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R. M . ._ Garrels and .c... t. -Chr:i.s t 

ABSTRACT 

Uranium oceurs as l.J(VI) and tt(IV) in minerals of the C"o.lo.rad.o- -:rlateau 

.ores.. The number of species containing :U(ll) is large, put only twQ -U(IV) 

minerals are .known from the Pla teE{u: uraninite , an o;x:ide , and eoffin.i te , a 

hydro-xy~.ailicate.. These oxidize tQ .yield _U(VI) be-fore reacting significantly 

with other mineral constituents.. Crystal-:stru.etu:r'e analysts has shown that 

U(VI) invariably occurs as- uranyl ion_, U02+:2 • Uranyl ion may form co:m:plex 

carbonate or s-ulfate ions -with resulting soluble compounds, put o~1y in 

the absence of quinquevalent vanadium, arsenic-, or phosphorus., In the 

presence qf these elements in the +5 ;valenc:e state, the uranyl ion iS fixed 

in insoluble layer compO\lD.ds forme.d by union o~ ura,nyl -ion .with ortho.-vana­

date, orthophosphate,. or Q:rthoar-senat-e. Under f:a:vorable conditions UO~+.e 

may react to .fOcnn the relatively inso:luble rutherfordine 1 UQaCOs,. or hydra ted 

uranyl hydro-~ides ~ -These are rar-ely fqund .on the Co-lo;ra® Plateau as oppo-sed 

to. -their :excellent .develex>ment in other uranif:eroufl areas 1 a cQndi tion :which 

is a,Pparently related to the semi~»id climate and l.o:w water table Gf the 

Jl'latet:t-u. Uranium: may also be fix-e-d as uranyl g1licate,. but little is knQwn 

about minerals of' this kind-. In the present . .study enrpha,.s.is has ·been placed 

on a detailing -Q:f the chemical and crystal structural ehanges which occur in 

the oxidation paragenet.ie seq.uence. 
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Ura:aium .Oc\Ctt:r"S- in two valence states in minerals trom tlle Colo~ado 

Plateau uranium :ore:s .~a;s U(VI) and .U(IV) ii The number o-f specie!> conta.ining 

:U (VI) is large,. but Gnly tw~ minerals cQntaining l1( IT) have been ise>lated 

and charaeter.iz:ed-. They are uranini te-, an o.xide, and cG;ffintte, a silicate 

o.r hyd:rQXyJ"!!Sili:eate. '.fhe oce;urrences of u.ran:illlit minerals are l~Uite e·ons.i:s.t ... 

ent with the .view -that these two minera;I.s are the progenitors o.f .all -'the 

U(VI) _pha:ses. That int.erpretation will be ~ee-pte.d for the :p1.1.;rpo~es ot tb.i.s 

di:sc~si~n, aJJ:d em_phasis will he Qn a detailing of .the chemical and J:Jtruetur:al 

change'$ that reEP-alt .in the ::produetian of _rrn;my-hued and chemically diversifi-e~d 

l,at'er gen:erati.ons frQm these twQ parent ___ materials_,. IJ;'hes.e relations are 

sh.Gwn in figures 1 and ~~ the text is best fGllC,tWed by continuo:u.s r -e-ference­

to -them., 

Uraninite from Plateau depo,sits is fine grained.,. Analysts sf carefully 

pu..rified ma:tertals- invariably ahow,s UQ2 and ,U03 in variou.s ratios, Wi~h a 

tenden¢y for the· jgax,imum _ lJ02/UQ.~ . to oe:eur- in mas:si ve specimens collected from 

.sites. pro.teeteti from the ·atJB.Qsphere until mining o-peratio-ns to.Qk :p.Iaee. Fre~ 

.sumably the mat~r:ial qriginally preeipi,tated _-was largely UQ2 , and mQSt oi' .the 

l10$ .repqrted iS· a product Qf'· the radiaactLve de.cay ~f uranium to lead, pl~s 

that . .from ox ida. tiqn. . by the -atm()sphere ( Palaehe and others ., 1944) _ .. 

Synthetic preparations G'f" _UQ2 give sharp x: ... ray diffraction p-<;>-w<l:er 

patterns (Kerr and others, 1954) corres::ponding to- the:f'luarite .structlil."'e 

(fig., 2) .__ . Uranin.ite SamJ!les fr~m the .Pla tea.u. give .es.s:entially _ the s.ame po-wde.r 

patterns r bu-t the definition <..lf" the patterns varies widely.. The diffuseness 
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of' the :patterns increases with inc~easing lJO.s .. • ·The reasons for thi.s, have 

be.en studied -by n.um~rous inves.tigato.r·s (Brooker and Nuffield., 1952; Ke!"'r 

and others 1 1954). Apparently the loss o:f' definitiQn in .the J?atterns results 

from a variety o.f causes inelud1ng a :rt-e.ductiQn in .crystallite si.ze of the 

'lJ02 and no,nuniform oocidatien throughout the- sample-. No pattern eorreSpQnding 

to~ a U.(VI) compqund is fQu.nd, s:o presumably t:ne U(VI) exis~s as ·UQa in the 

amorphous state. 

llu.ring radioactive decay, uranium a. toms disintegrate through a s .eries Of 

daught:er products to lead, leavin,g .an excess of oxygen atoms relative to .. ura .... 

nium atqms; hence chemical analysis reports U02 , UQ:g., and PbO. As an equation 

(for ·50 percent disintegration)~-

2U02 ----4- .PbO + U()s. 

Plateau uraninite:a. are no-t older than 60 to· 70 million years ( S-tle:ff 

and .a te:rn, 1952); the analytical UOs content from develo-pment .of lead in tnat 

time span would he about 2 percent by weight .. The least al-t .ered uraninite so 

far analyzed for U02 and UO.s, has a ,UQs content .of about :)0 percent (Stern, 

T • . w •. , personal c(')mmunication) showing that no entirely fresh material has 

been rJbtained •. 

'The s~ruotura]_ :pattern of uraninite cau still be- d,isee:rne,d. in x~ra.y 

p.ovder phc;,ltQgr.a:phs of material CQntaining ,as .. m:u.ch as 80 p.ercent . uo3. .(Broo-ker 

and Nuf:fie1d:1 1952, p • 366) , and nQ trace .of a UQ3. pattern ean be· seen. 

'Jlle develoJ;>ment o:f' U05- by atmospheric oxidation is clearly a pseudo'"" 

mprphic process; the original grain shapes of U02 . are retained, and there ~-e 

nQ e:haracteris.tic changes i.n .colQr o-r textl.U"e., However, :q03, ]?ercentage . of a 

given speei:men does .agree with poa.i tj.an relative to- aeees.s. to- oxygen; o~es 

of' massive a:pec.ime:ns are lawer in UOs ,content than the rims, • 
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Thus the first stage of supergene oxidation of uranini te is ess·entially 

a solid state phenomenon and gives rise to material that analyzes as UOs, 

but still resembles the parent UQ2 megascopically. This new material is 

amorphous to- :X~rays. 

The probable reaction is: 

M = -36.4 kcal. 

The free energy change probably is somewhat less negative than that 

calculated here for the crystalline materials because the U03 is amorphous. 

Solution of, UQ2 without oxidation is not an important process because 

of the extremely low solubility of U02 in deaerated water. Instead it oxi­

dizes much more rapidly and effectively in the solid state. 

COFFINITE 

The new mineral, coffinite (Stief:f and Stern, 1955), is not well char­

acterized, but is a U(IV) silicate, with more or less hydroxyl substitution 

for the silicate ion. Presumably its formula ranges between U2.(Si04 )a and 

U2(0H)4(Si04). It occurs typically as a replacement of woody material, or 

in intimate association with carbonaceous material, mostly of woody origin • 

. Very serious problems have arisen in attempting to .separate a pure phase 

from the environment, owing to many causes such as the usual extreme fine­

ness of grain and the intimate intergrowth with other materials. However, 

X-ray, infrared, and electron diffraction studies sho.w it to be an analogue 

of zircon and thorite, with the same kind of transition to a hydroxy­

substituted species .. It is probably a primary mineral, although Weeks and 

.Coleman (personal communication) suspect that it is nearly always late in 

the paragenetic sequence, and {nay result from complex reactions among uranium 
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in solution, woody material, and si.lica released into solution by the action 

of the ore fluid. on sand grains. 

Coffinite's intimate intergrowth with uraninite indicates simi;Lar very 

low .solubility relations in a reducing environment, and there is a suggestipn 

that it is somewhat more resistant to oxidation than uraninite. Never .... 

theless it probably oxidiz_es much more rapidly than it dissolves, so that, 

as in the case of uranini te, mineralogic changes invol vi,ng a quadrivalent 

uranium ion in solution are an unimportant aspect of its post .... depositional 

history •. 

The importance of c off'ini te as an ore mineral is difficult to as se.ss , 

chiefly because of the short time that has elapsed since its recognition; the 

number of oc:eurrences already recorded, however; (Gruner and. Smith, 1954, 

P• 8;. Stieff and Stern, oral communication) suggests that it corp.p:rises a 

significant proportion of the uranium content of many primary Plateau ores. 

In summary, the-uranium of coffinite, like that Of _uraninite, alters 

rapidly toU(VI) in the pre-sence of air; the mineral structure is destroyed 

and the greater part O·f the :post-depositional history involves U(VI). 

REACTION OF -URANINITE WITH GROUND .- WJ\TER ·"WITHOUT .. OX+:P.A.'riON 

Qne o~f the major questions concerning the pa,st-depositional history of 

the Plateau ores is the possibility of' migration of uranium. by solution and 

redeposition as a result of' the action of moving ground water.. Inasmuch as 

ground .waters be-low the water table are usually reducing and .s:l_ightly alka ... 

line, the problem in that environment appears to be related t _o the direct 

.solubility qt JA:rljlninite and coffinite in such media rather than to transport 

by a combined o.xidation-transport-re.duction proces-s ;•-
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Uraninite is so extremely stable) in tertl1S of giving up U(IV) to water 

solutions, that it appears doubtful if much movement can take pla.ce without 

oxidation. The same is probably true of .cof'finite. No good data are avail--

able on the so;J.ubility of U02 in water, although some work has been done on 

U(OH)4, the less stable hydroxide (;Leider, 1954). Values reported for the 

solubility of the hydroxide in water and NaO!l so-lutions range around 10-
6 

mols per liter at average gro-und w:ater pli values ( T· 9). There is,. however, 

a strO"ng ,likelihood that this measured value is that of U(VI), rather than 

U(IV), inasmuch as oxidation occurs very easily, and the amount of soluble 

uranium involved is so small.!J U02 is notably di.fficult to dissolve even 

in very strong nonoxidizing acids. According to -Phair and Levine (1953, 

p. 367), '.'The results of these investigations show that unaltered pitchblende 

is itself relatively insoluble in even the most concentrated solutions o-f 

H2 S04 at room temperature. Once, however, it has become partly oxidized 

by contact with oxygen ••• " 

Further indirect evidence on .the solubility of uo2 c·omes from the 

tendency of U(IV) in solution to behave as a mo.derately .strong basic cation 

with little tendency to form stable soluble complexes. In other words, it 

is quite certain the U02 will not dissolve appreciably without oxidation 

unle..ss very stable complexes exist .• . We are always in the quap.da.ry of not 

being sure of .the composition of ancient grour).d waters, but at least there 

is no current reason to expect that they contained any effective U(IV) 

complexing ag-ents. 

?) Also, Leider's. results (1954) for the solubility of UOs.•H4-0 and 
U( OH)4 are strikingly similar, both in acid and alkaline solution. 



UOs hydrates and related compoun(],s 

As shown before)i the first stage of alteration of uraninite is to 

amorphous U03 , apparently by an essentially so-lid state .reacti(>n, w;ith~u.t 

the intervention of' a solution step. UQ3 is unstable relative to uranyl 

hydroxide hydrate in water solution (Garrels, 1§5,5}, and the reaction 

UOs + 2H20 -----7 UO~(OH)2•·H20 AF ::: ..:13 kcal 

takes place in a pure water solution. 

There is a family of uranyl hydroxide hydrates, including U02(0H)2•H2Q~ 

U0.2(0H)2•l/2 H20, and U02(0H)2 (Kat~ and Rabinowitch, 1951, .P· 281 ... 294), but 

th-ey are not common _.minerals on the Colorado ·flateau_._ They differ from each 

other by small increments of free energy, which probably explains their 

co·exis tence. . It appears that the hydroxide m9nohyd.ra te [U02 (Oil) 2 •HaO 1 is ;in 

fact the stable species in wate-r at 25·° C and atmospheric pressure 

(Bull Winkel, 1954 1 P~ 8). 

The sparsity of' uranyl hydroxide hydrates on the.Platea.u, as opposed to 

their abundance and striking develo-pment in other areas, perhaps is related .. 

to ·the semiarid climate and low water table o:r the Plateau. O.xidation takes 

plaee ~n thin :films of water on the mineral grains ,after the water table has 

dropJ?ed , and concentration of ions is high in these films • sq that col_Ilpounds 

other than the o.xide.s develop., l'b,e uranyl hydroxide hydrates probably form 

and persist only in the virtual .absence of' carbonate species. 

Structurally the uranyl hydroxide hydrates are member's o.f' the more 

general class of compounds represented by the formula xMeO~yUQs·~H20 where . 

Me is .Pb or Ba, and perhaps Ca (Christ and Clark, 1955). Among the minerals 
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included in thi:s class are beequereli te, Schoepite Y b:i.llieti te, masuyi te, 

fourmarierite, and vandendriessehei te. The structure common to all of these 

minerals i.s Sh()-WD. in ,.figure 2.. It consists of a. pseudohexa.gonal arrange .... 

ment of linear vertical uranyl ions linked together into infinite horiZontal 

sheets by . the bydro.xyl ions , with the sheets held together in the crysta.l 

in the vertical direction ·by water molecules or by metal ions and hydroxyl 

i .Qns. Thus? the formula xMeO-yUOs·zH20 s.hould be written as X..Me(OH).a 

•yU02(0H)2•(z-x-y)H.eO• 

UOs-carbonate eompl,.exes 

Uranyl ions form soluble complexes with ear bonate ions.. . In many ores 

calcite is an abundant constituent of the roeks ,_ and during .oxidation of 

accompanying pyrite the calcite is dissolved to give a solution high in HCOs· 

ion. Unless there is an excess of pyrite relative to calcite, the resultant 

solution eventually r~aches a pH between 6 and 8, representing ide~l conditions 

for the .formation of' uranyl carbonate complexes (Bullwinkel, 1954). 

The following discussion of the carbonate comple:x:es in water is based 

largely on th.e work of Bullwinkel ( op '" cit.) • 

and 

U02++ + 3C0s= -----t [ U02( COs) s)-"' 

UO .++ + 2CQ ~= . 2 .. . 3 + 2H20 ----+) [ U02.( COs )e(H;zO )2 J •2 

Theae complexes are most ef'fective in the intermediate pH range because 

they are destroyed both by .·~ and QH*. Addition of :a+ to the tricarbonate 

complex in sollltion give.s .successively the dicarbonate eomplex and the 

uranyl ion: 

· ~ + -2 
LUOg{COs)sJ~ · ·· + 2Ha0 + H -~/ [lJ02(co.,)a(lle0)21 . + HCOs-

Itro2(C0~)2(H~6I2 J -:? + 2H+ ) Uoa++ + ~eO + 21IC·os·-
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Pi.u"ther aeid addition will form HzCOs -li 

Addition of OH to the tricarbonate c<;)m:plex tends to form insoluble 

metal uranates with available cations: 

fUOz(CQs,)gJ ... 4 + 4-.QH ... + Me++ ----7 MeU04: + ~H20 + 3C0s-

Thus either acid .or alkaline conditions tend .to break up the carbonate 

comp1e~es and re.Q.uee the solubility of uranium in solution. Evaporation, 

on the o:ther hand, tends to precipitate the .solid :uranyl caroonates-. Five 

of these ·are known from the Pl.a teau--diebigi te, scm:oeckingeri te, bayleyi te, 

anderflQnite, and rabbittite. Their compositions are shown in .figure 1. The 

particular species formed depends chiefly on the relative abunda.nce of' Na+,. 

++ . .. ++ Ca , or Mg • 

All of these carbonates are hydrated. The crystals contain the complex 

carbonate ions (fig. 2) as discrete units ana accordingly are all .easily 

soluble in water and their geologic behavior reflects this high soluoility. 

The minerals form as e:fflorescence-s on .mine wallS and in the zone of evapo-

ration n_ear the ground surface. Their existence iS transitory even by human 

standards,. Change's in the distribution of th:e carbonates can be observed 

almost .from day to day., With the 1exception of an oecurrence in the Thompson:f'': 

dis-trict, Utah (Weeks 1 A .• D., persqnal communication) uranyl carbonates are 

known only .from nonvanadi.ferous ores. 

Anhydrpus. uranyl carbonate U0:2COs ( ru.ther.fordine) is very rare on the 

Plateau, although it is relatively abuniiant in other uraniferous terranes., 

.Some insight into the reason for its rarity can :}:)e interpreted. fram .Bullwinkel's 

observations_ (p. ·35) on .the conversion of U02{0R)2 ·~R~ to U02C03 .bY bubbling 

of air through a water suspension .o:f the hydrated q.xide. The· JSmall amount 

of C02 in air is sufficient to cause the change. On the other hand, if ex ... 

cess car"Qqnate or bicarbonate is added to the solution (as Na2 C03 or NaHC03 ) 
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rut;herf ordine disso-lve.s as uranyl carbonate complexes are formed. Although 

t he experiment has not been performed, it appears likely that .evaporation 

would yield hydrated compounds with a uo~ jed; of 1/3,. like thos.e observed 

,on tbe .Plateau ~ Thus rutherfordine probably . forms under humid climatic 

condi tions, where relatively pure 'Water is draining through the. zone of oxi ... 

dation; whether it or uranyl hydroxide hyd:rat;e,s forms depends on the pa,.rtial 

pressure of C02 in the atmosphere . On the Plateau, where the ground waters 

contain much carbonate and bicarbonate, rutherf'ordine, if formed, would 

dissolve, and the only carbonates are those formed by evaporation, which 

reco-rd their genesis from the soluble carbonate complex by the universal 

UO~+ jco;. of 1/?, as oppo:,Sed to the 1/1 in rutherf'ardine. Furthermore the 

s t ructure of rutherfordine is similar to that of. the uranyl hydroxide hy-

drates, rather than to the hydrated uranyl carbonates (Christ, Clark, and 

Evans , 1955). 

Uranyl sulfates 

When pitchblende or coffinite oxidizes in the :presence of iron sulfides 

or co:pper-iron sulfides, or both, and in the absence :oi." appreciable amounts 

o.f vanadium, phosphorus, or arsenic, small amounts . of the s-ulfates 

uranopilite , johannite, and zippeit;e- may form.. The gen.esis of the sulfates 

i s similar to that of the carbonat.es .. Oxidation of a.ccompanying ,Sulfides 

yiel ds sulfate ion in acid solution. Sulfate, like carbonate, forms a 

complex With the uranyl ion. The sulfate complexes are not nearly so stable 

as the carbonate but are sufficiently stable to incre~se the solubility of 

U(VI) markedly. According to Brown (Brown and others, 1954) the ncom:plex" 

is undissociated U02S0-4. The dissociation constant of th-e reaction 
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LUte the· carbonates, solid uranyl s:ul:ra t ,es apparently f..Qrm onJ.y . by 

te.rt~.ed.. -They forna crystals of appre-eia.ble size o-nly Yith gre•t d.U"fi.culty-; 

in .mQSt J)e,~u,rren~e1S the~ f0.-:rm :c.o:ll()f'o:rm pre·eipitates,. ~ey are .somewb.E:lt 

a.nalogo:us· to the basie ,eQpper _sulfate:s, sueh a& brochs.n:t:tte, ft),X' the. _origi~ 

.na.lly precipitated material is e·ss.entially a s:el o-f indef'init·e compq.siticm-. 

t"eerys-talli~ti:on _of a .whale s.eries or SP:lid phaa:es W..lte$ plaee!J. .. . It iS' 

likely then that the eQm:poa.itians given in .. figure 1 ar-e 14-G't truly representa~ 

tive ot moat natural uranyl sulfates inasmuch a:a the-y have been determined. 

trom the best cryata.lli;ed minerals availab.le. The natural _materials f ·ound 

~s erU:$ts and ef:f'l»rese.enees are probably more hydrated. than the s.e~ee·ted 

Spmmarz Qf t1le oxidati:OJa~re9-u:ctie>n ~l~tiO.n~l in_ ,ur~n.ium -~r~ 

l,~W .. in . ,vana:dium1. Ph;$-S;Rb.Qrus .l or :~a~lli(! 

As incUeated in fi~e- 1 Q~i~tion -~f primary uranium (Jres in t,~e 

ab:aenee ~- van.a.d.iumJ. phosphorus, and ars.enie ma.y well reeult in .rapid lpliUJ 

\ 

conditiGQ for' xetaining uranium in SQlutiQ.n .• . If the primary a.ssociati(l)n is 

uraainite :plus pyrite in. a no-ncar-bonate gangue., . oxidation :9radu.ees a stro:qly 



acid. sulfate solution in which UQ3 diSIH:JlV€!'S as fast as it is formed by 

·s olid state oxidation of the original U02 .". Unless ·eyaporation essentially 

to dryness takes place the dissolved uranium is carried away .. 

Uranium is even more soluble in the J)resence of carbonates. The hydro­

gen ion deV-eloped by axtdation o·f' . the sulfides is neutra.li~ed by reacti.Qn 

with the calcite of the gangue and a neutral or .slightly alkaline solution 

high in sulfate, bicarbonate, and ·carbonate is formed under these conditions~ 

_. The cample:xing action of the carbonate ion is added to that of the sUl:fate 

ion producing con£Li tions of maximum uranium so-lubility. 

In the presence .of reactive silica, uranium can be fixed into the rela-­

tively insoluble silic-ates. Unfortunately, little is known o.f the environ. 

ment in which they c-an form, or even concerning th-eir stabilityafter 

crystalli%ation. Locally 1 however, they are impor-tant factors in the fixa ... 

tion G:f uranium in nonvanadiferous ores. 

I n nonvanadiferous ores theny there is commonly abundant evidence Q'f 

the migration of' uranium in the zone of oxidation• .For example, the outcrop 

i tsel.f may be almost entirely free of uranium a,nd its forme·r presence may _ be 

. suggested only by traces of oxidized copper minerals • :Behind the outcrop, 

a z.one measured usually in a few feet or a . few tens o:f feet ma,y . be found in 

.. which .uranyl sulfates and carl;>onates are intermixed .with iron oxides and 

oxidized copper mi nerals.. In this. zone -chemical uranium values may differ 

markedly and errati-c.ally from .equivalent uranium) inasmuch as the <laughter· 

produets of' radioactive disintegration are generally less solttble and :ura ... 

. ni:um tends to move differentially., At the margin of oxidation a rather 

abrupt c.hange to essentially unaltered pi tchblende-sulf'i.de ore may take place ... 

The exteat anQ. effec-ts of oxidatio-n differ markedly, o:r course-, i"rom plae·e 

t o- place , depending upon the details of the geq,logy, but movement, redistri ... 
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buti ony and . loss of urani um are characteristic. Loss of ur'aniu,m is. retarded 

by adsorption o:f uranyl ion on hydrous f'erric o~ides, and similat- colloidal 

mat~rials , ~ut the efficiency of the process is incompletely un.ders tood 

(Lovering }) 1955). 

I n the upper part o.f figure 1 a large number of mineral :species are listed 

.under the headings o:f vanadates, pho,sphates, and arsenates ,.., '!'here is, however, 

a single structural theme that unifies them ,so that their genesis can be dis ... 

cussed almost as if they were but a single mineral. Inspection of their 

f'ormula,s and of their basic .structure, as shown in figure 2., shows t,P.at they 

are composed o:f sheets made up by a combination of uranyl ion with vanadate, 

phosphate, or arsenate ion and that various metal ions and/or water are 

rather loosely QGWld between the sheets.$ .The vanadate, arsenate, and phosphate 

ions are coordinated around the uranium .of .the uranyl ion in similar manner. 

The bonds within -a layer are very strong. In addition, as can be seen from 

figure 2~ the planar structure can be extended essentially indefinitely. 

This possibility of a development of ·"inf'initen sheets explains why the 

vanadates, phosphates, and arsenates are so slightly soluble, whereas the 

carbonates and sulfates ~ which cont:a,in finite groups , are so .soluble • 

The picture eme:rges t hat primary uranium minerals oxidize to U03.• UOs in 

turn reacts with wate.r to provide a certain amount of uranyl ion. As so-on as 

UI"anyl ion encounters quinqueraleiJ.t vanadium, phosphorus, or arsenic in solution, 

there is a tendency to ·build up the clay-like sheets whieh are held together 

loosely by whatever cations happen to be in solut.ion and by water molecules. 

Neither phosphorus nor arsenic occurs in important amounts in the Plateau 

deposits except locally. Therefore, the reactions of' uranium with vanadium 
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will he discussed at length and the co:rresp?nding phQs:ph.ates and arsenatea 

The two majo:r ·uranium. vanadates are carnotite and tyuyamuni te (or meta,... 

tyuyamuni te '~ w:hieh has a lo:wer degttee of hyd,ratio.n) • -The vanadi.um in thef%.e 

min.:era.l apparently i .s montrQseite . LV(II.I) oxi~) neither -carnotite n~r 

tyuyam:uni te can fOrm until uranium has achieved a +6 .valence and vana<dium -~ 

go-ne all the way from +3 to +5• .Various studies have shown -that pitchblende 

~nd q.offinite are · .among the tirt:Tt mnerals to o.x:idize :11~ . In .most c~,es uranium 

reaches +6 .valence be:f'ore all the vana.dium has been oxidized to .vanadium (IV). 

Conaeque:atly there is a stage .during .tlle. oxidation of a given uranium-

.van.a(il.ium deposit in whi.c:h the ur~nium occurs as ur~iUlll (VI) but .in which there 

is no · vanadi\lm .(v) with whi.ch 1 t can combine • Little is known .. eonGerning the 

solid phase in. ::which uranium. oeeurs at this s ta.ge·:-. . Some specimens have been 

.e:xamined .that contain several pereent uranium a·s +6 -but in which there i.s no · 

i .ti:entifiable urani.um .mineral. It is conceivable that at this stage. the ur:a)oo 

nium ex.ists a.s amo:rphous bla,ek uo3 , although it is difficult to understand 

.why s.o:me hydration to. give brightly colored UOs .hydra.tes has not occurred,. b,ut 

the-y seem to- be absent.. Also .at this stage the uraniu.m i .s rea.dily leachable 

in ve~y dilute aei.d .aolution if precautions are taken to prevent any oxidation 

of -vanadium to vanadi.um ( V) • Numerous s.peculations could be made c.oncerning 

the phase.s eQ.ntai:o,ing .u:ra.nium at this stage, but so little real evidence is 

avail.a.b~e that these probably should ·be· de~err-ed .•. 

. There iS another problem .related to· the transition frQm un.oxi<iized ores 

to-.uranyl vanadate.s,. phosphates, and ar:Senates 11 Carnoti.te and tyuyalt1Ultite 

-s. 
are arthQvanadates, that is 1 the anion is VC4.. ... During oxidation the pR 

ranges from perhaps 1 to 9. From the equilibl1ia amo·ng .var:to~ +5 va,nadiu.m 
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species in solution it must he concluded that the concentration of' V(4-3 ion 

in the groun.d waters is vanishingly small. Some workers go- so :far as to 

st:ate that vanadium cannot occur in water solution as. a V04-s ion, and it 

appears tui te certain that pH values of' the order of' 12 to 14 are the loW'eSt 

at whlch V04""3 can possibly e4ist-. Apparently some inte~ediate solid com:pou.nd 

is necessary in :the :formation of carnotite or tyuya.munite. This compound 

presumably would be the re.aul t . of . a combination of uranyl ion wtth metavana-

.date, pyrotvanadate, or even more condensed vanadate ions, rather than with 

the orthoyanadate ion, itself'. Then a .solid state transformation in the struc ... 

ture of the or-iginal pr.ecipi tate, invcYl ving release of' some of the vanadium 

to so1.ution:r is necessary to form the uranyl orthovanadtite sheets_. This 

presumed intermediary compound is shown in :figure 1 as rauvi te. There is a 

certain amount of experin:.tental evidence for the presence of' such an inter-. 

mediary,,. -In studies of the system invo.lving UQg.J V2 ()5 , KgO, and HaO .~;t . uranyl 

vanadate with a higher vanadium-uranium ratio- than carnotite or tyuyamunite 

has a rather wide fteld of stability. It iS asi3umed, therefore, that carnotite 

and tyuyamunite never precipitate directly but are preceded by a solid phase 

of different composition which reconst.i tutes by a decom:pqsition reaction. . The 

necess.ity f'or such an intermediary may explain th~ extreme fineness of grain 

o:r most natural carnpti te and tyuya,muni te:• If it were possible to ~react 

+2 . . ' . .o.3 · 
U02 and V'04 directly good crystals might :rorm.,. 

-The so·lub.ility of carnotite in normal .ground waters is small, perhaps 

even in the presence of appreciable carbonate .. The solubility of' tyu.yam.unite 

i.s considerably greater although na quanti ta ti ve value.s are available. This 

di:f:ference can be attributed to the excellent nfi t 11 o.f potassium ion into the 

J?QSi tions between the uranyl vanada.te .sheets.. The calcium ion is smaller than 

the potassium ion and even though it is doubly charged it does not bind the 
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sheets together with equal :erree·ti-veness ., A gqod parallel ea;n be .drawn 

between the uranyl vanadates, phOS]?hates, and ar.se·nates and o.rdf.nary clay 

minerals. -~ cations. are held .in ,excha.n,ge :po:sition;s. As in the clays potas­

sium and ealeium are held very firmly, wher:eas so4.ium and ll18gne&i.um are mor.e 

easily exchanged~ 

·TherefQre·, even · in the pre:senee of' al;nmd.ant .c:a:lcium. and \·s.o:di'Wll. a .smaU 

anrau.nt of pota;ss-ium ion in solution is :preferentially taken up in the inter:-. 

layer posi ti.o-ns to fQrm carnotite, so that carnotite is a widespread and 

extremely imp9rtant Qre mineral even in environments in which ca.1cium ion is 

more concentrated than potassium in tlle ground waters., On the othe;r- hand, a 

great deal of yellow powdery material probably has been called carnoti.te that 

is in fact tyuyamunite., 

The very low solubility of carnotite under most earth :surfa,.q:e conditions 

i.s shown 'Qy the presence of equilibrium between .uranium an-d daughter products 

in mqst bulk .samples of carnotite--hearing ores .. I:f there were substantial 

active leaehing, relative mo-vement o1' uranium and daughter products should 

have disrupted this equilibrium. ~urthe+more, lead--.uranium ages of many 

carnotite-bearing cSamples are in goo:d .agreement with those containing _pitch­

blende? showing oxidation in situ without migration.. On the o-ther hand, near 

the o,utcrop j or more generally in the zone in .which there is .active entrance 

of -water into and ;evaporation from uraniu:rn-vanadium ores, it appears :passible 

that eo,nsidera.bTe movement of uranium .may occur. . The thin ,soils in most .o:f 

the Plateau area are very high in carbonates, attesting the continuous upward 

migration oaf' carbonat-es by a capi.llary process ,.. Under these optimum conditions 

:ror the formation of soluble uranyl carbonate complexes uranium may be leached 

even from carnotite .• 



O~idati.C\1:n Q:f a primary pitehbl:ende~~o-r co:ffinite~m<mtrOS:~ite Qre: pr:Q"ba.i<i> 

bly :f'ol..lQWS thes.e :steps~ First, uranium mineralS OXidize to U.(VI) • "lfue· 

solid ,:species of' this :stage are unk.n.own,. At a .slo~r ra.~ the vai:l.f;l.d.ium oxL­

.di$e:s to vanad.:tum(IV) and then t.o van.a..dium(V) • .As tit(JQn ® any vanadium(V) 

iP available it unites with u.ranyl Jon tQ' ft:Jrm a llr'4!lY1 va.nadate-._-. The n~tu.r~ 

of ariginal uranyl vanadate ft.xrm:ed is u:p;t well defi.ne-d and perhaps i:s "Pe~t 

d.es;eribed ,under the general term o:r rauvite.-. Then, through deeQmpQI?itiOJ2l, 

typical uranyl orthovan.arlate she:et struet.u::r-e develops and availab1e lens in 

the s·Qlntiq.n take up int~rlayer positions.. If there is any appr:eeia:P:le :pJ;!tt~s~ 

sium, it is taken up preferentially and binds the sheet:s t .Qgether int,() the very 

inso:luble carnoti.te.,_ Arter potassium is essentially us.ed up in. fQrming 

carn.otite ~ 'tyu,yam:unite is formed,- Carn.Qtite or tyu.yan1UD..ite, Q-nee .f'ol"'m.e<ijl 

te-nd t~ be stable ~.mder the .semi.arid con<iitions of" the . Colora~ .Platea-u,; a.l .... 

though lO;eal movement and recrystallization along cracks and fractures is 

o'bserved eommo-n.ly a.nd it is not unlikely that there i .s c~nsiderable· mQ.vem.ent 

at . or near . the pres:ent ground surface~ This near-..sur:race movement undQ:u.1Jted.ly 

is prQIDPted :ehie:fly by the presence of carbonates .. 

:Nf4) EJ.uantitative data are available on the ~lai:;ive s,olubilities Q-f the 

uranyl vana.da:tes, arsenates, and phQBphatea 1 althGugh fr"om their general 

ge:oTogic bebavio~ the se~:u.enee as given probably is in order of' increasing 

.solubility. 

In SUirJ.II:Jary, · prim.al"y :ur-a.nium minerals 4r·e essentially inSoluble ll.l1der 

reGtucing c·ondi ti~ns • As /s Qon as oxygen is added to the syste111, however:, 

direet ~x.idat.i~n ~f the s.~lid. uranium(XY) phases· .aJ;>parently takes plate to: 

give amQJ.rphous lJC>s• In. the absence o,f vanadium$ phos,phorus, or arsell\ie the 



U'~ . di:as~lTe$c ~aa.U.y in gr.~inui wat~£?1 especially thGse c·(l)ntainillg .ea+'bon.ate 

~ ~:ttlfate, .,p~tii'tit;m. O'f tb.~ d.:l.UGl~ea ln"'a.ninm ~kes pia~ onlY u ·li r~s:tU.t 

•2 e~p~ti9n .Qf the ~d water t<> form c+"lUi:ts and ~ft~s.eenee~ ~i' ~11 

ea:r'"b\tl;J.na:t:~s ~· · basie aJ-a:ay.l su1:t'at~·s. ,. ·OX' . ·l!)~lly by ~act.i®l -w!t.h Q;Ls~~lQ,:i,va4 
I ' 

sil:te~ to f'~ ~Yl silicates.. '(Jra.JUllU!(n) i;s tu:e.d by a~n..i.e a.rui. ;ph~~ 

ph~,~nd espeeJJtlly .. by.~tli,ium .• It appa;rent.lyheeQnte:$ fiXeia~ a . ~ntl 

va:aaiat~ r>f tran)i1·i~·o:nr exis.ten.ee. by reaeti:~Jn with al;mc>tlt any ani;orde ~pe¢i~S.­

~,(l)ntaini:ra.g ~um(l)., JeeQm.posttlon .o~ thi~ int~rme-diat:e ,. plus re11+ction 

."With pota~aium -~;r ~leiUlrl produces ins~lU.b1e· carn:Qtite .•(.?4"· t~~_ite.. ~e; 

precipitat-ed th.ese ndne;rals persist ex.e:ept where :expcsed a.t the (1);\lt .er~J>• 
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