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SYNOPSIS 

(U,Th)-silicates form two complete series of anhydrous and hydrated species with 
general formulae (U,Th)Si()4 and (U,Th)S!0 4«H;0 respectively. The end-members 
of the anhydrous series an- anhydrous coffinite and thorite, and those of the hydrated 
series, coffinite and thoiogummitc. 

Although the silicates are relatively rare in nature, coffinite is a common ore 
mineral in uranium deposits of the sandstone type. In the Witwater.'rand reefs, 
(U.Th)-silicates are extremely rare in most reefs, except for the Elsburg Reefs on the 
West Rand Goldfield and the Dominion Reef. In these reefs deirital uraninite has 
been partly or entirely transformed to (U.Th)-silicates of coffinite composition, but 
thorite and thorogummite of deti ital origin are also four d in (he Dominion Reef. 

In leaching tests on polished sections of rock samples containing (U,Th)-silicates, 
a dilute sulphuric acid solution, to which ferric iron had been added, was used as 
the lixi.iant. It appeared that the dissolution of coffinite is less rapid than that of 
uraniniit ind uraniferous leucoxene. However, the reaction of silicates of high thorium 
con;?r:*. is .nuch slower, and was not completed during the tt.t.. 

SAMEVATTING 

(U.Th)-silikate vorm twee volledige reeksc waiervrye en gchidrateerde spcsics 
waarvan die algemene foimules onderskeidelik (L ,Th)Si04 en (U,Th)Si04 rtH;0 is. 
Die einddele van die watervryc serie is walervrye coffiniet en toriet, en die van die 
gehidrateerdc scrie, coffiniet en torogummiet. 

Hocwel die silikate betreklik skaars is in die natuur, is coffiniet 'n algemene 
ertsmineraai in die sandsteentipe uraanafsettitig.. (U.Th)-silikate is niters skaars in 
die mecste riwwe van die VViivvatcrsrand bchalwc in die f Isburg-riwwe van die 
Wesrandie goudveJd en die Dominion-rif. In hierdie riwwe is detritnlc uraniniet 
gedeeltelik of geheel en al omvorm in (U.Th) silikate met 'n coffinietsamestelling, 
maar toriet en torogummiel met 'n detri'ale oorsprong kom ook in die Dominion-rif 
voor. 

'n Verdunde swaelsuuroplossing vaarhv ferriyster gevoeg is, is as die loogmiddel 
gebrnik in loogtoetse op gepoleerdc snittc van rotsmonstcrs «at <U,'I'h)-silikale beval. 
Dil wil voorkom of coffiniet sladiger as uraniniel of tiraanhondende lenkokseen oplos. 
Die reaksie van silikale met 'n hoc (oritiminhoud is egter haic stadiger en is nic tydens 
die toetse heclteinal voltooi nie. 
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1. Introduction TABLET 

(U.Th)-silicates occur in two series, comprising the 
anhydrous and the hydrated species. On the basis of ex
isting names, the end members are respectively: 

anhydrous coffinite and thorite, and 
coffinite and thorogummitc. 

Uranium-bearing thorite species are referred to as ura-
noan thorites1 and, in analog) with this nn;ne, the 
thorium-bearing coffinites are called thoroan coffinites. 
These two names are then preceded bv 'anhydrous' it 
water is absent, and 'hydrated' if it is present. The 
silicates belong to the tetragonal crystal system, and are 
isostructural with zircon and \enotime. The monocimic 
mineral of the saine composition as thorite has been 
named huttonite1. It is the stable phase of ThSi0 4 at the 
liquidus temperature, I975 + 5 0 = C \ 

Of the natuial thorium-bearing silicates thorite 
(ThSi04) was first described by Berzelius4 m 182'). 
thorogummite by Hidden and Mackintosh' in 1889, and 
huttonite in 1950 by Hutton6. In 1953, Frondel , «ho 
studied hydrated /ireon species and tiiorogumi;iites from 
vanous parts of the world, proposed the following 
chemical formula tor thorogummite: lh(Si04)i ,(OH)4, 

Uranium-bearing silicates have been overlooked in 
many depos'ts, including the Witwatetsrand, because 
their optical properties are identical to those of the 
thonum-bearir.g species. It was not untii 1955 thai the 
uranium silicate was recognized by Stieff et al"'' in l a 
Sal no. 2 Mint on the Colorado Plateau in the U.S.A.. 
where it is a major constituent of the rock. The authors 
named the mineral coffinite, after Coffin, who was th<-
first to study these sandstone-type uranium deposits of 
Phancrozoic age. From a study of its infrared absorp
tion spectrum, Stieff et al.'' proposed a chemical formula, 
U(SiÓ4)i - ,(OH) 4 l, similar to that of thorogummite 
Since 1955, coffinite has been identified in many more 
deposits of different genetic origins, the localities of which 
are listed in Table I. « 

In the Witwatersrand, (U.Th) silicates arc rare in most 
of the reefs, except for the Dominion Reef west of 
Klerksdorp and the F.lsburg Reefs on the West Rand 
Coldficld (Figure I). In contrast to the uraninites, which 
are of detrital origin, the (U,Th)-silicates occurring in the 
Witwatersrand precipitated after the sedimen' was 
deposited, as a resuil of geochemieal interaction between 
uraninitc and circulating solutions 

In 1962, Ortlepp" reported the presence of mctamicl 
hydrated uranothorite in the Dominion Reef, which 
occurs in the lower portion of the Wituatersrand Super
group (Table 2). Coffinite was first recognized in the same 
reef by Hiemstra20 in 1968. The occurrence of coffinite 
in the quartz-pebble conglomerates of the Blind River-
Elliot lake deposits was mentioned in 1982 by Robin
son and Spooncr"16. 

In the present investigation, the (U,Th)-silieatcs occur
ring in reefs of the Witwatcrsrand were studied in more 
detail. The gold nines from which rock samples were ex
amined are indicated on the 'nap of the Witwaters-and 
Basin in Figure I. 

/ oci'tities where coffinite has been identified 

Location 

Colorado Plateau Province 
C olorad * Pla'cau Province 
( olorado Vlaleau Province 
I olor.ulo Plat at 1 P'ovii.ce 
Colorado PIaiea>: Province 
Colorado Plateau PIOVIIK • 
Colorado Plat-.-au IY>iii..c 
B:i!U'r dace Recior, 

New /calanu 
(.oniwall. tnyland 
I nuncio cd locainv. 

I S.S.R. 
Ocrma'iv 
W i:\*. aicrsr.'iid 

Somh Mr:..i 
lndi^clo>ed lociluv 
Saskatchewan. ( arada 
\ i istna aiivl ^ ueoslavia 
\ o r t h Bohemia. 

Czechoslovakia 
SUucnia a:uf \ueii>l.iu.. 
l-ilioi I akc District. 

( an.;da 
Kaio". Soinh \trK.i 
W ' t^al t r - rand. 
s.m;!i V i i u 

irancv. Portugal. 
W ' t Ocrnunv 

\ \ iiwatcrsrand. 
South Atrica 

Witwa.ersrai.d. 
Sout'.i V rnca 

Near Author 

!'»55 i Stictt ,7 ul." 
i'*55 ! Crimer and Smi th" 

I ¥56 j Kock-tra and l u c h s ' 1 

I * : \io.-neh'-' 
ITS : K m i " 
IVSO 1 udwic and l . r amh ' 

W i Harrison c; . ; / . " 

IV?" Reed and (laridec ;" 

i'>-•• S I.i>lor an j Harrison 

!1>?S : I ili[-cn o " 
I WO Strun/ .:.id SceliecC ' 

iWS Hiemstra'" 
l '>" Duhiriciuik cr a!. 
! V " RII:IN.III--" 

IV" Kurat <•:• .;/.'" 

ivso Scharm c ,// ' : 

IVSl Sirno-.i" 

I'M: KohuiNOii and S;-.ooil,'i ' 

ivsl •., -in .,nd. I iter-» i t ," 

IVs' Oivrthur" ' 

I ' m / n c l n and Dar.Vf ' 

IVS4 Smitv " 

"W5 (il.ittha.ir and I cither' 

T > r J I F 2 

Stratigraphy of the ]l itwutersrand Supergroup 

I Supcrsroiip | 
(• -f-

Wiiwatcr-.rand 

Subgroup 

[ furflontcin 
Johannesburg 

^ !^nn,.'vr,>ttn 

J (iovcrnmcnl 

' Hospital « i l l 

( Syfcrfontcm 

( Rhcnostcrhock 

I 

2. Review of the Available Data on (U,Th)-siHcates 

2.1. Modes of Occurrence 

In nature, thorite has been found as a primary mineral 
i;j pegmatites, less commonly in hydrothermal veins, and 
as a dctrital component in beach sands and palacoplacers 
or modern placers. In recent years, the mineral has also 
been reported in volcanic rocks. The most recent find was 
in Utah, where transparent, grcyish-grccn crystals of ura-
noan thorite precipitated in cavities in an alkali rhyolite'4. 

file:///enotime
file:///iistna
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1 Wesl Rana Consolidated 
2 Cooke Section 
3 Western Areas 
4 West Dnefontein 
5 Blyvooruitjichi 
6 Western Deep Levels 
7 Hirtebeestfontem 
8 PLffelsiontr»in 
9 Vail Reefs East 

70 Western Tier's 
11 Vaal Ree's South 
12 President Brand 
13 President StPyn 
14 Harmony 
15 Virginia 
16 Merriespruit 
17 Beisa 
18 Dominion Reet 

(Rietkuil. Bramleyi 
19 Afrikaner Lease 
20 Grootvlei 
21 Manevale 
22 Leslie 
23 Kinross 
24 Winkelhaak 
25 Bracken 
26 Durban Roodepoor! Deep 
27 Randfontem Estates 
28 Luipaardsvlei 
29 East Champ d Or 

FIGURE 1. Location of gold mines from which rock samples were taken tor microscopic studies (after Borchers'2,1961) 



(L IhfSlllC AILS IN m t WITWArtRSRAND 

In pegmatites, thorite is associated with /ircor., hydrated 
minerals of the thorite-zircon group (formerly referred 
to as cyrtolite and malacon), monazite. and (Ta, Ti, Nb)-
bearing multiple oxides of the general formula AB:0<-. 
Several of the minerals in the Dominion Reef reflect the 
presence of pegmatites in the provenance area. 

Thorogummite is the alteration product of primary 
thorite, thorianite. or the yttrium-bearing thorite 
yttrialite". Huttontte. which was first identified in nature 
in beach sands from New Zealand, is believed to be of 
pegmatitic origin". The mineral has since been identified 
in hydrothermal v.•ins"'and in metamorphic rocks . 

Primary coffinite occurs in hydrothermal veins, but 
species of authigenic origin are particularly common in 
uranium deposits of the sandstone type, including those 
in the Karoo, west of Beaufort West, South Africa" . In 
recent years, the anhydrous and hydrated forms of coffin-
ite have also been recognized in uranium deposits of the 
quarlz-pebbie conglomerate type of tiarly Proterozoic 
age. This coffinite was formed in siiu from detrital 
uraninite, without the intermediate precipitation of 
oxidized, nydrated uranyl minerals. 

In a hydrothermal environment, coffinite is associated 
with pitchblende, a term which was originally used to 
denote uranium oxide devoid of thorium'". The silicate 
forms ai a lower tempera'urc than the associated pitch
blende, which is usually the major uranium-bearing con
stituent of hydro'hermal veins. However, in l%6 
Arribas'"* reported that, in epithermal vein deposits in 
Spain, the abundance of uranium silicate (of the hydrated 
form) was equivalent to that of pitchblende. 

Coffinite is best known from the uranium deposits of 
the sandstone type in the Colorado Province, where it 
occurs in association with uraninite and vanadium 
minerals. All three of these minerals require reducing con
ditions for their formation. Both of the uranium minerals 
are practically devoid of thorium. The coffinite precipi
tated chiefly at the expend T organic matter, but also 
occurs as disseminations in the sandstone''. 

2.2. Mineralogical Aspects 
2.2.1. Physical and Optical Properties 

The physical and optical properties of thorium-bearing 
silicates arc listed in Table .1. and 'hose of colTinite in 
Table 4. 

The variation in composition of the (l'.Th)-silicates 
does not affect their optical appearance, which is identi
cal for all anhydrous and hydrated species, with the ex
ception of those thorium-bearing silicates that do not con
tain uranium, or contain only trace amourts. 

In the absence of uranium, thorites ;ire light olive to 
olive grey, or moderate light brown to light brown". ( flic 
colour descriptions follow those of the Rock Color Chart 
distributed by the Geological Society of America".) 
These colours arc probably imparted by trace amounts 
of ferrous or ferric iron. Synthetic thorite i>- while, and 
synthetic coffinite, blue1'. I horogummiie occurs as fine
grained aggregates, a moderate reddish brown to vrry 
pale orange in colour. Orange thorite and thorogutnmite 

are loosely referred to as orangit<''\ Huttonite is colour
less to very pale cream''. The polym jrph is isostructural 
with the phosphate-bearing thorite cheralite and with 
monazite. All three belong to the space group P2|/n. 

The leflectance of silicates is much lower than tha' of 
uraninite. In air. the reflectance ranges from 7 to 10 per 
cent4", but in oil the mineral is sooty black, and the reflec
tance is less than 1,5 per cent4*1. 

AH the (U.Th)-silicates belong to the space group 
Dih - I4| amd in the tetragonal system'". They are iso-
stiuctural *ith :rhcon, including the hvdroxylated zircon 
species, and xenotime. so that additional optical and com
positional information is required tor their identification. 

2.2.2. X-ray Diffraction 
The hydrated and anhydrous species of the (U.Th)-

silicates produce identical X-ray-dii'fraction (\RD) pat
terns. However, with th'' substitution of thorium for 
uranium in the lattice, the r/-spacings increase because of 
the larger ionic radius ot thorium. 

XRD patterns of U- anil Th-silicates found in the Wit-
watersrand and elsewhere in the world are listed in Table 
5. Although the coffinites in tr e Witv.atersrand are often 
mixed with several other phase-, XRD patterns are readily-
obtained. In contrast to the thorogummite (orangite) 
from the Dominion Reef (Table 5, no. 6). the hydrated 
uranoan thorites of the Witwatersrand occur in the 
metamict state, and are therefore amorphous to X-rays. 

Metamict minerals are hydrated. and are structurally 
isotropic. The presence of radioactive elements may lead 
tr> the destruction of the lattice but. for unknown reasons, 
not all minerals that contain radioactive phases undergo 
metamictization. A study of thorites from the Scerie 
pegmatite. Colorado4 . in which the degree of melamicti-
zation varied, established that the process causes a 
decrease in relative density and refractive indices. 

2.3. Chemical Aspects 
I.ike the thorium-bearing silicate species, coffinites are 

mierocrystallinc. In sandstone-type deposits, they are, as 
a rule, intimately admixed with a number of impurities 
such as sulphides, gold, carbonaceous matter, clays, and 
silica. I or this reason, it is difficult to obtain a pure 
sample for the determination of its correct chemical com
position and physical properties. F.ven with the electron 
microprobe (fiMP). it is almost impossible to single out 
the microerystallitcs, and u avoid contamination by 
neighbouring minerals. Althni'gh the accurate determina
tion of water is not possible v. ith the FMP, the data for 
Wiiwatersrand (U.Th)-silicat(s have provided new infor
mation on the composition (I these minerals. Tabic 6 
summarizes the compositions of thorium-bearing silicates 
from the Witwatcrsrand and elsewhere. The compositions 
of colfmites from deposits oti -r than the W iiwatcrsrand 
are listed in Table 7, and those (rom (he Witwatcrsrand 
are listed in Tabic X. Table 9 shows IMP data for (U, Th)-
silicatcs from the Dominion Reef from (ilatthaar and 
leather". I rom Tables 6 to >•', it appears thai some of 
the ratios ol l!C); to SiO... or (tJi>> * IhO ;) to Si()< arc 
higher than those for ideal co ! finite. These higher ratios 
suggest the presence of tiraninitc; low ratios, on the other 
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TABLE; 6 

Compositions of thorium silicates from the Witwutersrand and elsewhere 
(All values arc expressed in percentages) 

5 " . " 4 21.20 Í i - .M ' 5f,.S(l U.9i l . ' ( ' . ' I 44 .54 
: . s i \~.~~ 1 t o d ."l-5 .-in '1.14 21.54 ' 0 . 5 1 

1 ' . " " 14 .4! ;.).5ii r . ' n 12.so r.(0 
i . : s n.r «i.: 1 14, MS s .44 :.ftf. 

i i . 1 ' " i'..*" I . I " l . M .' '16 
2.S4 2. ,-o \ . 4 : 0 . 5 -

I / O 11.10 ; . i 2 i . : i 
O.ftO o . i o 

O.N.S S.S4 

1.1.1 - • ' ' ' 1.2* 1.2: 

15.IN I.'.-».' 1.41 

' « . " • • > 4S.44 100.114 44 

' . S 4 : . 6 ' i l.SII 4 

'1.25 4.4 1 

s \ l l 
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I.SO 

102.44 
4.2ft 

IW.'J> s.mJ V 'u /e.il.md' 
Xik.iU i l ivol i te ' ' 1 

l)c[ii:.il iit.tnothonie. Ílnniininn k o l (Ortlcpp' . itkonipiete .m.ilvsi-
!;•.•! I ...tl I l l . l l lO lh. ' l lk ' , \ IIL'illi.t < | . \1 i M l l l t l ' k l 
Xlti'ivil in.imnitc. Dominion KLVI iXlmtck) 
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1 H ; C 

1 O l 1 

O t h e r s 

: i o i . i l 

• a < ) . • i i i o - i 1 S l ( l 

»1.44 45.511 

2 1. ' ft 22 .40 

I 1.04 1 1.4(1 

2 . 1 ' ' . ' . "4 
ft.',4 1 .Nft 
0.S5 

0.41 0 ,54 
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i.r> K.6" 

4 . i i 4.SI 
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i>\ir >)S.-s 

4,"S 4 . S " 

4,4 5.4 

* XtainK vitriiKii aiKl :criuii i. KM r.iu'-c.inti '.'lenient-
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1 kte.t! /ireon 
2 Ideal l iulrowlateil /i..."<;. / r iS iO, I , lOHn. S 
.1 ami 4. Hmniv i Hill. Kv.i- 4 
5 WCUILMIKI. S\ Xti-naha LOIOIIUO HUM>>.jiiriHiiilLs lo 
ft South Xl.iiK-h'.in.i , II 

hand, indicate ihe pr.nenee of excess silica. Because 
uraninite v\a. directly transformed into coff ini te, 
reuinarils o f urun:ni;e ate expected to occur in the 
Witwatcrsrand. 

I he composition o ' the l and I h silicates f rom the 
Witwatcrsratid anil thioughout the world (Tables 6 to 8) 
have been plotted on ternary diagrams tor the (I • I'll)--
Ni-(OM) and I ' -Th-St systems (1 igurcs 2 and 1 respec 
tively ). I or most ot the silicates from deposits-oiher than 
the Witwatersrand, ualei has been determined chemical
ly. The compositions ol tlie l l , I li)-silicaies f rom 1 he 
Witwnlcrsrnrid were determined on the f \ l l ' at the 
Council lor Mineial I echnology (Minlck). I he did'eieiiee 
between 100 per cent and the totals ot the analyses was 
assumed to be water, although organic tnatter could have 
been present in trace anion,,is in the cott'inites ol the West 
Hand ( loldfield. I igurc 2 indicates :hat the spread o f the 
compositions ol the Wilwatersrand silicate, is similar to 
that ot the (I . I h) silicates tound eisewheic in the world. 

2.3.1. Synthesis of (U. rh)-s>lic3tes 

Ihor i le was lit si s\ nihesi/cd in INN", and since then 
has been prepared In .cveial iechuii|ites'''. (t . I lit 
silicates can be piepated I to in a eel ot I licit oxides In 
the addition in sodium chloride at a Icmpcratiuc between 
10(10 and 1200 ( '•'. I 'abst 1 ' 'synihesi/ed thorite in l'>52 
by heating a comptcsscd mixture ol powdered thoiianile 
and amotplious silica lot 40 hoots at 1000 ( in ait. 
( rondel and C'olletlc'" used the hydrotlict tnal method to 
establish that ihorile starts to tot in ;it 150 ( aiul4,Nbat. 
When gcisol l l tor i i im. uranium, and silica were used, lira 

noan thorite and ( l \Th ) -ox ide were produced at 400 C. 
I rondel and Colletle also synthesized huttonite by 

(1) sintering poorly washed pels ot thoria and silica at 
1.100 to 1500 C. 

(2) heating pure gels in water at 300 ( and 77 bar, and 
(1) hydiothermallv. In using Ihonuiulilx washed gels in 

pure water, or alkaline water solutions, at 700 ( ' and 
1000 bar. 

I lut tonite precipitates irreversibly Irom a eel above 
1100 ( ' , but thorite teci vstalii/es to luutouile only at 
1400 C . 

To establish the composition of cot I'I rule, Hockstra and 
I uchs' 1-' 1 ' s\nihesi/ed anhydrous col f in i ie. thorite, and 
intermediate species i,i a sealed livdrothernial reaction 
vessel. I he a" ami <•'' lattice parameters of the intermediate 
species showed a gradual change" owing to the larger 
ionic laclius ot thorium ( I able 4). 

I he temperature limits lot the precipitation ,ii 
anhydrous cottinite in nitrogen were lound to be 200 anil 
VtO (', and the limits tot the pEI ranged f iom v. in 10.5, 
A reducing environment is requited' l i ke natural 
colTinitc. the synthes'/ed material was iiiicroctystalline. 
When I he experiments were repealed in ait, titanmitc. but 
little cott inite. precipitated. 

Ihe \ R I ) pattern ot svnihelic cot l ini le healed in 
vacuum at 1000 ( fot 25 hours did not change but, alter 
2,2 s hours ill 124.5 ( _ | | ) c mineral decomposed to 
ti ianiiun oxide and amorphous silica, while the colour 
turned Irom blue to b rown 1 ' . Arribas 1 ' 1 reports that, at 
1.100 ( ' , the sihea reervstalli/es to alplui-cristobiili ie. 
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TABLE "• 

Compositions of cofUnites from deposits other than the Witwuteisraru! 
(All values are expressed in percentages) 

Ideal c o l f m i t e 

1 s 3 4 5 6 -. i 8 9 10 11 ! 12 11 14 15 16 Const i tuent A n h y d r o u s H y d i a t e d * | 1 s 3 4 5 6 -. i 8 9 10 11 ! 12 11 14 15 16 

1 0 - •:t.SO ' M . - 5 ' 68.29 4 6 , 1 - *8 .60 | - 1 11 25.05 
t t 

: " , 6 6 6 7 . 4 9 71,50 88,60 77,90 52,40 6.1,14 7(1 "1 8 l , 5 t ) t 69,80 
U ) , ; ! I - .61 1 9,50 í ] 
L <Os \ 45.50 
S O , 18.20 16.41 5,20 7.40 8,50 29,20 : 26.92 i 1 1 . 1 " > 24,09 : 15,24 15,80 8,50 r . 4 2 42,50 14,6(1 10,8-t 14,20 15,40 
P O < 2,69 i • 2.10 2. i s 0,09 

C a O • Í 2 .00 ! 1.91 1.4" ! 1,"2 2.14 1,00 1,75 1.18 2,51 1.58 1.69 0.26 2,01 
• PbS ! í 0.18 0,81 0. .1" 

P b O 0.12 0,52 1 0.15 ' 
: S 0,80 ; .".,00 1.74 5,82 0,19 0.14 

f e O . • 1.24 1.5- ; 4.44 ! 2 ,s i 6,14 8,29 ; O . I O i l c l M 0.1.1 0,47 

A s . O , ; 4.15 1.44 ; 1.22 ! 
Y O , .! : , 85 18,90 ! 1.25 Í 1.61 1 0 , "9 
V .gO Í 1.14 1.94 0,95 0.42 0.17 0.24 0,85 0,15 
A i . O ; i .1.8" 6.8U 10,12 : Í 12,S8 i 12,51 i 
l o t ; ; i 8.49 10.1« 14,00 ; i ! I 4 .05* .1.6' S 

H O | 9.84 , i " , 86 1 5,91 6,52 II.,65 

: To ta l 100 00 100,00 i 94,41 96,5.1 102,28 ! 00.5.1 i 99.10 : 1(H),11 i 96,50 1 99,17 92,10 UK», 10 96 ,6" S-7,65 84,18 86,81 97,18 87 1 " 

( O : <-" ' ) . 4,50 4,49 1.1.11 6 ,2 - ! 6 89 ! 2,44 : 1.55 ! i . i " ! 1,82 ! 4 ,41 4.65 10.42 4.47 1,2-' 4,12 6,4h 5.74 4.51 

• LSiU4 : H ; 0 
J- ThO.- less than l).02»i>; T O : O.I8"o; BaO 0.59»'o; k . O l,28"> 
; Loss on tgniuon 
4 Carbon 
1. 2. 1 Stiet'f et al.", Colorado 
4 hiK'hs and Hoekstra 4 ". Colorado 
5. 6 l i i ipenko'*. U S S R . 
All coffimtes are from sandstone-iype uranium deposits, except 4 and ". number 4 being a synthetic cotfinue and number " a major constituent ot scleral 
hydrothermal deposits in Spain" 1 

Ambus ' " , Spain 
8 Kim 1 ' : average ot 1(1 samples from New \ l e \ i c o 
9 1 udvvig and Cirauch 1 4 ; average o ' " samples from C o k n a d o 
10, I I . 12 Simov.f \ \ugoslavia; average of 2 
1.1, 14 Smits and liiervvijk" , k a r o o 
15, 16 Kurat el at.''; Austria and Yugoslavia lespectivelv 

file:///le/ico
file:///ugoslavia


(U.ThhSILICATES IN THE WITWATERSRAND 

TABLE 8 

Ekctron-microprobe analyses of coffinites from the Witwaiersrand 
(All values are expressed in percentages) 

$&Upm rcftftBcc UOj ThOj SiO- PbO SO, YjO, P2O5 CaO FeO Tio 2 ZrOf Total (UOj + TbOiySiO? 

USD* 
USKV&bO 

ThSiOi 
ThSOt^NzO 

81.80 
73,75 

81,46 
73,31 

18.20 
16.41 

18.54 
16,68 

lOO.OO 
90.16 

100.00 
84,99 

4.50 
4,49 

4.39 
4,40 

Rf 602-1 45,89 n.d. 14.33 5.92 1.77 5,02 4.73 0.51 0.40 _ n.d. 78.57 4.40 
2 62,58 n.d. 12,87 5,50 2.16 1,14 1.68 0.83 0,96 1,77 n.d. 89,49 

s. 3 63.08 n.d. 13.68 3,73 1,27 0,53 1,60 1,17 0,8 > 0,27 n.d. 86.14 t 4 39,60 n.d. 9.45 14,78 3.63 7,95 7.90 1,41 0.60 - n.d. 85,32 

W- 1306-t 56,02 15.94 11,20 3,57 0,49 4,67 6.01 l,8 T 0.20 0.26 n.d. 100,23 6.43 

W 2 4',?3 11.13 9,66 15,70 1.90 3,20 4,31 1,20 - 2.04 n.d. 96.171 
IJ08-I 32,70 25,43 22,58 5,06 0,54 1,23 2.50 0,69 0,19 1,34 n.d. 92,361 

W$ 2 32,97 19,10 20,75 9.00 0.94 0,89 1.69 0,21 0.5.: 4.8T n.d. 90,871 

%?~ WA 1216-1 60.24 9,71 !8,9! 0.19 - 3,12 4,60 2,24 - 0,14 n.d. 99,15 3,70 
2 62,80 9,98 14.85 6,02 0,63 1,97 2,02 1.03 - 0.06 n.d. 99,36 4.90 

1211/2-2 54,43 8.00 18.61 2.77 0,39 1.38 0,90 0.59 0,13 0,01 0,18 87,39 3,36 
3-la 54.33 11.82 16,24 6,89 1,39 0,80 0,50 0,35 0,'4 0.20 0,31 92,98 4,07 
3-3 48.18 8.27 18,02 5,23 l.xO 1,69 1,34 0,34 0,04 0.03 0,18 84.52 3.13 

PB 833/la-l 58,47 7,95 13,65 5,88 1.16 1,73 1.22 1,04 0,02 0,13 0,27 91,50 4,87 
lb-edge 57,72 3,03 12.48 0.11 0.06 1,58 1.07 0,89 0,33 14,52$ 0,1? 91,95 4,87 
lb-2 60,17 12,33 12,52 0.85 0.20 1.81 1,48 1,15 0.03 0,12 - 91,67 5.79 
2a-3 67,03 5,62 10,99 1,60 0.27 M7 1,23 1,15 0.09 0,35 0,66 90,54 6,61 

Vir 705/1-1 21,5» 30.31 12,80 8.94 3,51 1.64 3,28 1.12 1.28 0.07 0,43 84,97 4,05 
Beisa 1029-1 63,56 8,67 14.27 0,83 0.09 1,97 2.00 2,15 - 0,97 n.d. 94,51 5,06 

2 62.61 9,74 13,70 1,44 0.29 1,67 1,94 2,60 - 0,02 n.d. 94,01 5,28 
DR 1446/la-l 46.26 14,90 H.9I 13,94 2.31 0,34 0,03 0,75 0,47 0,78 0,48 94,16 4,40 

la-5 46,06 9,64 12,53 11,22 3,84 2,30 0,59 0,51 0.37 0,31 0,50 87.87 4,43 
lb-1 48,33 1,60 11.33 19,91 5.01 1,98 0,31 0.11 0.37 0,25 0,67 89,88 4,40 
3a-2 46.39 8,91 8.36 12,40 3.20 0,98 0.34 0,30 0.51 0,40 0.37 82.16 6.61 
Sa-4 (boundary) 29,71 10,81 23,95 3.65 0,38 0,16 0,31 0,99 1,81 9,62* 2,10 83,48 1,69 
3b-l 52,98 19,11 13,57 4,08 1,54 0,24 0,21 1,10 0.72 0,42 0,64 94,60 5,31 
3b-2 30,51 44,59 15.62 2,86 0.86 2,06 1,22 1.21 0,51 0.14 0,80 100,38 4.81 

OV IJ45-I 58,61 5,15 9,30 13,45 2,41 1,07 1.90 1,00 - 0,43 n.d. 93,22 6,85 
2 62,06 5,36 11.28 8,27 1,15 1,22 2,99 1.51 - 0,30 n.d. 95,04 5,97 
3 67,43 6.39 8,75 8,31 0,97 0,99 1.88 1,08 0,01 0,59 n.d. 96,40 8,44 

* In analyses showing ratios above 4,50, coffinite is mixed with uraninile; for ratios below 4,50, it is mixed with silica 
t All coffinim contain AI2O3 below l,5"o, but in samples 1306-2, 1308-1, and 1308-2, the values are 2,59, 5,57, and 7,62 respectively. The alumina h 

proem a» phyflosilicates 
X L'ramniie grain» are often coated by tiiat.ia; this explain» the high titania of the analysis at the boundary of the particles 
n.d. Not determine* 
- Not detected 

' Rf Randfor.ein Estates C M . , Cooke Section; WA Western Areas CM.; PB President Brand CM. ; Vir Virginia CM. ; DR Dominion Reef; GV Grootvlei 
CM. 

2.3,2. Thermal Behaviour 

Several investigators have used the differential thermal 
analysis (DTA) technique to study the thermal behaviour 
of (U.ThMilicates for the purpose of establishing whether 
the water present is an essential structural component of 
these minerals. 

From thermal studies on samples of natural thorogum-
mite, Frondef concluded that part of the water in this 
mineral is essential, and occurs as the hydroxy! group. 
The e\othermic peaks in the DTA curves indicate that 
the hydroxyl group if released only at '»'mper.ltures be
tween 575 and 750 "C, The release of hydroxyl is followed 
by the recrystallizatic.i of the mineral to a mixture of a 
silicate and an oxide. This process takes place between 

800 and 1000 °C. 
The water incorporated in the coffinites of the Colo

rado Plateau is lost between 225 and 580 C, whereas 
recrystallization of the silicates to UiOK and amorphous 
silica occurs between 680 and 818 °C". 

When synthetic coffinitc was heated in vacuo for 25 
hours at 1000°C", no change in the XRD pattern was 
observed, but at 1245 °C it decomposed to uranium ox
ide and amorphous silica. After it was heated in air for 
20 hours at 500°C, the back-reflection XRD lines started 
to fade. After a futlher 20 hours at 750 °C, the end prod
ucts were UjOg and amorphous silica. These results in
dicate that coffinite is stable in vacuo up to 1000°C, and 
in air up to 500 °C, 



(U.TB^SILICATES IN THE WITWATERSRAND 

TABLE 9 

Average t ttKtNMM* > analyses of radioactive minerals from the Dominion Reef (after Glattha _AK ^ k ^ ^ Í á7^L_^*áV,^^B*l k Average t ttKtNMM* ucroprobt > analyses of radioactive minerals from the Dominion Reef (after Glattha ar ana realnei ) 
(All values are expressed in percentages) 

• 
Altered Brannerite 

Coffinite-
uranotborile 

VtwánHr uraninite type mineral Coffinite «roup Uranothoriie Orangite Euxenite Monazile Zircon AUaane 
CMlHftlMt m (1« M l ) (11) (4I> (30) (17) (15) (32) (94) (*> 
UO, «.» 53,6» 31,6» 3S.79 16,86 9,97 I 2.27 6.73 0.42 0,34 0.12 
no, 240 2,38 1,55 3.06 10.68 12,88 ' 14.88 0,78 1.57 0.14 0.05 

tvo, M l 19,26 7.63 1433 10.12 13.29 0.60 
HO 0.«l 1.24 2.36 0.3S 0,76 0,97 ?./4 

, t«°» MB 0.36 14.95 0.32 0,51 0.45 0,2f 24,28 
i,CaO U» 1.66 0,49 0.90 0,94 1,04 .,76 3.06 0.79 9.94 

la», 1.90 ».15 17,43 12.96 14,33 17.85 10.09 9,78 1.28 31.66 2943 
pMaOi *M 0.43 0,06 
t%ttD> •.w 1.63 0.51 0.93 1.23 2.08 1.46 0.24 1.16 1749 

1* °» •.5» 0.51 0.39 1.39 2.16 1.46 5.78 29,67 

I * * 0 » 1,88 0,65 1.24 13,56 

|v*o, J.«T 5.51 11.07 11,17 11.42 7.91 14.13 .6,89 1.80 2.45 
U J O , 17,64 6.95 
TaiO, 3,83 
NfcjO, 14.62 
Cerf>, 0.61 27,28 10.43 
rno, 2,87 U S 
NfcO, 0,73 11,05 4.14 
*» iO» 0,48 
EinOi 0.0» 
Z I O I 0,14 60.60 
W O , 1.28 

Tom »»,01 »4,95 »8,06 84.73 69,01 67,96 61.70 81.85 95,26 99,47 93.40 

The Hems in parentheses refer to the number of analyses carried out in each case 

The findings of Griiner and Smith l 0 and of Fuchs and 
Hoefcstra45 were confirmed by Abdel-Gawad and Kerr90, 
who studied coffinite associated with asphaltic material 
from the Colorado Plateau. They heated coffinite-bearing 
asphahite for two hours at temperatures of 200,300,400, 
500,600,700,840, and 960 "C. X-ray diffractograms of 
the products thus obtained showed that the dissociation 
of coffinite to uranium oxides and amorphous silica starts 
at 600 *C. The «/-value and intensity of the four strongest 
lines of coffinite first drop gradually, and then the lines 
shift to those of UsO», the change in spacing being com
pleted at 840 °C. 

Abdel-Gawad and Kerr also defined the loss in mass 
of the sample subjected to DTA. They heated a dried 
sample of asphaltite-bearing coffinite from Jackpile Mine 
for I hour at temperatures of 110, 200, 300, 400, 500, 
600,700, and 960 °C. The total loss in mass was 33,3 per 
cent, of which 31,3 per cent was lost owing to the release 
of carbon dioxide and wmer between 400 and 500 °C. The 
colour of the coffinite changed from black to grey at 
400 °C, to brownish grey at 480 °C, and became yellowish 
brown at 600 "C and greenish grey at 960 "C. The total 
toss in maw recorded when an asphaltife-bearing coffinite 
sample from La Sal no. 2 Mine was heated to 410 ° Z for 
2 days was 53 per cent. Again, the loss was caused by 
the volatilization of water and carbon50. 

The DTA of coffinite from epitherrnal veins in Spain" 
indicated that dehydration occurred at 190 °C. Endo-
thermic peaks at 605 and 700 "C were not accompanied 
by a loss in mass, and Arribas'9 interpreted these peaks 

as reflecting the dissociation of cof finite. The exother
mic peaks at 890 °C probably resulted from the formation 
of uranium oxide, and that at 1200 °C from the 
recrystallization of silica. The loss in mass, for which 
sulphur (from enclosed pyrite) and water were respons
ible, totalled 9,73 per cent. 

2.3.3. Infrared Absorption Spectra 
infrared absorption spectra7'39 and EMP data of the 

(U,Th)-silicates occurring world-wide in uranium deposits 
of the sandstone type (Table 8) indicate that the uranium 
silicates occur in the hydratcd form, and are virtually 
devoid of thorium. The infrared absorption curves of the 
coffinites of La Sal no. 2 Mine in Colorado9, pointed to 
the presence of bonded hydroxyl groups and silicon-
oxygen bonds of isolated SÍO2 tetrahedra. However, the 
coffinites were never sufficiently pure to validate the for
mula proposed1,9. 

Fuchs and Hoekstra45 compared the infrared spectra 
of coffinite synthesized at 75 and 1000 °C in vacuo, syn
thetic thorite produced at 75 °C in vacuo, and natural zir
con. The cof Unite and thorite showed absorption of 
O-H. However, the investigators remark that the O-H 
group could be associated with excess silica or coffinite, 
or with both. The spectra of synthetic coffinite that had 
been heated for several hours at progressively increasing 
temperature showed a steady decrease in O-H absorp
tion, until at 1000"C no trace of O-H was left. Since 
silica occurred in excess, it is very likely fhat (he water 
was present as hydrated silica. 
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Coffinite was re-investigated by Abdel-Gawad and 
Kerr5 0, who ran infrared absorption spectra on samples 
from the Jackr/ile and La Sal no. 2 mines mixed with 
various amounts of quartz, and on coffinite samples That 
had been heated to 410 "C for the elimination of possible 
organic matter. The spectra weie compared with those 
for pure quartz and tor viscous asphaltite. The organic-
free sample showec" two strong silica-absorption bands, 
one of which occurs also in quart/, while the other 
represents isolated S i d tetrahedra. The(OH)-absorption 
bands at wavelengths of 2,95 and 3,5 fire reported by 
StieffYf a/.7 occurred in all the spectra, including those 
of pure quart/ and the organic-free sample. The investi
gators postulated that the banJ at a wavelength of 
2,95 pm represents polymeric O-H groups caused by ab
sorbed water, rather than a hydro.xyl group in the coffin
ite lattice. They concluded that the coffinite from the 
Jack pile and I.a Sal no. 2 mines did not contain an essen
tial hydroxyl component in its structure. The absence of 
thermal reactions during the heat treatment of organic-
free coffinite to 1000 °C is also indicative of the absence 
of the hydroxyl group in the coffinite lattice. 

From Figure 2 it appears that the water content of the 
(U.Th)-silicates fluctuates to a much greater extent than 
that of silica. However, no specific concentration of com
positions is found along (he tie line between (L'.Th)(OHh 
and (U,Th)Si04- These two aspects confirm the conclu
sion of Abdel-Ciawad and Kerr*" that water is not an 
essential component of the (L'.Th)-silieates. 

3. (U,Tr>silicates in the Witwatersrand Reefs 
(U,Th> ilicates are rare in most of the ore-bearing reefs 

in the Wi. .vatersrand. However, on the West Rand 
Goldfieid, in the Flsburg Reefs of the Turffontein Sub 
group (Table 2), an estimated 20 per cent of the uranium 
occurs as coffinite and, in the Dominion Reel west of 
Klerksdorp, an approximate 10 per cent o( the detrital 
uraninite has been transformed in situ to hydrated 
(U,Th)-silicates. In the latter reef, hydrated uranoan 
thorite, thorogummite, and h\ 'roxylated thuman /ircon 
occur as detrital components. 

3.1. Microscopic Description 
In the UE la and 1.9 Reefs on Western Areas Cold Mine 

and Cooke Section, coffinite occurs in the following 
forms: 

(1) as rounded grains (Figure 4a), 
(2) as amoeba-shaped grains (Figure 4b), 
(3) as particles of irregular outline it) the matrix (I ieiirc 

4c), 
(4) enclosed by kerogen nodules (Figure 4d), and 
(5) surrounding kerogeti (F'igi e 4c). 

The grains are invariably pigmented by •-pecks of galena 
less than 2/xtn in size, but in some of the grains galena 
has coalesced lo larger patches (Figure 4a). I'art ol the 
galena has been inherited from precursor uraiiiiiite. I ex 
tural relations suggest thai coffiniie enclosed by kerogen 
(Figure 4d) formed at the expense of kerogen. 

The amoeboid particles (Figure 4b) are an admixture 
of several phases, viz ihoroan coffinite, uraninite, 

uraniferous leucoxene*, gold, phyllosilicates. quart/, and 
sulphides. The aggregate is enveloped by a film 20 ̂ m 
in width, which consists of uraniferou> leucoxene, phyllo-
silic^fes. and quart/ (Figure 4b). 

Texuiral relations suggest that most of the coffiniie and 
the rare hydrated uranoan thorites occurring in the Els-
burg Reefs formed after deposition of the sediments 
directly from uraninite. without the intermediate preci
pitation of i xidi/ed, hydrated uranvl species. Partly 
altered grains (Figure 4. f and g) arc common. Most of 
t he cof Unites seem to hav e formed from small groups of 
uraninites, the original shape of which is still visible 
(Figure 4h). This feature also contributes to the increase 
in size of the (U,Th)-silicate grains, which can measure 
up tc 0.5 mm in diameter. 

In the UE la and E9 Reefs of the West Rand Goldfieid, 
the organic matter is present only in the form of nodules 
(Figure 5a). and seams of kerogen have not been found. 
The uraninite fragments that were originally enclosed by 
these nodules were transformed to coffinite or uranous 
titanates, while in many instances the kerogen itself was 
partially or entirely destroyed (Figure 5, a to d). The avail
able space was then filled by authigenic quart/ and 
phyllosilicates (Figure 5b). This is in strong coi rast to 
the uraninites that arc enclosed by kerogen in other reefs, 
which were not affected by geocbemical activity and are 
well preserved (Figure 5c). Coffinite particles (Figure 4, 
b. g, and h) and uraniferous kerogen nodules (Figure 5, 
a, c, and d) are frequently coated by a filr.i of uraniferous 
leucoxene mixed with quart/ and phyllosilicates. 

The transformation o( uraninite to thoroan coffinite 
or hydrated uranoan thorite is also found, but only rare
ly, in other reefs of the Central Rand Croup, particular
ly the younger reefs of the Turffontein Subgroup (Table 
2). in which the uranium grade is low. For example, in 
the well-developed kerogen seams of the Beisa Reef 
(f igure 51), uramnite fragments occurring in the margin 
of the seam are sometimes partly or entirely altered to 
cot finite (Figure 5g). 

In the Dominion Reef, hydrated (l.'.Th)-silicates of 
variable thorium and uranium contents commoMV form
ed at the expense of detriial uraninite, replacement start
ing at the grain boundaries and along crystal planes and 
cracks (Figure 5h). Some of the grains have been entire
ly replaced. Occasionally, these grains have been 
enveloped by a film of yttrium phosphate or hrannerite 
(Figure fta). 

In the same reef, metamict delrital grains (as large as 
3 mm) that are optically identical to thorite were identi
fied with the IMP as species of the hydrated thorite-
zircon series, [hey enclose moderate reddish-orange to 
reddish-brown areas, which arc rich in iron, and are inter
sected by shrinkage cracks, suggesting that they formed 
from a gel-like substance. like the thorite, they are prob
ably of pegmalitic origin. I Msworth ' lelerred to this type 
of mineral as cyrtolite, a name that is no longer 
recognized. 
• I Ik'It . I n I'iMiirii! i i i i n e r . i l , 11 m i n i in I l ie W i i u . i i e i s r . i i i i l , ir . ' e ^ e i i l u l 
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Well-rounded, pale-olive detrital grains of the thorium 
phosphate cheralitc, which enclose remnants of thorite 
and cyrtolite, have also been found in the Dominion Reef 
(Figure 6c). but are rare. This mineral was identified 
qualitatively on the scanning electron microscope (SEM). 

Wheat-shaped thorite crystals embedded in a detriial 
chlorite particle were noticed in a sample from a reef in 
the Turffontein Subgroup (Figure 6d). 

Coffinite has also been identified as a component of 
a uraniferous. mushy substance that, in all the reefs, 
locally cements heavy minerals, including detrital leu-
coxene <F*tfbre 6. e to g). The internal reflection of this 
substance is pale greenish yellow to light greenish grey 
or yellowish grey, in contrast to that of non-uraniterous 
leucoxene grains in the Witwatersrand reefs, which is 
very pale orange to greyish orange. The XRD patterns 
of this earthy substance record the presence of coffinite 
(Table 10) and anatase, which are mixed with quart; and 
phyllosilicates. The presence of radioactive material is 
disclosed by submicroscopic particles of galena. In inci
dent light and with crossed nicols, the minute dispersed 
specks impart a pale-blue colour to the substance, whereas 
the larger «pecks of galena and pyrite appear as black 
spots. 

Coffinite and uraninite of colloform habit (Figure 7. 
a and b) and recent secondary origin have been recogni/ed 
in rock samples from the Monarch Reef in the East 
Champ d'Or and Randfontein Estates Mines in the 
northern part of the West Rand Gold field. The precipita
tion of the secondary uranium minerals was often termi
nated by a film of secondary pyrite of colloform habit 
(Figure 7c). The texture and optical appearance (Figures 
4f and 7a) of the secondary uranium minerals are distinct
ly different from those of detrital uraninite and the coffin
ite that was formed by direct transformation from these 
grains. Occasionally, the secondary uraninite and coffin
ite have recrystallizcd in situ from primary, detrital par
ticles of uraninite (Figure 7d). In contrast to the primary 
coffinite on the Wiiwatersrand, the secondary products 
lack porosity and arc homogeneous. The reflectance of 
secondary uraninite is lower than that of the detrital 
grains, and that of the secondary coffinitc is slightly 
higher. The virtual absence of radiogenic galena in urani
nite is striking, and is indicative of its relatively recent 
formation, practically in situ. The radiogenic galena pre
sent in the original uraninite grains coalesced to form 
larger patches (Figure 7a). 

3.2. Composition of Witwatersrand (UJh)-silicates 
Because of the microcrystallinc and porous character 

of the (U.Th)-silicalcs, the quantitative analysis on the 
EMP was achieved by the use ol back-scattered electron 
(BSE) imagery combined with the energy-dispersive 
system to ensure that single phases were being analysed. 
However, with the mushy anatasc (Figure 8), even at high 
magnification, it was not possible to resolve the extremely 
fine intcrgrowih (less than 0,5 fim), or to differentiate be
tween individual phases In the iJSE image, galena stands 
out because of the high atomic number of lead. But 
uranium-silicon and Mranium-titanium phases have 
similar molecular masses, and the BSE intensity range for 
these phases is therefore very narrow, so that the in

dividual particles can barely be distinguished by their grey 
tone in the BSE image. Since the dimensions of the in
dividual phases were below the spatial resolution of the 
EMP, it was virtually impossible to avoid contamination 
by neighbouring minerals. Therefore, it is not certain 
whether the analyses in Table 11 reflect the composition 
of individual phases. 

EMP analyses of coffinites from the UEla and E9 
Reefs (Table 8) indicate that they are thoroan coffinites 
with negligible wa.er content, and are of a composition 
that has been reported only once previously—from meta
morphosed sandstones of Permian age". This anhydrous 
coffinite contained only trace amounts of thorium (Table 
7, no. 15) and coexisted with pitchblende. 

In hi> investigation on 'urano'horite' from the Domi
nion Reef, Ortlepp" obtained a chemical analysis from 
0,1 mg of grains dug out of polished sections that had 
been prepared from a gravity concentrate. This analysis 
is compared in Table 12 with the average analysis of 
uranothorites from Glatthaar and Feather11, the thorium 
contcn, of which is much lower. 

An estimated 20 per cent was added to Ortlepp's 
analysis for phases that were not analysed for. This figure 
can then be compared with that of 32 per cent in the 
average analysis of Glatthaar and Feather" (Table 8). The 
porosity and the microcrystalline habit of these silicates 
could be responsible for the significant difference between 
the chemical and the EMP analyses. 

After heating uranoan thorite to 1000 °C in air, a 
temperature at which galena volatilizes, Ortlepp" 
obtained an XRD pattern for thorianite. In the current 
study, when uraninites om rock samples of the Domi
nion Reef that had been partially altered to (U,Th)-
silicatcs were heated in air in a platinum crucible for 5 
minutes to white heat (probably attaining a temperature 
of more than 1000 °C), the resulting compounds produc
ed XRD patterns of uranium oxide, and very faint lines 
of coffinite. 

Ortlepp", who fumed grains of uraninite and (U,Th)-
silicates with nitric and perchloric acids, found that 
uraninite reacted more rapidly than the (U.Th)-silicates. 
Leaching tests on polished sections with dilute sulphuric 
acid of a composition used on the Witwatersrand uranium 
plants confirmed these findings. A porous residual mix
ture of amorphous silica and anglesite fanned, which re
tained the shape of the original uraninite grains that had 
been partially or entirely altered to (U.Th)-silicates 
(Figure 7e). Similar results were obtained for the coffinite 
from the Elsburg Reel's, which leached more readily than 
the uranoan thorites. During leaching, uranium and 
thorium are both released, but the rate of dissolution of 
thorium is much lower. The difference in the leaching 
properties of uraninite and uranoan thorite or thoroan 
coffinitc is shown by the textures in the polished sections. 
The cracked surface (Figure 7e), which is characteristic 
of the silicates, is in strong contrast to the smooth 
anglcsitc residue of (he uraninite. 

EMP analysis was also carried out on the uncommon 
dctrital component in the Dominion Reef. In Table 13, 
the analytical data for ideal zircon and its hydrated 
counterpart are compared with those far mctamict zones 
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in zircon from the Carbon Leader Reef on Blyvooruit-
zichi Gold Mine and the E9Ec Reef on Western Areas 
Gold Mine, and for (Zr.Th)-bearing grains from the 
Dominion Reef. In analysis no. 8, uranium is more abun
dant than thorium, 'which indicates the possible presence 
of a coffinite component but, in the two preceding 
analyses, uranoan thorite occurs in combination with the 
hydroxylated zircon. Mumpton and Roy32 established 
that the limits of stability for solid solutions of ThSi04 

and USÍO4 in zircon at about 1000 °C is less than 4 mol 
per cent, but unstable products, which contain up to 35 
per cent ThSi04 in zircon, have been prepared at lower 
temperatures. At high temperature, these unstable prod
ucts exsolve to the limits of stable solid solution. 

The hydrated (Zr,Th)-species contain significant 
amounts of yttrium and some calcium and phosphorus. 
These phases could have replaced zirconium and silicon 
respectively, but could also be present as an yttrium 
phosphate, xenotime being isostructural with thorite and 
zircon. 

The composition of the thoroan zircon in the Domi
nion Rerf (Table 13, analysis 7) is similar to that o f the 
'cyrtolite' (Table 13, analysis 5) reported by Ellsworth". 
The moderate reddish-brown patches in the core of this 
mineral appear to be enriched in iron (Table 13, analysis 
6). When the mineral was heated to approximately 
1000 °C, it turned from black to a white, translucent 
substance with a pink hue, which produced the XRD pat
tern for zircon. 

The secondary coffinite found in rock samples of the 
Monarch Reef at East Champ d'Or Gold Mine is distinct
ly different in composition from that of the coffinite that 
formed directly from uraninite in situ (Table 8). Secon
dary uraninite and coffinite show low total analyses and 
are low in galena (Table 14). The uraninite contains only 
trace amounts of thorium (and is therefore pitchblende), 
whereas the thorium content of secondary coffinite is 
probably about the same as that of the original uraninite. 

In Table 14, analyses of secondary pitchblende are 
compared with the composition of the primary uraninites 
that occur in large clusters, forming globules up to I cm 
in diameter (Figure 70, in the Monarch Reef. This type 
of globule, which consists entirely of uraninite grains, has 
been found only in the northern portion of the West Rand 
Gold field, where the content of uranium is particularly 
high, and that of the accompanying gold very low. These 
clustered uraninites have locally been transformed to 
coffinite (Figure 7g). 

EMP analyses of the mushy anatase described in the 
previous section recorded the presence of substantial 
amounts of uranium, titanium, and silicon, some galena, 
?nd, possibly, small amounts of yttrium phosphate (Table 

i). The bulk of the titania should be present as anatase, 
but some of it can contain trace amounts of uranium, 
in which case u occurs as uraniferous leucoxene. The in
corporation of uranium would change its colour lo a 
greyish tint. Because uranous titanates are metamict, the 
presence of uraniferous leucoxenc cannot be confirmed 
by XRD. Except for the first two analyses in Tabic II, 
the (UO2 + Th02)/Si02 ratios are lower than that of ideal 
coffinite; this could point to the presence of free silica. 

The BSE image of the mushy anatase (Figure 8) shows 
that i' is composed of a submicroscopic intergrowth of 
various phases, the dimensions of which are less than 
0,5 /im, and therefore lie below the X-ray spatial resolu
tion rapacity of the EMP, which is :bout 2f*m. As 
mentioned in the beginning of this section, it was not 
possible to obtain representative analyses for the in
dividual phases. The X-ray distribution images for 
uranium, titanium, and silicon (Figure 8) show that it is 
almost impossible to distinguish discrete phases, and that 
both titanium and silicon can be present in the radioactive 
areas. The presence of coffinite is positively indicated by 
XRD (Table 10), but it was not confirmed optically, 
neither was there unambiguous evidence for the presence 
of uraniferous leucoxene. However, submicroscopic 
galena of radiogenic origin points to the presence of 
radioactive material. 

3.3. Leaching Behaviour of (UJh)-silicates 

In leaching tests at Mintek on polished sections of rock 
samples from the Dominion Reef and from the Elsburg 
Reefs on the West Rand Gold field, the polished sections 
from the Dominion Reef were found to contain about 
40 per cent uraninite. In those of the Composite Reef of 
the West Rand Goldfield, about 50 per cent of the 
uranium occurred as coffinite, whereas the remaining 
portion consisted of uraninite and uraniferous leucoxene. 
The lixiviant used contained 10 g of sulphuric acid and 
3g of ferric ions (added in the form of ferric sulphate) 
per litre of solution. The tests were carried out at room 
temperature and at 60 °C, while the liquid was agitated 
by an overhead stirrer. The uraninite grains in the polish
ed section of the Dominion Reef reacted instantly with 
the lixiviant, even at room temperature, whereas the 
(U,Th)-silicates developed a cracked surface (Figure 9e) 
at ambient temperature. 

From the polished sections of ore from Cooke Section, 
it appeared that the reaction of coffinite was slower than 
those of uraninite and uraniferous leucoxene, but that 
uranium was completely removed from the grains after 
45 minutes (Figure 9, a to d). However, after leaching, 
the (U.Th)-silicates replacing uraninite, and the occasion
al thorite grain in the Dominion Reef, left a residue that 
displayed a cracked surface with a reflectance similar to 
that of quartz (Figure 9e). This type of texture was not 
observed in the polished sections of ore from the Elsburg 
Reef of Cooke Section. 

EMP analyses were carried .Mil on the polished sections 
of the Dominion Reef before and after leaching, and arc 
listed in Table 15. Analyses 1474/1 a-1 and 1474/3-4 in
dicate that the residue left after leaching was composed 
mainly of silica and anglesite, and that iron had not 
reacted. One of the silicate grains, which underwent in
complete dissolution (Table 15, 1471/3-1 and 3-2), ap
peared to contain a substantial amount of titania. The 
titanium oxides are inert during leaching, and are known 
to delay the dissolution of branncriies because they hinder 
the access of the lixiviant. The reaction of the rare thorite 
grains of detrital origin was slow, as shown by Figure 9, 
f to h. 
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4. Discussion 
Although thorium silicates are of very little economic 

value, they have been known for over a century. Frondel 
described natural thorogummite as a hydroxyl-substituted 
variant of thorite, in which OH substitutes for SiOj. A 
similar substitution of PO4 for Si0 4 is also observed. 

Thorite and zircon, which are isostructural with coffin-
ite, form a complete series7. Natural rr.etamict zircons are 
hydroxylated, contain fluorine, ami are enriched in 
radioactive elements, wnich destroy the lattice of the zir
con. The general formula is 

(Zr.Th.U.REEMSiO,)! , nH 20, 
in which x varies from 0,2 to 0,8. Caruba el o/.M synthe
sized hydroxylated zircons liydrothermal!y in a fluor-
inated and hydrated medium. 

It was only after World War 2 that attention was paid 
to the uranium silicates, when they were recognized as 
common constituents of uno\idi.ed ores from uranium 
deposits of the sandstone type in the Colorado Plateau". 

After the first identification of coffinite, it appeared 
that the silicate was much more common than had been 
realized. Because of its inconspicuous character and opti
cal resemblance to thorium silicates, it had been overlook
ed in many deposits, including the Witwatersrand. 
Coffinite is usually very fine-grained, and often intimately 
admixed with uraninitc, carbonaceous matter, and other 
impurities, such as sulphides, clays, and quartz. 

The composition of the Witwatersrand coffinites in
dicates that, during the transformation of uraninite to 
coffinite, thorium became more concentrated, which 
suggests that part of the uranium could have been remov
ed in solution. Phosphorus and yttrium are usually incor
porated in coffinite in quantities of less than S per cent 
Some of the yttrium in the samples studied had reacted 
with phosphate ions to form a discrete, but metamict 
yttrium phosphate. Analytical data for the phosphate arc 
given in Table 16. The presence of cerium, lanthanum, 
or other rare-earth elements could be responsible for the 
low totals of the EMP analyses, but it is also possible 
that the hydratcd form of xenotime is present. The 
yitrium phosphate and coffinitc are difficult to 
distinguish in incident light but, under high magnifica
tion and crossed nicols, the coffinitc displays a pale-
brown internal reflection, whereas the yttrium phosphate 
is transparent. The two could occur finely intergrown. 
or limited «mounts of phosphorus and yttrium could have 
been taken up in coffinitc, while ihc remaining portion 
precipitated as a discrete phesphatc. The iron that had 
initially been incorporated in uraninite reprecipitatcd in 
the form of minute laths of pyrrhotile 

The coffinites of the lilsburg Reefs arc anhydrous. 
Mctamorphism could be responsible lor the dehydration 
of originally hydralcd uranium silicates. 

After burial, many of the uraninitcs in the Dominion 
Reef reacted with innastratal solutions (o form hydratcd 
(U,Th)-silicates. Onlcpp", in a study of the alteration 
product of uraninite in tin- Dominion Reef, established 
that mctamict uranoan thorite replaced the detrital urani
nites, whereas the EMP analyses done at Minick in 1981 

indicated that the replacement product of uraninite » 
thoroan coffinite. The gravity concentrate studied b< 
Ortlepp could have come from rocks in which the altera
tion of uraninites was more advanced, so that some of 
the uranium had migrated while the less soluble thorium 
remained in situ. But it is also possible that the concen
trate contained a fair amount of detrital particles of ura
noan thorites or hydroxylated thoroan zircons. 

In the ternary diagram of the (U + Th)-Si-HiO system 
(Figure 2), the (U.Th)-silicates are distributed on either 
side of the tie line between H>0 (at the apex) and the 
plotting point of the ideal composition of anhydrous 
(U,Th)Si04 at the base of the triangle. It is possible that 
the six coffinites with a water content of more than 25 
per cent contain phases that were not determined during 
the analyses by EMP. In contrast to the contents of water 
and uranium plus thorium, which show wide variations 
of about 25 and 20 per cent respectively, the silica con
centration fluctuates between 5 and 15 per cent. The few 
silicates of very high silica content that are found 
elsewhere in the world could be finely intergrown with 
free amorphous silica. No specific concentration of silica 
is found along the tie line between (U.ThMOH)., and 
(U,Th)Si04, which confirms the statement of Abdel-
Gawad and Kerr50 that the OH group is not an essential 
component of silicat.-,. The correct formula for the 
hydrated (U,Th)-silicates is therefore (U,Th)Si04/rH20. 
The data in Figure 2 indicate that n probably does not 
exceed 4. 

The ternary diagram of Figure 3, in which the relation 
between uranium, thorium, and silicon is pictured, shows 
that the coffinites in ;he Witwatersrand contain a signifi
cant component of thorite. The coffinites in uranium 
deposits of the sandstone type tie on the uranium-silicon 
tie line in Figure 3 because they are devoid of thorium. 

The compositions of known (U,Th)-silicates in Figure 
3 are concentrated towards the uranium-bearing end of 
the series, and only a few compositions are found around 
the 50 per cent dividing line This could reflect the less 
common occurrence, or the lack of analyses, of thorium-
rich species. Never'heless, the distribution of the(U.Th)-
silicates strongly suggests that a continuous series exists 
between the end members of the hydrated species, col'fin-
i!e and thorogummite. Fuchs and llebert4' established the 
existence of such a series for the synthetic anhydrous 
minerals It should be noted that, in their study of the 
zircon-thorile group, Mumpton and Roy'' concluded 
that, at 1350 0C,ThSiO4 can contain up to about 20mol 
per cent USiOj. 

Because of Ihc uptake of silica, (he conversion of 
uraninile to coffinite involves a considerable (almost 
double) increase in volume (Figure 7h). This process could 
therefore only have taken place soon after deposition, or 
soon after burial, when the sediment was porous enough 
to allow the free circulation of solutions and (he expan
sion of the grains. 

Some coffinitc panicles in the Elsburg Reefs on the 
West Rand Goldl Jd are of well-rounded habit (Figure 
4a), which suggests that, after they formed, these par
ticles were subjected to reworking. Tucker'4 established 
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FIGURE 4. Photomicrographs of coffinite in the Elsburg Reefs of Cooke Section (incident light in oil) 

a. Well-founded coffinite (black) grain with abundo.it galena (white), part of which was inherited from precursor uraninite. 
Minute laths of pyrrhotite (white) occur within, and at the contacts of. surrounding quartz (dark grey) grains. 

b. Amoeba-shaped coffinite grain, which formed at the surface of a pyrite (white) grain. The admixture is composed 
of coffinite (dark grey), gold (white), galena (white spots), phyllosilicates (black), and pyrrhotite laths (white), and 
is enveloped by a film (pale grey) of uraniferous leucoxene mixed with quartz and phyllosilicates. 

c. Coffinite (dark grey) in which galena (white) is dispersed. The grain is surrounded by quartz (black) and pyrite (white). 
Pyrrhotite fills the crack at the right. 

d. Coffinite (black) pigmented by galena (white spots) and enclosed by kerogen (pale grey) The uranium silicate, which 
formed from uraninite, infiltrated the kerogen (compare with uraninite-bearing kerogen in Fig. 5e). 

e. Kerogen (grey) enveloped by coffinite (black) and pigmented by minute specks of galena (white). The two are 
surrounded by quartz (pale grey). The larger white particles are sulphides. 

f. Uraninite (grey) grain partly transformed to coffinitc (black). Galena (white) occurs in both. The grain is surrounded 
by quartz (grey) and pyrite (white). 

g. Kerogen (dark grey) fragments intergrown with mainly coffinite (black), which is pigmented by galena (white spots). 
Some phyllosilicates (black) and quartz (dark grey) are also enclosed The particle represents an altered kerogen 
nodule. 

h. Group of uraninite grains (spotted, dark grey) at the surface of a pyrite grain (white), which are almost entirely altered 
to coffinite (black) and enveloped by a mixture (pale grey) of uraniferous leucoxene, phyllosilicates. and quartz. 
The shape of the primary uraninite ryains, which are spotted by galena (white), is still visible. 

16 
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I f .Th>-SILICATES IN THE WITV. ATERSRANU 

FIGURE 5. Photomicrographs of uraninite-bearing kerogen and altered detrital uraninite from the Witwatersrand 
(incident light in oil) 

a-d. Kerogen nodules enveloped by a layer (pale grey) of uraniferous leucoxene mixed with phyllosilicates and quartz, 
showing varying degrees of alteration. The kerogen (k, grey) was destroyed and replaced by phyllosilicates and 
quartz (black), whereas the uraninite fragments originally enclosed by the organic matter were dissolved and 
reprecipitated as coffinite (black) and uraniferous leucoxene (ulc, grey). Galena (white) occurs as minute spots. 
Figure 5b is a close-up of part of a kerogen nodule. The larger white patches are pyrite. Elsburg Reefs, Western 
Areas Gold Mine. 

e. Kerogen (k) enclosing fragmented uraninites (u). Basal Reef, President Brand Gold Mine. 

f. Photograph of a 12cm-wide seam of kerogen (black) seated on a footwall quartzite (pale grey) in which foresets 
of kerogen occur. Beisa Reef. 

g. Kerogen (k) enclosing uraninite (u) grains that have been partly altered to coffinite (black). Beisa Reef. 

h. Detrital uraninite (dark grey), which has been altered to (U.Th)-silicates (black) surrounded by quartz and chlorite 
(black). Galena (white) has been mobilized and reprecipitated in fractures and at the surface of the grains. Dominion 
Reef. 
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(U,Th)-SIL.ICATES IN THE WITWATERSRAND 

FIGURE 6. Photomicrographs of (U,Th)-bearing minerals (incident light in oil) 

a. A grain of uraninite (pale grey) that has been largely transformed to (U,Th)-silicate, and then covered by a 
film of brannerite (grey). Dominion Reef. 

b. A grain of subhedral thorite spotted by galena (white) and intergrown with gangue (black). Dominion Reef. 

c. A well-rounded grain of thorium-bearing phosphate cheralite (grey, in centre) embedded in a matrix of quartz 
(dark grey), sericite (pale grey), and pyrite (white) grains. A pocket of thorite (black) spotted by galena (white) 
occurs in the core. Dominion Reef. 

d. A detrital grain of chlorite (black) intergrown with wheat-shaped and rectangular crystals of thorite (dark grey), 
spotted by minute specks of galena (white) and subhedral to euhedral larger particles of sulphide (white). 
The grain is surrounded by pyrophyllite and quartz (grey). Elsburg Reefs. 

e. Grains of partly chloritized (black) pyrite (white) cemented by a mushy substance (pale grey) composed of 
anatase, uraniferous leucoxene, coffinite, phyllosilicates, and quartz. Elsburg Reefs. 

f. and g. Mushy anatase cementing grains of pyrite (white in f, black in g) that have been altered to phyllosilicates 
(dark grey). Chromite occurs in the left-hand bottom corner of the photomicrograph. Photomrcrograph 6g 
was taken under crossed nicols. Elsburg Reefs. 
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(U.Th)-SILK A T E J IN THt WITWATERSRAND 

FIGURE 7. Photomicrographs of uranium-bearing minerals (incident light in oil) 

a. Colloform uraninite (smooth, grey) and coffinite (black) of secondary origin tha was recently ledistributed close 
to the water tabie. In the centre, a remnant of primary uraninite (u, grey) is visible. The galena (white) initially present 
in the original uraninite coalesced to larger patches. The secondary products are devoid of galena. Monarch Reef, 
East Champ d'Or Gold Mine. 

b. Primary uraninite (pale grey) enveloped by coffinite (black) of secondary origin. In contrast to the coffinite of the 
Elsburg Reefs (Figure 4, a, c, and h and Figures 5a and 6a). where coffinite replaced uraninite in situ, the uranium 
migrated from the grains. Monarch Reef, Randfontein Estates Gold Mine. 

c. Colloform coffinite (black) onto which colloform pyrite (white) has precipitated. Monarch Reef, Randfontein Estates 
Gold Mine. 

d. Replacement cf primary uraninite in situ by secondary uraninite (smooth, grey) and coffinite (dark grey) ir. cracks. 
Galena (white) has coalesced to larger particles. The uraninite grain is enveloped by a film of uraniferous leucoxens 
mixed with phyllosilicates and quartz (pale grey). Monarch Reef, Randfontein Estates Gold Mine. 

e. Leached uraninite grains (dark grey) that have been partly altered to (U, Th)-siiicates (grey), which can be recognized 
by the cracked texture. Dominion Reef. 

f. Dense cluster of uraninites (grey) pigmented by galena (white, minute spots). Some of the galena has been 
redistributed into a crack and in interstitial sites. Monarch Reef, East Champ d'Or Gold Mine. 

g. Dense cluster of uraninite (pale grey) grains that have been intensely altered to coffinite (black). Monarch Reef, 
East Champ d'Or Gold Mine. 

h. One grain of urar.inite ,'pale grey) and two that have been altered to coffinite (black). All three are pigmented by 
galena (white). The transformation cf uraninite to coffinite involves a considerable increase in volume because of 
the uptake of silica. Monarch Reef, West Rand Consolidated Gold Mine 
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(ll.Th)-SILlCATES IN THE WITWATERSRAND 

TABLE 10 

X-ray-diffraction data for coffinite from mushy anatase 

1 2 3 4 
d, A / d, A / d. A / rf. A / 
4,6* s 4,60 6 4,64 8 4.63 10 
3.47 s 3.49 6 3.48 10 3.48 10 
2 78 w 2.781 4 2.80 3 2,80 3 
2.64 m 2.638 5 2,64 6 2.63 6 
2,46 f 2,473 4 2,479 

2,306 
2,464 7 

2,IS w 2,187 3 2.174 2,179 2 
2,01 f 1,9% 4 1,982 1,987 2 

i ,8*1 w 1.841 I l,85i> 1.841 i 
I.S0I m 1.813* 5 1,797 7 T 1,791 6t 
1737 w 1.741 3 1,743 1.740 1 
1,629 f 1.635 2 1,637 2 1,623 1 
1,556 f 1,555 2 1.55Í • > 1.554 1 
1,451 f 1,451 2 1.450 2 

1.435 f 
1.414 1 
1.360 4* 1,374 2 
1.326 
1.314 

4-
3 

1.327 2 

* Quam included * Strong 
t Galena included »V Weak 
1 Natural cotfinite'' in Medium 
2 Grootvlri G.M., Kimberley Ree t f Faint 
3 Vaal Reefs East O.M., Vaal Re ef 
4 West Rand Co nsoliiiated G.M.. White Reef 

that the Elsburg Reefs in the southern part of the West 
Rand Goldfield were not deposited on an alluvial fan. 
Instead, the clastic particles were transported across a 
scoured pediment at the foot of a highland, before being 
deposited by a branded river on an alluvial outwash plain. 
The different sedimentary environment could have been 
responsible for the transformation of uraninite to coffin
ite. It is also possible that the environment was weakly 
alkaline, which would have been favourable for the dis
solution of silica and the transformation of uraninite to 
coffinite. At temperatures between 250 and 360 °C, 
coffinite can be synthesized in a reducing environment 
at a pH value between 8 and I04'. 

Uranous titanates and (U,7h)-silicates occur together. 
The common presence of a uraniferous leucoxene-bearing 
film coating coffinite, thorite, or uraniferous kerogen 
nodules (Figures 4, b, and h and 5, a to d) suggests that 
the conversion of uraninite to coffinite preceded the for
mation of uranous titanates. This means that, at the time 
of formation, silica was more readily available than 
titanium, which, in the dissolved state, occurs as a 
hydroxide. Dissolved silica is present in reasonable quan
tities at a pH value above 9 but, for Ti(OH)< to occur 
in solution, a pH value of less than 5,5" is required. 

The replacement of uraninite by (U.Th)-silicates not 
only points to the presence of silica-saturated solutions, 
but also indicates that, according to the equilibrium dia
gram constructed by Langmuir *, alteration at pH 9 must 
have taken place under reducing conditions (Figure 10). 

In the anatase mixture, and in secondary uranium 

minerals of recent origin, coffinite and uraniferous 
leucoxene often occur in close contact, sometimes giving 
the impression that uraniferous leucoxene could have 
formed at ihe expense of coffinite. However, the for
mation of a mineral in which silicon would replace 
titanium, or vice versa, is unlikely, because the difference 
between the two ionic radii lies well beyond the J5 per 
cent limit. 

The secondary uraninite and coffinite found in the 
Monarch Reef must have formed in situ and in relatively 
recent times, which is confirmed by the low content of 
radiogenic galena. The textural relationship of these 
secondary products with primary ..raninite suggests that 
they precipitated when acid weathering solutions came 
into contact with primary uraninite. The associated secon
dary iron sulphides point to the reprecipitation of 
uranium at, or close to, the water table as a result of 
supergene activity. 

Langmuir" studied the thermodynamic properties of 
dissolved uranium species and uranium minerals at low 
temperature. Because coffinite and uraninite coexist in 
the Colorado deposits, he assumed that the stability fields 
of ur£iiinite and coffinite overlap, but that coffinite 
would be stable relative to uraninite at silica concentra
tions above those of groundwater, but below the level of 
saturation with amorphous silica. The composition of 
ur?ninite that coexists a* equilibrium with coffinite in the 
Colorado Plateau deposits ranges from UO2 to UOí.nii '*. 

Brookins'' predicted that uraninite would be unstable 
with respect to coffinitc if the silica concentration exceed-
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FIGURE 8. Back-scattered electron image (BS) and X-ray di 
(Si) in mus:iy anatase 

ed 10 A V mol/l(8/ ig/ lasS:0 2 ) . In contrast, Langmuir,A 

proposed a silica concentration of ' ° 'mol/l ({>0mg/l 
ar, SiO:), which is the average conctnf ration found in the 
groundwaters of the Colorado deposits, in which 
uraninite and coffinitc coexist. Brookins and Langmuir 
both assumed that coffinitc is more stable than the com
ponent oxides, uraninitc and quart/. Cuney*" observed 
(hat, in hydrothermal veins in Trance, the activity of silica 
during the formation of coffiniic (10 '•" mol/l) was high 
enough to precipitate chalcedony, whereas I croyM 

reported the simultaneous formation of coffinile and 
montmorillonitc. 

l.udwig el at.'* noticed that, at the Midnitc Mine, 
U.S.A., where coffinitc is almost contemporaneous with, 
but younger than, pitchblende, the silicate oxidized to a 

stribution images for uranium (U), titanium (Ti), and silicon 

uranyl-bearing mineral before the uranium oxide oxi
dized. Those authors also remark thai pitchblende is 
associated with pyritc, and coffinite with rnarcasite, which 
is stable in a weakly acid environment. This could point 
to a slight difference in the stability fi-Ids of uraninite 
and coffinitc. 

In the Colorado Province, the precipitation of coffinite 
was clearly associated with an increase in the activity of 
silica Hemingway6*, who studied the thermodynamic 
properties of certain uranium compounds and aqueous 
species, proposed that the formation of coffinite (which 
requires reducing conditions) was preceded by the ac
cumulation of a gel containing both uranium and silica. 
Coffinite formed when the conditions were unfavourable 
for the rapid dehydration and alteration of the gel. Excess 
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(U.Th)-SILICATES IN THE WITWATERSRAND 

TABLE II 

Electron-microprobe analyses of coffinite associated with mushy anaase 
(All analyses are expressed in percentages) 

Sample 
reference uo2 Th0 2 SIOJ PbO SO, Y.O, P.-O, CaO FeO TiO. Zr0 2 Total <UO; + ThO;>/SiOi 

Rf «02/2-cdge 
Bv 1415/2-la 
Bv 1415/2-2 
Bv 1415/2 2a 
WR 824/1-1 
WR824 

40.94 
40.85 
24,13 
37.71 
48.48 
38.43 

4.09 
1.80 
0,42 
1.19 
1,98 
2,18 

8.02 
9.41 
8,54 

12.59 
12,95 
11.69 

4.53 
1,65 
2.65 
3.32 
1,04 
0,56 

0.82 
0,15 
0,62 
0.57 
0.20 
0,17 

3.83 
0.89 
0.51 
0.44 
1.08 
1.12 

3.47 
0.57 
0.34 
0.30 
1 07 
0.99 

0,54 
0.16 
0,57 
0.62 
0.68 
0.64 

1.11 
0.36 
1.01 
0.54 
0.52 
0,83 

22.35 
16.48 
47.81 
27.89 
22.00 
33.86 

0.28 
0.22 
0.04 
0,11 
0.66 
0.62 

89.98 
72.54 
86.64 
85.28 
90.66 
91.09 

5.61 
4.53 
2.87 
3,09 
3,90 
3.47 

Rf Randfonlein Estates G.M., Cooke Section; Bv Blyvooruitzicht G.M.; WR Western Reefs G.M. 

TABLE 12 

Chemical analyses of uranoan thorites from the 
Dominion Reef 

Reference 
Ortlepp" 

1962 

Glatthaar and 
Feather" 

1985 

uo. 
ThO: 
PbOj 
Si0 2 

Other phases 

9,14 
34.90 
16.05 
10.00 (estimated) 
10,00 (estimated) 

?.97 
12.88 
13.29 
17.85 
I3 r 7 

Total 
Not accounted for 

80,09 
19.91 

..7,% 
32,04 

TABLE 13 

Compositions of minerals of the thorite-zircon group 
(All values arc expressed in percentages) 

Constituent 
Zircon 

1 

Hydrated 
/ircon 

2 

Metamict /ircon 

Cynol i tc* 
5 

Dominion Reef 

Constituent 
Zircon 

1 

Hydrated 
/ircon 

2 
Bv 
3 

W A 
4 

Cynol i tc* 
5 

Orange 
6 

Black 
7 

Black 
8 

Z r0 2 

SiOj 
UOj 
ThOj 
PbO 
SO, 
YjO, 
Other rare-earth 
elements 

FeO 
MnO 
CaO 
PjO< 
I.OI+ 

67,20 
32,80 

50,79 
23.08 

26.13 

38,72 
22.13 

1,63 
0.46 
0.75 
0,41 
8,11 

n.d. 
0,30 
n.d. 
1,50 
5,66 
n.d. 

56.33 
30.16 
0.12 

0.26 
0.12 
0.01 

n.d. 
0.51 
n.d. 
0,27 
0.19 
n.d. 

43.03 
22,86 

!,40 
0.66 

n.d. 
n.d. 
6.76 

0.34 
4.62 
3.12 
1.58 
3,53 

12.54 

30.44 
19,53 
2,37 
4.63 
1.37 
0,56 
6,13 

n.d. 
14.03 
n.d. 
0,62 
1.20 

n.d. 

35.72 
22.57 

1,16 
4.22 
2.75 
0,85 
7.37 

n.d. 
2.26 
n.d. 
1.22 
1.52 

n.d. 

21.02 
13.83 
11.31 
5.99 
7.76 
8.58 
5.31 

n.d. 
3.H7 

n.d. 
1.12 
1.36 

n.d. 

Total 
Elements not 
accoun ed for 

100.00 100,00 79.67 

20,33 

87.97 

12,03 

100.44 80,88 

19.12 

79.64 

20.36 

80.15 

19,85 

• Analysis from Ellsworth" 
t Loss on igniiicn 
Bv Hlyvonruit/ichl G M. 
WA Western Areas G.M. 
n.d. Not determined 

Not detected 
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TABLE 14 

Ekctron-mkroprobe analyses of uraninile and coffinite of primary and secondary origin from the Monarch Reef, West Rand 
Goidfield 

(All values are expressed in percentages) 

Sample reference UO- ThO; SiOi PbO SO, ViO, P:0, CaO FeO T i 0 2 ZrOj Total ( U 0 2 + ThOj)/SiOi 

Bv uranÍBHe concentrate 71.40 3.30 1.30 14.20 2.00 0.60 n.d. 0.80 2.30 n.d. n.d. 95.90 

Primal f uranmite clusters 
WRC 1456/1-1 63.83 7.89 2.45 22.33 2.31 - 0.86 0.18 0.15 0,27 0.13 100.40 

1-2 74.20 2.60 1.14 15.64 1.25 1.21 0.01 2.27 0.62 0.02 0.01 98.97 

Alteration product of 
chatrrrd uranmite 

WRC 1456/1-3 38.00 10.63 5.02 29.65 5.58 0..-7 2.22 0.45 0,38 0.18 0.91 93.59 
1-3 47.22 6.42 4.25 25.00 4.63 0.63 1.18 0.64 0.64 0.27 0,52 91.40 

Secondary cotloform 
pitchblende 

ECh 1457/ l-l 67.66 0.24 1.81 0.05 0.32 0.09 0,56 0,70 0.81 0.69 0.56 73.49 
1-3 71.35 0.26 2.00 0.61 0.69 0 / 6 0.45 0.50 1.34 0.47 0,50 78.33 
1 3a 74.00 0.28 0.82 0.65 0.02 0.47 0.36 0.70 1.23 0.55 0.21 79.29 

Remnant of primary 
uranmue 

ECh 1457/ 1-2 60,65 2.96 1.48 7.83 1.01 0.17 0.46 0.43 0.47 0.53 0.25 76.24 

Secondary coUoform 
coffinite 

Rf 1452/ l-l 65,09 4.52 l ' .54 0.25 0.17 1.44 2.04 0.97 0.17 0.19 0.36 88.74 5.14 
1-2 63 . 88 5.88 10.95 1.63 2.38 0.96 1.78 0.81 0.71 0,33 0.45 89.76 6,37 
1-3 67.86 4.96 9,03 2.58 0.86 0.90 1.55 0.91 0.40 0.25 0.42 89.67 8,06 
1-4 72.68 3.85 6.14 3.28 0.73 0.51 0.97 0.84 0,36 0.30 0.26 89.92 

n.d. Not determined 
Not detected 

Bv fMyvooruitzkht CM 
WRC Wert Rand Consolidated CM. 
ECh East Champ d'Or (i VI. 
Rf Randfontein Estates CM. . Randfontein Section 

TABLE 15 

Eleclron-microprohe analyses of uraninile and coffinite from the Dominion Reef, before and after leaching 
(All values are expressed in percentages) 

Sample reference I O; ThO; SiO; PhO SO, ... 
Y j O i 

P.O. CaO IcO HO: / r f ) : Total ii;o; * rho.) sio2 

Before leaching 
Uraninite* 63.95 2.60 1.90 10.48 n.d 3.47 0.58 1.20 0.81 0.20 - »'5,19 
I446/IA-3 65.73 9.65 0.86 12.71 1.23 2.59 0.02 2.04 0.87 - 0.06 9<.76 
C'offinitet 38.79 3.06 12.96 15.91» n.d. 11.17 1.39 0.W! U.38 0.32 - 84.87 3.235 
Uranofhoritei 9.97 12.88 17.85 14.25 n d . 7.91 1.46 1,04 0.97 0.45 - 65.78 1,28 
1446 lb-1 48.33 1.60 11.33 19.92 5.01 1.98 0.31 0,11 0,3" 0.25 0.67 98.88 4.41 

Jb-I 52.98 19,11 13.57 4.08 1.54 0.24 0.21 1.10 0.72 0.42 0.63 94.60 5.31 
3b-2 30.51 44.59 15.62 2.86 0.86 2.06 1.22 1.21 0.51 0.14 0.80 100.38 4.81 

After leachinft 
1474/la-1 0.12 0.56 21.64 36.42 10.60 - 0.0« 0,67 1.40 0.48 0.06 72.00 

3-1 20.88 7.53 26.06 0.70 3,65 0.75 - 0.64 6.27 3.19 0.12 69,80 
3-2 30.11 0.28 18.45 0.99 0.61 0,56 - 0.81 2.08 7.74 0.09 61,72 
3-4 7.34 5.17 '1.15 19.96 5.51 1.45 0.40 0.23 1.49 1.25 

„ 
0,30 74.24 

• Average composition of 7 uraninilc grains 
t Average composition of 11 coffinilc grains 
J Average composition of 30 uranothorite grains 
i The UOHO-SIOJ ratio for USif), is 4,5 
n.d. Not determined 

Not delected 

tilallhaar and feather" 
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(U,Th)-SILICATES IN THE WITWATÉRSkAND 

FIGURE 9. Photomicrographs illustrating the leaching tests (incident light) 

a. Coffinite grain (c, black), 0,25mm long, before leaching. The grain is surrounded by quartz (black) and pyrite 
(white). The streaky, pale-grey matter is a mixture of brannerite and uraniferous leucoxene. In oil. Elsburg 
Reefs, Cooke Section. 

b. The coffinite (black) grain of Figure a dissolved after being subjected to leaching for 45 minutes. Uranium 
was also removed from the uraniferous leucoxene (pale grey) in contact with the lower left part of the coffinite 
grain but the brannerite (b, medium grey) further to the left remained unchanged. Elsburg Reefs, Cooke Section. 

c. Interstitial chlorite (very dark grey), 0,3mm across, enclosing sphalerite (s, white), chatcopyrite (cp, white), 
and, in the lower fight-hand corner of the grain, coffinite (almost white) with small inclusions of galena (white) 
before leaching. The grey particle in the top left-hand corner is rutile. In oil. Elsburg Reefs, Cooke Section. 

d. Grain of Figure c after being leached for 45 minutes. The black patch represents leached cof'inite. Elsburg 
Reefs, Cooke Section. 

e. When leached at ambient temperature, the uraninite grains, averaging 0,1 mm in diameter, readily reacted 
with the lixiviant to leave an angfesite residue (a, black). The parts of the uraninite grains that were altered 
to (UJh)-silicates developed a cracked surface (th). In air. Dominion Reef, Bramley Gold Mine. 

f. A cluster of uraninite grains (grey) partly altered to (U,Th)-sil:cates (darker grey) enclose a larger uranoan 
thorite of detrital origin (th, darker grey). Galena (white) of radiogenic origin migrated to cracks or to the 
grain boundaries. The white patch in the right-hand top corner is pyrite. In oil. Dominion Reef, Bramley Gold 
Mine. 

g. and h. The uraninite grains in Figure f after 10 and 30 minutes of leaching respectively. The uraninite was replaced 
by anglesite (a, black), whereas the thorite grains and the parts that had been altered to (U, Th)-silicates 
(medium grey) did not change visibly. In air. Dominion Reef, Bramley Gold Mine. 
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|U.Th>-SIUCATES IN THE WITWATEKSRAND 

TABLE 16 

Ekctron-mkroprobe analyses of yttrium phosphates 
»Aii value» are expressed in pcivciiiagc*) 

Sample reference UOz ThOj PbO SO, VjO, P2O, SiOj CaO FcO T Js Total U O J / P J O , 

Xenotime 61.40 38.60 100.00 1.59 
Chvrchiie 55.92 35.16 91.08 I.S9 
BT«23 3.64 n.d. 1.36 0.34 32.14 27.8» 1.67 0.58 0.51 n.d 68.13 1.15 
Rf 602-1 2.7» n.d. 1.59 0.41 36.66 32.35 1.38 0.24 0.2» n.d. 75.71 1.15 
Rf 602/1-1 3.1» 0.XI 0.90 0.27 30.18 26.88 0.97 0,65 0.09 0.06 »».00 1.27 
Rf 602/1-3 1.74 0.45 1.04 0.12 3J.1I 27.88 0.71 0.40 0.15 0.04 6.-71 I . I» 
Rf 602/2-6 7.85 0.25 2.90 0.50 30.44 26.66 1.66 0.74 0.12 0.05 7 l . i ; 1.14 
WA 1211/2-1 0.13 0.25 0.6» - 34.12 31.96 0.22 0.05 0.10 0.03 67.52 1.07 

n.d. Not determined 
Not delected 

Bf BufrcUromem Gold Mint 
Rf Randfontcin Estates Gold Mine. Cooke Section 
WA Western Areas Gold Mine 

FIGURE 10. Eh-pH diagram in the U-0 r CO 2 -H jO 
system at 25 *C, a typical groundwater carbon dioxide 
pressure of 10 'atrn. and a total dissolved-uranium 
concentration of 10 *M (0,24 mg/l). H&O outlines the 
boundary of the stability field as defined by Hosteller and 

Garrels" in 1962 (after Langmuir5*) 
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silka or uranium crystallized as quartz (or another 
poryawrph of silka) and uraninke respectively. However, 
ci the Witwatcrsrand reefs, the textural relations between 
íll.THMiKcatw *Bd «ranÍHÍte dearly indicate that 
uraniaite was transformed in situ directly into coffinite 
through the uptake of silica. It is possible that uraninite 
was first altered to a hydroxide or to an oxide, until the 
composition U<hM was reached, and was then altered 
to coffinke. For an adequate supply of dissolved silica, 
the pH value of the environment should exceed 9. at 
which value coffinite would precipitate (Figure 10) if the 
environment were reducing. The co-precipitation of pyrr-
hotite and coffinite (Figure 4, a and b) confirms that 
alkaline reducing conditions prevailed during the forma
tion of coffinite in the r̂ efs of the Turffontein Subgroup 
of the Witwatersrand (Table 2). 

The botryoidal habit of the secondary uraninite and 
coffinite of recent origin suggests that, in this instance, 
the coffinite could have formed ft om a uranium-silicon 
gel. The relationship between these secondary products 
and primary drtriial uraninite differs distinctly from thai 
found in the Ebburg Reefs betwe.-n uraninite and the por
tion transfonpcd to thoroan coffinite (Figures 4f and 7a). 
The texture of the thoroan coffiniees suggests that, for 
the latter transformation, the silica component was 
gradually introduced into the grain, proceeding from the 
surface and along cracks towards the centre (Figure 7f). 
It is possible that the silica was present as a gel, which 
infiltrated the groins and then reacted with the nrannite. 

(U,Th)-silicaies occur in the anhydrous or hydrated 
form, but most of the natural species are hydrated. Ex
cept for thorogummite and some of the hydrated thorites, 
the (U,Th)-silicates possess similar physical and optical 
properties. Coffinitcs and (horogummite can be identified 
by X-ray diffraction, but thorites frequently occur in the 
mctamict stale. For the identification of the latter group, 
quantitative analysis is required. 

Analytical data for natural (l',Th)-silicatcs from the 
Witwatersrand and elsewhere in the world show that the 
hydrated species form a continuous series. Fuchs and 
Geben 4', who synthesized (U,Th)-silicates. established 
that a continuous series also exists between the anhydrous 
end members. However, the anhydrous species seem to 
be uncommon in nature. They have been reported only 
once from a hydro» hernial environment z \ and now have 
been identified in the Wiiwatersrand placers'". In both 
instances, the rocks were subjected to met amor phism. 
The anhydrous coffinite of hydro*hernial origin is devoid 
of thorium, whereas the Witwatersrand uranium silicates 
are anhydrous thoroan coffinitcs. It is possible 'hat the 
coffinite originally contained water, but became 
dehydrated during metamorphism. 

A controversy existed regarding the form in which the 
water occurred in the hydrated (U.Th)-silicates. Initial
ly, water was proposed lo be present as the hydroxy! 
group substituting for Si(V. However, from infrared 
spectral data, Abdel-Gawad and Ken™ concluded thai 
natural coffinites do not contain an essential hydroxyl 
component. This is supported by compositional data for 
coffinites, which disclose that coffinile compositions are 

not concentrated along the join between anhydrous cof-
finite and uranium hydroxide. The correct formula 
for the hydraied (U.Th)-silicates is therefore 

indicate that n does not exceed 4. 

The coffinile found in hydrothermal veins and in 
deposits of the sandstone type is of primary origin. 
However, textural relations indicate clearly that the cof
finile in the Witwatersrand reefs is the product of the 
direct transformation of detrital grains of uraninite by 
ihe in siiu uptake of silica. 

Secondary coffinite and uraninMe of recent origin, 
which precipitated when acid weathering solutions came 
into contact with primary uraninite, are readily dis
tinguished from authigenic coffinile pseudomorphs by 
their colloform habit, smooth texture, and different 
reflectance, and by the absence of galena. 

Thorite can be synthesized by several techniques. When 
the hydrothermal method is used, the silicate starts to 
form at I50°C. whereas uranoan thorites are produced 
at 400 'C , aitd huttonite, the monociinic polymorph, only 
at 700 "C". Coffinile can be synthesized by ;he same 
method at 200 to 360 °C. at a pH value between 8 and 
10.5. under reducing conditions. In air, only a small 
amount of coffinile forms4'. For the formation of natural 
coffinite, adequate amounts of dissolved silica and a pH 
value greater than 9 arc required. Both experimental and 
natural conditions suggest that, for the formation of 
uranium silicates, an alkaline reducing environment is 
most favourable. However, wher. uranium silicates 
precipitate under near-surface conditions, the environ
ment is expected to be neutral, or even acidic. 

Leaching tests were carried eul on polished sections of 
rock samples containing (U,Th)-silicates. Dilute sulphuric 
acid containing ferric iron was used as the lixiviant. The 
experiments indicated thai the dissolution oí coffinite 
from ore of the Elsburg Reefs is less rapid than that of 
uraninite and uraniferous kucoxene of low uranium con
tent, but that coffinite is completely dissolved at 60 "C 
within 2 hours, provided the lixiviant has access to the 
mineral for a sufficient length of time. However, the 
(U.Th)-silicatcs in the Dominion Reef are less amenable 
to leaching and, like brannerite, require stronger leaching 
conditions and a longer residence time. 
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