary pyrite (Fig. 5b), have been recognized in
reefs in the northern part of the West Rand G.F. The
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texture and optical appearance of these minerals
differ distinctly from those of detrital uraninite and
the coffinite that formed in situ from the uranium
oxide (cf. Figs. 2e, 5c¢) and, like the absence of radi-
ogenic galena in the uraninite, is indicative of their
recent origin in a supergene environment. In contrast
to the coffinite pseudomorphs after uraninite, the
supergene minerals lack porosity and are homogene-
ous. The reflectance of the secondary uraninite is
lower than that of the detrital grains, whereas the
reflectance from the secondary coffinite is slightly
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higher than that of thé much older coffinite in the
reefs.

Composition of Witwatersrand (U, Th)-silicates

Compositions of (U, Th)-silicates and values of the
ratio of UO, or.(UO,+ ThO,) to SiO, from the Wit-
watersrand and other deposits in the world are listed
in Tables 1 to 3. The values above that for pure
coffinite suggest the presence of uraninite, whereas
lower values indicate excess silica.

TABLE 1. COMPOSITIONS OF COFFINITE FROM DEPOSITS OTHER THAN THE WITWATERSRAND

Ideal coffinite
G i Anhyd! Hydrated* 1 2 3 4 5 6 7 8t 9

uo, 81.80 73.75  48.37 2505 8749 7350 7790 63.14 8150 69.80
ug, 1763
U0, 45.50
Si0, 18.20 6.41 740 2692 2409 1524 1580 1742 1480 1420 15.40
PO, 269 210 218 0.09
CalO 191 372 234 300 118 188 026 203
PbS 0.38 037
PbO 0.52 .
8§ 080 3.00 582 0.39 :
Fe,0; 157 251 829 030 0.33
As,0, 1.44
V.0, 18.90 161 0.78
MgO 134 085 047 085 0.5
ALLO, 6.80 1288
H0 9.84 7868 652 1065
Cc 4.05
LOI 10.04
Total 100.00 10000 9653 99.10 9860 9937 0230 9667 84.18 97.18 87.38
UO,IS!O 4.50 4.49 627 155 182 443 485 447 432 574 453

* USIO, -2H,

1 Remainder: 'rho,, 0.2%; TIO,, 0.18%; BaO, 0.59%; K,0, 1.28%

LOI Loss on ignition

1 Colorado Plateau, USA (Stleff of al. 1956) 6 A ge of 2 from Y (Stmova 1981)

2 USSR (Filipenko 1968)

7 Karoo, South Africa (Smits & Uiterwijk 1983)

3 Spain (Arribas 1966) 8 Austria
4 Average of 10 samples from New Mexico (Kim 1978) 9 Yugoslavla] {Kurat ot al. 1877)
5 Average of 7 from Ce Plateau, USA
{Ludwig & Grauch 1980)
The analyses represent coffinite from of the type and trom hy veins, which do not contain
thorium’

TABLE 2. COMPOSITIONS OF THORIUM SILICATES FROM THE WITWATERSRAND AND
ELSEWHERE IN THE WORLD

Constituent 1 2 3 4 5 6 7 8
ThO, " 8146 67.33 4530 © 57.79 6260 56.80 30.31 4459
uo, 22.40 2.81 1150 2540 2159 3051
Sio, 18.54 1632 1380 1577 19.50 17.30 12.80 17.62
PbO 3.74 1.25 0.51 8.94 2.86
REE,O,* 1.86 0.97 1.10 1.64 2.06
Fe,0, 2.30 1.42 0.57
Ca0 0.59 1.65 0.30 1.12 1.21
P,Og 0.67 1.33 3.28 1.22
H,0 17.35 481 15,18 1.93
1Ot 1.50
Others 5.48 1.48 0.30 4.01 1.80
Total 100.00 100.00 98875 99.73 100.04 99.50 85.11 102.44
(UO,+ThO,)8I0, 4.39 4.39 4.87 3.84 3.80 475 4.06 4.26
Relative density 67 32to54 54 6.25 4.4 10 48

* Mainly yttrium and cerium

LOI Loss on ignition

1 ldeal thorite

2 1deal hydrated thorite

3 Baringer Hill, Texas (Hidden &
Mackintosh 1893)

4 Wodgina, W. A (Simy

5 New Zealand (Hutton 1950)

6 Utah, USA (Foord et al. 1985)

7 Hydrated uranoan thorite, Orange Free
State G.F., Witwatersrand

1930)

8 Hy 1 thorite, Dominion Reef,
Wltwatersrand (high total due to
y of the le)
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TABLE 3. ELECTRON-MICROPROBE ANALYSES OF COFFINITES FROM THE WITWATERSRAND

Sample (UO, +ThO,)/
reference vo, ThO, S8iO, PbO 8O, Y0, PO, CaO FeO TIO, ZrO, Total Sio,
Rf 602-1 4589 nd. 1433 582 177 502 473 051 040 - nd. 7857
2 6258 nd. 1287 550 216 114 168 083 096 177 nd. 8949
4 3960 nd. 945 1478 363 795 790 141 060 - nd. 8532
1306-1 5602 1594 1120 357 049 467 601 187 020 026 nd 10023 6.43
1308-1 3270 2543 2258 508 054 123 250 068 019 134 nd  9236*
WA 12162 6280 998 1485 602 063 197 202 103 - 006 nd. 99.36 4.90
1211/22 5443 800 1861 277 039 138 080 059 0.3 001 0.18 8739 3.38
31a 5433 1182 1624 6589 139 080 050 035 014 020 031 9298 4,07
PB833/1b edge 57.72 303 1248 011 006 158 107 089 033 1452f 0.17 9195 4.87
1b-2 60.17 1233 1252 085 020 181 148 115 003 012 - 91.67 5.79
2a-3 6703 562 1099 160 027 147 123 115 009 035 066 9054 6.61
Vir 705/1-1% 2158 3031 1280 894 351 164 328 112 128 007 043 8497 4.06
Beisa 1020-1 6356 867 1427 083 009 197 200 215 - 097 nd. 9451 6.08
GV 1345-2 6206 6536 11.28 827 115 122 299 1.51 - 030 nd. 9504 5.97
DR 1446/1a-1 4626 1490 1391 1394 231 034 003 075 047 078 048 94.16 4.40
1b-1 4833 160 11.33 1991 501 198 031 .011 037 025 067 809.88 4.40
3a2 4639 891 836 1240 320 088 034 030 051 040 037 8216 6.61
3b2f 3051 4459 1562 286 086 206 122 121 051 014 080 100.38 4.81

Rf, WA—Woest Rand G.F.; PB, Vir, Beisa—Orange Free State G.F.; GV—Evander G.F.; DR—Dominion Reef
* Al coffinites contaln Al,O, below 1.5%, except for sample Rf 1308-1, which contains 5.57%. The alumina is present in phyllosilicates
t Coffinite grains are often coated by titania, which causes the high titania content in the edge analysis of PB 833/1b

n.d. Not determined
- Not detected

Because of the microcrystalline and porous charac-
ter of the (U, Th)-silicates, the spots for quantitative
analysis on the EMP were selected with care by the
combination of back-scattered electron (BSE)
imagery and energy-dispersion analysis, to ensure
that single phases were being analyzed. EMP ana-
lyses of the (U, Th)-silicates from the West Rand G.F.
(Table 3) indicate that these consist of anhydrous
thorian coffinite of negligible water content.

The compositions of (U,Th)-silicates that are
avail-able from the Witwatersrand and other deposits
in the world are plotted in triangular (U + Th)-Si-
H,0 and U-Th-Si diagrams (Figs. 6 and 7, respec-
tively). In most cases, the water for the silicates from
deposits elsewhere was determined chemically.
However, the composition of the silicates from the
Witwatersrand was determined on the EMP and, in
these cases, it was assumed that water could account
for the difference between 100% and the recorded
totals.

The composition of the detrital thorian zircon in
the Dominion Reef (Table 4) is similar to the ‘cyr-
tolite’ of Ellsworth (1928), a name that has since been
discredited. The hydrated (Zr,Th)-species contain sig-
nificant amounts of yttrium and phosphorus.
Yttrium could have substituted for zirconium, and
phosphorus for silicon, but xenotime, which is isos-
tructural with zircon, also could be present. The
moderate reddish brown patches in the core of this
mineral appear to be enriched in iron (analysis 6).
When the black thorian zircon was heated to approx-
imately 1000°C, it turned to a greyish pink, translu-
cent zircon.

The secondary uraninite and coffinite from the

West Rand G.F. differ distinctly in composition from
thé detrital uraninite and the coffinite that formed
in sity from the uranium oxide. The secondary
minerals show low analytical totals, and the familiar
specks of radiogenic galena are absent, whereas those
inherited from the detrital uraninite coalesced to
larger grains (Figs. 5a, ¢). The uraninite contains only
trace amounts of thorium, and is therefore pitch-
blende, whereas the thorium content of secondary
coffinite is simijlar to that of the original uraninite
(Table 5).

The compositions of secondary pitchblende are
given in Table 5, and are compared with the com-
position of detrital uraninite in well-packed (Fig. 8a)
clusters of a diameter up to 5 mm, which consist
entirely of grains of uraninite. Some of the uraninite
has been transformed to coffinite (Fig. 8b). This type
of agglomeration occurs in reefs in the north of the
West Rand G.F., where the concentration of ura-
nium in the reefs is particularly high, and gold is vir-
tually absent.

EMP analyses of the mushy anatase recorded the
presence of substantial amounts of uranium,
titanium, and silicon (Table 6). The BSE image of
the mushy anatase (Fig. 9) indicates that it is com-
posed of a submicroscopic intergrowth of various
phases. Even at high magnification, the extremely
fine intergrowth cannot be resolved, and differenti-
ation between discrete phases is difficult. Galena
stands out because of the high atomic number of
lead, but the BSE intensities of the uranium-silicon
and uranium-titanium phases of varying composi-
tion overlap, so that the individual particles cannot
be distinguished by their grey tone.
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H,O

H»O (combined water)

(U,Th)(OH),

20 U+Th Si

(U,Th)SiOq)

(U, Th)SiO4

Si

@ ideal thorite

@ ideal thorogummite
Ideal anhydrous coffinite
Ideal coffinite

®  Witwatersrand
Secondary origin, Witwatersrand

} Coffinite
Elsewhere

¥ Elsewhere and two in Witwatersrand

¢ Elsewhere } Thorite

F1G. 6. Compositions of (U,Th)-silicates plofted on the basis of at.% in the (U + Th)-Si-H,0 system. The composi-
tions lie on either side of the tie line between (U,Th)SiO4 and H,0, and there is no specific spread along the join
between (U,Th)(OH), and (U,Th)SiO,. Hence water is present as absorbed water, and the correct formula is

(U,Th)SiO4enH,O (1 < 4).

For the above-mentioned reasons, the number of
phases that are represented in the bulk compositions
(Table 6) is uncertain. As indicated by XRD, the bulk
of the titanium is present as anatase, some of which
could occur as metamict uraniferous leucoxene. The
presence of coffinite, which is positively indicated

by XRD and supported by the presence of sub-
microscopic specks of radiogenic galena, could not
be confirmed optically. Except for the first compo-
sition (Table 6), the ratio of (UO,+ ThO,) to SiO,
is lower than that in ideal coffinite, which points to
the presence of free silica.
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@ Ideal thorite
¢Ideal anhydrous coffinite

® Witwatersrand
® Sccondary origin, Witwatersrand Coffinite
0 Elsewhere

v Elsewhere and two in Witwatersrand} Thorite
¢ Elsewhere

si

Si

-
&

ThSiO,

Th

A v

.
60 40 20

FIG..7' . Compositions of (U, Th)-silicates plotted on the basis of at.% in the U-Th-Si system. The distribution of the
silicates suggests that a continuous series exists between the end members, as was established for the synthetic products
(Fuchs & Gebert 1958).

TABLE 4. COMPOSITIONS OF MINERALS OF THE THORITE-ZIRCON GROUP

Hydrated Metamict zircon* Dominion Reef
Zircon zircon —  Cyrtolitet “Orange Black Black
Constituent 1 2 3 4 5 ] 7 8
Zro, 67.20 50.79 38.72 56.33 43.03 3044 3572 21.02
Sio, 32.80 23.08 22.13 30.16 22.86 1953 2257 13.83
uo, 1.63 0.12 1.40 2.37 116  11.31
ThO, 0.46 - 0.66 463 422 599
PbO 0.75 0.26 n.d. 1.37 275 7.76
SO, 0.41 0.12 n.d. 0.56 085 8.8
Y,0, 8.11 0.01 6.76 6.13 737 531
Other REE nd. n.d. 0.34 nd. nd. n.d.
FeO 0.30 0.51 4.62 14.03 226 3.87
MnO n.d. n.d. 3.12 n.d. n.d. n.d.
Ca0 1.50 0.27 1.58 0.62 122 112
P,0, 5.66 0.19 3.53 1.20 152 1.36
LOI 26.13 nd. n.d. 12.54 nd. nd. nd.
Total 100.00  100.00 79.67 87.97 100.44 80.88 79.64 80.15
Elements not
accounted
for - - 20.33 12.03 - 19.12 2036 19.85
*  Analyses from the Witwatersrand n.d. Not determined
1t  Analysis from Ellsworth (1928) -~ Not detected
LOI Loss on ignition REE Rare-earth elements
DISCUSSION form two continuous series. Fuchs & Gebert (1958)

established experimentally that a continuous series
Chemical data indicate that (U, Th)-silicates occur exists between the anhydrous members, whereas, for
as anhydrous and hydrated species, and that they the hydrated species, the compositional data (Fig.
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TABLE 5. ELECTRON-MICROPROBE ANALYSES OF URANINITE AND COFFINITE OF PRIMARY AND SECONDARY ORIGIN

FROM THE WEST RAND G.F.

ON THE WITWATERSRAND

Sample reference uo, ThO, SO, PbO 8O, Y0, PO, CaO FeO TiO, ZrO, Total
Uraninite concentrate 7140 330 130 1420 200 060 nd. 080 230 nd. nd. 9590
Primary uraninite clusters

WRC 1456/1-1 6383 7.89 245 2233 231 - 086 0.18 0.15 027 0.13 100.40
12 7420 260 114 1584 125 121 001 227 062 0.02 001 9897
Alteration product of
clustered uraninite
WRC 1456/1-3 3800 1063 5.02 2965 6558 057 222 045 038 0.18 091 93.59
1-4 4722 642 425 2500 463 063 118 064 064 027 052 91.40
Secondary colioform
pitchblende
ECh 1457/1-1 6766 024 18t 005 032 009 056 070 081 069 056 73.49
1-3 7135 026 200 061 069 016 045 050 134 047 050 78.33
1-3a 7400 028 082 065 002 047 036 070 123 055 021 79.29
Remnant of primary
uraninite
ECh 1457/1-2 6065 296 148 783 101 017 046 043 047 053 025 76.24
Secondary coiloform
coffinite -
Rf 1452/1-1 65.09 4.52 13.54 025 017 144 204 097 0.17 019 036 88.74
12 6388 588 1095 163 238 096 178 081 071 033 045 89.76
1-3 6786 496 903 258 086 090 155 091 040 0.25 042 8967
1-4 7268 385 614 328 073 051 097 084 036 030 026 89.92

n.d. Not determined
-~  Not detected ECh East Champ d'Or G.M.

Rf

Randfontein Estates G.M.,

WRC West Rand Consolidated G.M.

Randfontein Section

Fic. 8. Cluster of uraninite (incident light in oil). a. Well-packed uraninite (grey) grains pigmented by galena (white),
some of which has been redistributed into a crack and interstitial voids. b. Similar cluster in which uraninite (pale
grey) has been partly altered to coffinite (black).

7) indicate that it is a continuous series. The diagram
also shows that the coffinite found in the Witwaters-
rand contains a significant thorite component.

On the basis of existing names, the end members
of the two series are, respectively, anhydrous
coffinite and thorite, and coffinite and thorogum-
mite. Uranium-bearing thorite species should be
referred to as uranoan thorite (Palache et al. 1944)
and, analogous to this name, the thorium-bearing
coffinite should be called thorian coffinite (Nickel
& Mandarino 1987).

Anhydrous coffinite (Table 2, analysis 9) has been
reported once from metamorphosed sandstones of
Permian age (Kurat ef al. 1977), and has since been
identified in the Witwatersrand placers (Smits 1984).
The Permian anhydrous coffinite is of hydrother-
mal origin and coexists with pitchblende. Both of
these minerals are devoid of thorium, whereas the
silicate in the West Rand G.F. is an anhydrous
thorian coffinite.

Quantitative analysis on the EMP disclosed that
the (U,Th)-silicates from the Dominion Reef are
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TABLE 6. ELECTRON-MICROPROBE ANALYSES OF COFFINITE ASSOCIATED WITH MUSHY ANATASE
(UO, +ThO,)/

Sample reference U0, ThO, S8i0, PbO SO, Y,0, PO, Ca0 FeO TiO, 2ZrO, Total Sio,
Bv 1415/2-1a 4085 180 941 165 015 089 057 016 036 1648 022 7254 453

22 2413 042 854 265 062 051 034 057 101 4761 004 86.64 2.87

23 37.71 119 1259 332 057 044 030 062 054 2789 0.11 8528 3.09
WR 824/1-1 4848 198 1295 104 020 108 107 068 052 2200 066 90.66 3.90

1-2 3843 2.18 1169 056 0147 112 099 064 083 3386 062 91.09 3.47

Bv Blyvooruitzicht G.M.
WR Western Reefs G.M.

chiefly hydrated thorian coffinite, and those from
the West Rand G.F. are anhydrous or hydrated
thorian coffinite, whereas uranoan thorite is uncom-
mon (Table 3). Metamorphism could be responsi-
ble for the dehydration of the (U, Th)-silicates, which
could initially have been hydrated. In many of the
coffinite grains, the thorium content was higher than
that of the original uraninite, which suggests that
some of the uranium was removed during the alter-
ation process. The iron that was initially present in
the uraninite was not taken up by the neoformed sili-
cate, and now occurs in the form of minute laths of
pyrrhotite (Fig. 2a), which could represent a product
of the sulfidation of hematite. Furthermore, phos-
phorus and yttrium are usually present in quantities
of less than 5%. These elements can be incorporated
in the coffinite structure, or may occur as a discrete
phosphate that is intergrown with the coffinite.
Xenotime has been identified in some of the coffinite
grains, but it should be noted that the uranium phos-
phate ningyoite has not been identified anywhere in
the Witwatersrand.

Figure 6 shows that the (U,Th)-silicates are dis-
tributed on either side of the tie-line between H,O
dnd the ideal composition of anhydrous
(U,Th)SiO,, and that no specific concentration of
species is found along the latter tie-line between
(U,Th)(OH), and (U,Th)SiO,. The lack of compo-
sitions along this tie-line supports the conclusion
drawn by Mumpton & Roy (1961) that the hydrated
thorite and coffinite species contain molecular water
rather than hydroxyl. In the same year Abdel-Gawad
& Kerr (1961) established, on the basis of infrared-
absorption spectra of coffinite that is free of organic
matter, that the water is present as absorbed water.
The correct formula for the hydrated (U, Th)-silicates
is therefore: (U,Th)SiO,+nH,0. Figure 6 indicates
that generally, » does not exceed 4. The six coffinite
species that show a water content of more than 25%
could well contain phases that were not determined
during the EMP analysis. The few silicates of very
high silica content that are found elsewhere in the
world probably represent species that are finely inter-
grown with free silica.

Genetic aspects

Because coffinite and uraninite coexist in the

Colorado deposits, Langmuir (1978) assumed that
the stability fields of uraninite and coffinite over-
lap, but that coffinite would be stable relative to ura-
ninite at silica concentrations above those of the
groundwater, which is, on average, 107 mol/L, but
would be below the level of saturation with amor-
phous silica. Through the use of the transmission and
scanning electron microscope and the EMP, Nord
(1977) established that coffinite coexists in these
deposits with amorphous silica and uraninite, which
has compositions ranging from UO, to UO,g.
From these data, Langmuir (1978) concluded that
UO, ¢4 is the upper limit of composition of the ura-
ninite that coexists with coffinite and amorphous sil-
ica at low temperatures.

Hemingway (1982) proposed that coffinite precipi-
tates from a uranium-silica gel when the conditions

FiG. 9. BSE image of mushy anatase at high magnifica-
tion. Galena specks (white) < 1um indicate the presence
of radioactive matter (pale grey). The black areas
represent quartz or phyllosilicate. Bar scale: 5 um.
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are unfavorable for the rapid dehydration and alter-
ation of the gel. Excess silica would crystallize as
either quartz or another polymorph of silica, and
excess uranium as uraninite, The.secondary uraninite
and coffinite found in reefs in the north of the West
Rand G.F. (Fig. 5a, b), which are believed to result
from supergene activity, could indeed have formed
by this type of precipitation mechanism. The rela-
tionship between the two secondary products differs
distinctly from that found between detrital uraninite
and the portion that was converted to thorian
coffinite in other reefs on the West Rand G.F. (¢f.
Figs. 2f, 3a, 5a). In this instance, the uraninite was
converted in situ into coffinite through the direct
uptake of silica from silica-saturated solutions, which

THE CANADIAN MINERALOGIST

started at the surface of the grain and along the
cracks (Figs. 2a, 3a) and proceeded inward. As was
proposed by Langmuir (1978), it is possible that ura-
ninite was first altered to either a hydroxide or an
oxide until the composition of UQ, o3 was reached,
and was then altered to coffinite. Because of the
uptake of silica, the conversion of uraninite to
coffinite involved a considerable increase in volume.
This process could therefore only have taken place
soon after deposition, when the sediment was still
porous enough to allow solutions to circulate freely
and the grains to expand during their alteration.
The ncoformed laths of pyrrhotite that are
associated with the uraninite-coffinite transforma-
tion (Figs. 2a, b) suggest that alkaline and reducing
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FiG. 10. Eh-pH diagram in the U-0,-CO~H,0 system at 25°C and 1 atm., a typical
groundwater of P(CO,) =102 atm. and a total dissolved-uranium concentration of
106 M. H & G outlines the boundary of the stability field as defined by Hostetler
& Garrels in 1962 (after Langmuir 1978).
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conditions (Fig. 10) prevailed during the conversion.
The environment would have been less reducing had
the pyrrhotite represented sulfidized hematite.

SUMMARY

Fuchs & Gebert (1958) established experimentally
that a continuous series exists between the anhydrous
end-members whereas, for the hydrated members,
the chemical data for (U, Th)-silicates from the Wit-
watersrand and elsewhere in the world indicate that
the series is continuous

On the basis of existing names, the end members
are, respectively: anhydrous coffinite and thorite,
and coffinite and thorogummite. Uranium-bearing
thorite species are referred to as uranoan thorite and,
analogous to this name, the thorium-bearing
coffinite is called thorian coffinite.

Except for thorogummite and hydrated thorite of
very low uranium content, the (U, Th)-silicates pos-
sess similar physical and optical properties. In the
Witwatersrand, thorian coffinite and thorogummite
can be identified by X-ray diffraction, but uranoan
thorite is metamict.

Infrared spectral data indicate that the water in
the hydrated coffinite is present as absorbed water
(Abdel-Gawad & Kerr 1961), which is confirmed by
the absence of a specific concentration of coffinite
along the tie-line between anhydrous coffinite and
(U,Th)-hydroxide. The correct formula for the
hydrated (U,Th)-silicates is (U,Th)SiO,nH,0,
where n lies between 1 and 4.

Textural relations indicate clearly that the coffinite
in the reefs of the Witwatersrand is the product of
the direct transformation of detrital grains of ura-
ninite through the in situ uptake of silica.

The secondary coffinite and uraninite of relatively
recent origin in the Witwatersrand precipitated from
detrital uraninite in a supergene environment. The
two minerals are readily distinguished from the older
counterparts by their colloform habit, lack of
porosity, and different reflectance, and by the
absence of galena.

Both experimental and natural conditions indicate
that, for the formation of (U, Th)-silicates, adequate
amounts of dissolved silica and an alkaline and
reducing environment are required.
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