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OXIDATION .POTENTIAL )\ND STATE ·· QF· SOME VANADIIJM ORES AND 

,TJIE RElATION OF .. WOODY .MAT].!R+AL .. TO -THEIR· m:POSlTION: 

By. l\lfred Michael .Pommer 

O..xidation pO'tential studies with a multiple pH ... po.ten.tial recorder 

. designed and constructed :for thi.s purpose demonstrated that s ·ome ur~nium­

vana.dium ores in the Colorado Plateau were in a .red.uced ,state ·when depos..., 

ited., Any oxidation which. took place oc·curred .after .Q.eposition. 

~e:rim.ental and .theoretieal reducing studies on fresh wood, wood 

degraded ~by burial for .. 450 y:ea.rs, and lignite , indicate that such ores 

may have been. deposited .by reduction o:f oxidized .vanadium soluti.ons by 

'WOOdy material. 

A vanadium (III) mineral, V2 Q( OH)4 _, was prepared .synthetically by 

reduction of a .VBJli:tdium (V) solutiQn with wood. This is the only reportedr 

synthesis of '8.D.Y reduced vanadium .mineral by 8J!Y . method. 

It was shown that the origin of almost all .v~dium deposits currently 

.of commercial importance involves life pro.cesses and products. 

This. work is part of a prog:ra,m being c.onducte€1 .by the U,. .s. Geolog.iea:l 

_Survey on behalf of the Division of Research o.f the .u .• s. Atomic Energy 

Coll'IJllission. 

I .. would like to- thank the f.gllo.win.g memb~ers Qf .the Oeologica.l .. Surv,ey: 

C« R., Na.e~er, who supervised the WQrk; R-. M., Garrels, who suggested the 

probl-em. and s~ervised sOtQ.e of the phases o! the work; I ... A". :Breger for 

ln~kin,g ~uitably analy-Zed -woody .:material S.Vli(ilable to me ~or study; 
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dete;n;ninations -an tlae cehannel sample trom the Mine;.:rr~l .Joe. ~n~i Alic.e D . .: 

Wef3kS ~ar advice. on ge():lQgical prohl~mPJ Geo~ge J" Jansen :t"qr hel:IJ ·w.ith 

high . .-pre$s,ure. experiments; and Jo-lm 0,.. C:~ler .f:ol"' :help· _with . the experi ~ 

mentU work. 

Vanaaiun:t .and _u:r.:a.nium in the Colorado: Plate~u 

:The discovery . of a :pra.c.tical . means to utilize atomic energy h~ resulted 

.in a very inten-sive search for uranium (1)_. Tne Oolqrado· P1a..teau (fig. 1) 

remains the most important domestic source o~ uraru.:om. prod'llCt.ion (3)., ·Fo-ur 

·distinctive types o::r uranium ores have been re-cog.:rlj.zed in the Colo-rad¢l: . 

. Plateau ( 4) : 

3.., Uraniu:m~hydrocar"Qon :ores. 

-4. Uranimn.. o:ree . in .ll:m.estan-e 

:percent O:f all d.Qmest.,ic uranium ;produ.ctiJ)n is -der·ived c.from -'V'~mns.ux~ni:um 

.G:r:e:s o;f the Bait W~s,h member ef the ~rr-is® .tOormat:i..Qn. (fig • . 2.);: .the. 

Sh~:JJm.P eGl'lglomer:a.te :~~ -which ,~ccou:nts. far :ab~t one qUArter . Q'f cur~en,t ura ..... 

ni~ pre>-d\letiQ;n, is v~ium bearing .in Utah and Ari;zQ-:na (6,·7) .• 

-
tic .:P?Qducill.g ~rea . ea:ataina very si~fiea..n~ 8Jnpun,t$ of _:va,nad;llll11, ~ study. 
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Figure 2.--Generalized stratigraphic column, central Plateau arGa 
on Colorado Plateau and outlying areas (5). 976'.: 2 
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.of' t..~ orig;Ln. of' vanadium in Colorado Plateau url:l.tlium ores znay .throw 

·light on the origin of"' :p;ranium. in these ores and is 9f' great importance. 

The uranium cont.ent o-:r vanadium ores in the J1lnt:ra.da $an{Lptone (fig. 2) 

is generally . too .lQ.w to justity their explO-itation for . uranium ( 6) and 

these de]>ps.itfi will n.ot b.e cons,idered in this study. All other v~d.ium 

ores in the Colorado Pla.tea:u axe a.l.s() tu"a,ni um. Gl"e-s - and a.s . such have 

elicited lively interest, especially recently. Th:e volumiru:lus ami .. eon~ 

-tro:versial literature dealing :with the -origin .oi' ttr~um. deposita on the 

C Q.lora.<lo Plateau. bas b.een .· reviewed by McKelvey, Everhart 1 a.nd varrels ( 8) 

who .classify the IllA.in hypotheses as follo-wp~ 

1. Pla:e·er concentvation of' the chi-ei' ore meta,ls, f'o•llowed by recrys= 
\,. 

tallization and ;::;.om.e redistribution (9); this mec~.sm ha;9. been su.~sted 

for one nonvanad,if'erous uranium -deposit only. 

2. Precipitation from surface or grQ,und :watecra at the time ·the 

-enclosing sediments were l.aid down or s®rtly thereafter (syngenet:ie ~po ... 

sition), :fol.lC»Ted by . .ree.rystallization .and .some .redistrioution (10,11,12,13). 

3·. Derivation ;fr.Qm volcanic matter or sediments elsewhere in the 

stratigraphic cQolu.mn by ground •ter action (14 11,5,16,L7,18). 
· .. 

I, 

4,. Derivatibn :from petroleum source beds (19). 

50, Prec·i;f>itation ·from hypogene so.lutions derived .from ign.eo.us ac-tivity 

{20,2·1,.22). 

The lack of' .a.greeme:at between l1y:potheses and the :p~:rsistenee of con. .... 

t.rovens-y in. this area. indicate ·a .lack o.f eoncJ,.u.sive evidence ne.ees~sary tQ 

.solve the problem and demonstrate the desira.b,Uity of ;collecti:qg further 

data in this field& Al.thou.gh vanadium and Ul"a...lli:wn in the Colqrado.- Plate~u 

van..adium .... ur~u.m ores io not necessarily b1tve the s~ o-rt~in, it .•Y be 
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The ge~log~c setting 

mudat0;ne ms.tr:Lx c.on:t~ill;ing SQm.e elays _and non~!eroU;S mUeral& ass·oei~ 

~tea ]fi th the ore 6. -The ·most . imp($rtant :v~iU;;m. miner~ls ,found i:P. t:n<! 

CelQl"a® 'Pla~~ are listed .in table lo ,It .cube nO-ted _from this tab~ 

that -~u.m~vanaU'Wtl Blineral.$ ,are_ f'~~ -only -in tJle . ·Qxitllzed _state-.!) 

termlent Gr qutil.dr1. va;lent vanadi-um such as- mantrosei.te or )?S.raJD.Gntr:aseite 

:with. nQ..neral$ e:onta;j nin~ quadr-iva.l-en.t. , ur~nium, lr1Gstly- u.raninite (UQ~) ~ 

-e~fiinicte, a hydrated -urMium .s ilica.te ( 25) • S0me :re(luee~ ::varl&dJ.um aJ.sQ, 

is present _ .. in JXtic.a.ceel,.l$ material .(26) .• 

+t _is :pqspible tl) ~:be:r.mine the age e-£ _ uranium~lrearing minerals by 

. ea~eul.ai;iQ.n from Pb~eju238 , _ pp2.07ju~, or J'P:~7 jP'f;f2!f16 .xati(os- (27). A 

~~~rmi~tiQn :Of' ~e . aae~ o-r _a.. ;re:pre·f;;entat;Lve ~le· of -~\Uli o;re$ -~ 

the C~l~railo .. P+at~au. ( 2.<3) s.hQws . that they -were depGsited. in ·tlteir present 

loetil.tiGn about 60 million yea.:rs ~., As tbe ·age .0<£ .the Tr~&i.e ~ 

J~si.e se.dime;n.ts (e,f,. !'ig~ .. ,2) eaata1n;i ng almost a.l~ Q:f the ll.I"anilJ.lJl ;ls 

a~QU.t .185 ·to -130 :nti:+li0l1 :reArs (29) , i .t .a.;p~ar;s that t}le. u.rani~~v~u.m, 

or:e~s-. JDIIJ.Y have .been e1Jlplae.ed. _lcm.g af'ter the sediments .in --wlUeh they .are 

~oun.d -:W~;r:e J.aid ,dolm.o. -J;t -is geD;erally agr~ _(}0) that _J110,s·t p:f _the -ura-.nium 

~ -Y~Uftl we$- ln"J;~~uc~-d by solutiOllB· per-ee:utting ~thrf)U.gh the -.re 

pe~~e l~;rs o-1' the s:and.stooe~ .a.rui ,m,~ton.es 1l1 ·the ore~bea.rL:ng ;(q:r-ma,..._ 

ore.s indjicat_es that .the,. w~,re e_mpl~cea at ,the time O:f the La.ra.m;ide. orogen::r 

( 3:1.) , yhe ·rarms.;ti~ O-f . the .. Boeky ,MQun~ins by fpcl~ at the---'CnrU+l~r~ 



12 

Table 1 ..... -Some vanadium minerals f'ound in ·the Colorado Plateau (23,24). 

Vanadium (III) minerals 

Tervalent oxides 

Mon tro.seite 
New vanadium min-eral 

Qu.adriva.lent oxides 

Para,.montroseite 
Duttonite 

Vanadite 

Simplotite 

' . Vanadium (IV) minerals 

VQ(OR) 
V2.0(0H)4 

V02 
V0(0H)2 

Vanadium (IV) and van:adium (V) minerals 

Mixed oxides 

Corvusite 
Corvusite-like mineral 

·Quinquevalent oxide. 

Navajoite 

Vanad.ates 

Hewettite 
Barnesite 
Pascoite 
Hummerite 
Rossite 

Uranyl vanadates 

Carnotite 
Tyuyamunite 
Metatyuyamunite 

Vanadium (V) minerals 

V204•6V:zOs ~nH;aO 
l204•5V~Os•12He0 

CaVe01e•9H20 
NaeVeOJ.e•3H20 
Ca3V1oOes•l6HeO 
KaMgaV1o02a'"l6HzO 
CaVeOe•4HaO 
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highla,nds (J As this process involved .considerable igneous activity, tt 
\ 

is easy to .see how mineralizing solutions could suddenly be . intro<luc~d ,~ 

These solution,s 9 however~ did not necessarily contain U or V at their 

point of origino 

The geoehemica.l setting now .can be summa.rizedg there ~e minera:ls 

containing urani:um and vanadium in different states o.f Qxidati";~n; these 

minerals -w·ere precipitated !'rom solutions in. a porous ~aek mat~ixo. 

The environment~. Oxidi.z:ing and reducing ,agents 

As the state of' oxidation of .vanadium and uranium in the ·ores :appea;rs 

to be a significant variable 9 it now becomes ne{';es.sary to cQ:p_,Sider wbJ.:t'!lh 

oxidizing or reducing agents may be found in the envir~nrnent of the minerals-. 

~e only oxidizing :agent of importMce is free oxygen; it is }l.resent 

in the atm~sphere and may be present as dissolved a'-r in -circulating 

grou.n.d waters;. it ha;s >been shpwn, that OX-idation by . moist air is a. ,much 

ntQr,e likely proces·s tha.n QXidation by ground w:a,,ters., and that in the 

presence. o.f pyrite (usually found in.. reduced ,ya,nad,ium ..... urani.um ores) .ferric 

sul.fate solutions formed by pyrite -weathering _may act as in"f+erroediate 

oxida.n t ( 32 ) • 

The two possibl~ reducing agent.s in a natural environment o.f the type 

und.er conside.ration .are HaS and organle matter() An e:xam.ina;tion. of the 

literature disclose-s no evidence f'or oT against the presence of H~ at ·th,e 

gation of the paragenesis of minerals of some typical ores indicates 'that 

s.O:me oi' the pyrite may .have be.en present .bef·o.re the ura.niun'l .... vanadiUJn ore 

minerals were depQ,s i ted ( 33) .-,. 
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The association of v~nadium.!'!"ura.nium ores with organic matter is, "Very 

str~ki:ng<>. Hess (34) describes some typical occurrences x 

"The c:axnoti te comm0nly f'ills spaces in the sandstone, either fll11n,g 

breaks in the cementi.ng material or coating joints in the rock and the 

sides cqf cracks in fossil wood.... The carnotite a.lS(} fills cavi ti.e.s in 

sandstone, p.etrified :wood and ca.rboni~d rushes, a.nd sametimes repla.ces 

vood With a ,compa.r'atively solid mass.·~ .Where carnotite occurs in fossil 

wooti -the degree of decay seems to have ~gely governed the qu.a.:nti.ty o! 

re:pla..e.em.ent~ ._,_ a. length o1"' more than 20 :re.et of a fQrked :petl"ified tree 

was mined for ore, and _in the tree the 1tt~ium. _was richest around the outer 

e~e:--the part which evidently -was most decayed.. ,lfood that shows its . 

structure -well ca.rrie.s -little ca.rnoti te •" 

Wright (}5) also conunents on the association between the uranium ores. 

of tne c·olorado Plateau. and w.oady material f "j) . ,~J!nast of the deposits :are 

assGeiated vi th fossil organic matter, and this material appears to ,ha:ve 

acted as a _precipitation. agent. Pi tchbleruie replacement of wood is conu:non 

in some Shinarum.p deposits, and the association of pitchblende with f'.ossil 

organic matter is almost universal. 11 
'. 

The method: Oxi.datiO'n potential studies 

It is readily apparent that oxidati.on and reduction. p_rQCesses may be 

important in a system .eQn.Sisting o:f' Jninera.ls containing Y(III), V~IV), V(V), 

U(IV), U(VI), Fe(II) and Fe(III) (in the form of py:ri.te o,r nltU'Casite ana 

its oxidati~n. products) , associated :with organ:Lc matter, and exposed to 

free oxygeno A pa:wer:ful tool in the investigati.on of' such processes t:fJfA.Y be 

tc;mnd. in oxidation potential studies~ It no:w becomes necess.ary to consider 

the appl.icati.on of such studies to the problem at hand., 
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OXI1lATION POTE..~~IAL _ STUDIES~ SOME THEO!Wl'ICA.L GONSID~TIONS. . 

Convent ions and def'ini tions 

The · ·nco.n.ventions concernfng the signs of electromotive forc·es -an.d 

electro<;le· poten.ti.als·n ag:roee-d on by the Commission on {Physieo-Chemical 

Symbols and Termino·lc:lgy and the Gommfssicn .on Electrochemistry . of tlle 

InternationaJ.. Uni:an of" Pure and .Applied Chemistry (36) is -followed 

herein."' Aoe.ordingly~ an electrode potential is uum.er·1ca1ly e·q.ual to .the 

electromotive tor.ce af a cell · consisting of' a stt:m~d hydrogen .eleetrod.e 

on the left and. the electrode in question an. the right; this means that 

the hall .... eell p<ltentia.l of the sta.Iidard hydrogen electrode is defined .as 

.zera: .. <L .The electrode potential is given a pOsitive sign i£ reduction .Qecurs 

on t .he right eleetrode upon. sponta11eous d,ischa.t"ge .~ Cell reactions axe 

Witten ~ if reduction on the right electrode is always SJ?.Ontaneou_s; this 

means ·that ·electrons in the equation must always appear on the left side 

of the e-qua,li ty sign. . The J?Otenti.al of' .an inert electrode in equilibrium 

·:with .a reversible oxidation .... reducti-on system ·then will he a :measure of the 

tend£*AcC:Y.~; .. Of the ions in e-quilibrium to J?B.SS from a higher to· a lower state 

of . O':X:idati.on; such a potentiE:Q may be called 8,.n oxidation J?Otential in 

accordance with Creighton r s terminology ( 37) ~ It then follows that an 

oxida.tion...redLLction system wi.th a. high oxida-tion potential is strongly 

oxidizing 1 whereas a low· oxi,.dation potential indicates a .re-q.ucing _system. 

Und:er ·the -condi-tions found in nature, .most systems have a pGSi tive -oxj_dation 

po.tential, but llllder highly reducing conditions negative oxida.tio:n potentia~ls 

may be found,. 

If the -cell reaction is known, it is possible to def'ine a .standard 

Gxidati.on p,ot~nt.i~l !or the rea..ction. An oxidation :potential will be 
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prOducts a.re a.t unit fu:ga.eity or unit aeti.vity., 

The oxi<l.ation ,:potential (Eh) is related .to the standard oxi:d.ation 

( 0) potential E by the Nerst equation ... For the cell ·reaction 

(l) 

where ax, a.M, aq 1 and a5 .mean the activities of the ions K, .M, Q and S; · 

k, m., q, s, and. n are coe!ficients o.f the equation of the reaction; e,_. is 

an ~lectron; R (gas censtant) is 1.987 .ca.l./deg.mo.le; F (Fara.day 2·s const~t) 

i .s 96480 absolute coulcmb.s; a,nd T the temperature in degrees Kelvin.. ,At 

25° c 
RT ~n 10 

; 0.05916 ca.l/coul. mc>le. 

The oxida:.tion potential is related to the Gibbs :free energy, G, by the 

~ = nF Eh (.2) 

where AG refers to the :free energy o:f the :final state minus the . free . e!lergy 

Q.:f the initial state. By convention, the initial state is the state written 

on the left side o1"· a cell reaction. 

It is possible to .calculate the E0 at a cell reaction .from equation (2), 

provided the ne term o! the cell rea.ctian i .s written on the le:ft . si~e!l 

Many authors in the Un.ited States write the ele,ctrQll.S Qn the right side 

( 38) , in accordance 1tl th a convention advocated by . Lewis ( 39) • The,ir :fi"'ee 

energy and nstandard potential'' values must be multiplied by (""l) to conf'Q:rm 

-with the co.nven.tion used here • 

Equation ( 2) also may be ·written 
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.A .reaction potential is a:.n oxidation potential only if it meets the -require~ 

ments o:f the definitions and, .conventio,ns u.sed!l The reaetio:n p~te.ntial -o.f a . 

reversib-le Qxida.ti()n-.red.uetio:n. .system .(the OJti:clation ... redu-eti:on -Ocr redox 

potenti~l) nll be ealled an oxidaticm. potential Qnly if it can be. det~-r"" 

trode 'JPJ!1.Y be -uaeil as !'eteren,ee_, bU,t if' ·a ._ standard _hydrqgen electrode is 

n:ot used, the oxidation potential of the referenc-e electre>de must . be added. 

to the . meas:u.red .e .:m •. f.. to obta.:ia the Eb... . EleGtr.orl.e-s a-re the only :solids 

eqUilibrium with a salut:Um in .contact with an inert el.e-ctrG>:;de .ean. have a. 

rea.etton. potential bu.t not an oxidation po:tentia.~. An a-qu.eoua solution 

substa.ntially tree from .reversible oxida.tian~red.uetion systeJttS may ~b.e ;called 

:a, . 't,re,Q.ox-ne:u.tral eleetrolyt.e'" (e.,g. water or dilute s.uJ,.furie ac;i.d).: -We 

now de!i1:1.e the _-o-xidatiG;n potential o;r ·a solid J>base as the ~idatie:n 

:Potential Q:f" a. .re(LQX~neutral .eleetr~l~.e tn eq;u,ilibri~ 'Wi.th the solid p~f.le~. 

I.o:rul par·tieipatin.g in -a .reversible oxidatiGln.~reductio.n equill'briu:rn .are­

called .:rtre~QX~e.tive n i~s. M;i.nerlt.lS ,.:telding such ioru,:; u.pon SQlutiP:n are · 

define the axids.ti()n. pQtential.., its activity shOUld not be en;;~ in 

eqll$.tiQn .(1), and the .cell reaction should be. -written aeeGrdingly_tt· -It is 

This can be done if' the. ~etiv.it.y ot such sQ'li.d phases if) de:fin.e:d as unit;y, 

beeause multiplying the nwnerator or denQlllinate>r <lf i;;he act!vity quoti~t 

in. equation . ( 1) by unity Will nQt change the value .o:.f the {frl.. Defiidng 

the activity_ et· .:a, SO;lid phase as unity is e~uiva.len.t t~ saying _t)lat a _ s:Olid 
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is in. its nstand.a.rd sta.t.e-11
o 

It is customa.ry to .define th,e activity of water as unity., Inasmuch 

as there are 55 •. 5 moles in a liter of water, this is e~ui valent to .. saying 

that the a.c ·~ivity co:efficient of' ;water in an aqueous solution. is 0.-018. 

This may appear strange but is .a <tlrect conse<auence of" the conventi.onal 

cb.o:Lce of expressing the concentration. of a s:olute in. mo.les per liter J) 

In .a;r aqueous soluti.on this means .expressing the eoncentration as :moles of 

solute per 55 . .-5 moles solvent" In a d)..lut;e solu~ion the amount or water 

formed or consumed in a reaction is very small eompa.red. to the water 

:present as solvent a.nd T!JB:.y . be disregarded. 

If' the concentration is expressed in moles of s.olute per m.ole or· water, 

the J>ractical activity .coefficient o:f water is 1 .. 

. Since a reaction potential is related to ·the free energy by. equation 

(2a), it is possible to. predict from the E (or Eh) at which potential a 

reacti:on will proceed s:pontaneously. .The example given. here also illustrates 

the effeet of the convention used. 

.Latimer (38) states~ "For exa:m.ple, Cu .~ Cu ++ + 2e- 0. E = -.0.337 Will 

mean that the reaction cu++ + H2 = Cu + 2IF goes as wri.tten With a potential 

Using our convention we write the ·cell reac~iona.s f'ollows: 

++ . ~ 0 
Cu + 2e = Cu E = 0.337 

If' the cell r :eaction is "Written in this f~shion, the E0 as written indicates 

the po:tent;i.al at whieh the reaction as w:r:i tten proceeiis spontaneously. If' 

we appJ.r equati.on (2a), express.ing F in cal/valt equivalents, we find 

M = (2 X 2}060 X 0.337) = -.15530 

. Since the free energy change has a negative value, the cell reaction dOes 

:proceed spontaneously~. 
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,Some pH .... Eh relations 

~e~ o,xida.tian pot.enttal .of' ·a. }vsmadi:unt ore as defined is ·a function :Q.f 

·the -act.ivities crf the red,ox-... acti ve ions (equation .1) dissolved in ~ .red.Qx"!"" 

neu.tn;tl e.lect rolyte in .equili-brium 'With the ore .. Tb.e ::pH .o:f the ·solvent my 

l;.>·e ex;p.eeteQ. -t .a affect t.he soJ,ubility of the- ore. mineral~ .~ . Si~ce s -.olve:nts 

Q.f ·different J).H 1!1A:Y .be us:ed~ ve m.ust consider the ·re.J.ation$ between Eh and 

pH .~ 

It ts obvious that a . simple relation.ahip J;>etween Eh ~d pH e~ists 

wh~ne-v~r h:ydlrQgen l ans ente.r in the cell reaction~ For the reaction 

""'' - ~ ne + JIJli 

equatio.n (1) may .be -written 

but. since pH ~ = lo:g ~' we may write 
k 

. . . . -o: RT ln 10 . _ _ aK. •· .. 
Eb. .::::::E + :""~· log · s 

"-'U; a;g ... ~ 

Thii ettua:t;;.ion yiel.ds ·on. dif:ferentiat1cm. 

mRT ln 10 nF( . 

,_ m.RT ln 10 pH 
!iF· 

The :PH also affe,c'ts. the Eh by its e.ffect on the a,.cti vity o.f ~ .ionic 

s:pe.cies i:a a s-o1ut1:0Jl in e:q'Uilil;l.rium with a _ solid oxi-de -ar hydroxide~ For 

e~le'" 1f a s:al:~.ttion containing .ter:r.ous Eptd :fe-rri:c ion.s is mde aUa;Lme. f 

.terri:c. an~ ferrous hydroxide -will precipitate ~d remove some o.f the ioas 

'from s:olu.t:ion.~. Unless equal -amounts -o:f each ionic species are removed, 

'Which is unlikely 1 t.he activity ratio ~d .hence the "]!h. of the solutlo-n Will 

change as the pH changes~ · 

4s "the Eh very . often is pH~dep.endent, it is necessary , to measure the 

·pH G! a spJ,.utian routinely . whenever -its_ Eh ts determined. I.f the l!h of :a 
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solution is ealcula.ted, the effect of pH on the cell reaction must be 

considered. 

So-called pH potential diagrams are a convenient means to re:;present 

Eh-pH relations. ,such diagrams were originated by .w_ M. ,Clark ( 40) l they 

are treated in detail in. the books of Pourbaix (4-1) and Charlot (42) ; _ and 

a brief description of the method of construction and application to chemical 

problems of sucb diagrams has been presented by Delahay, Pourbaix, and 

Van Rysselberghe (43). A pH-potential .diagr~ is constructed by :t>lotting 

an oxidation-reduction potential as a function of pH. and -delimiting the 

fields o:f stability of the ions and phases involved in terms of pH and 

oxidation-reduction potential. For example, Fe ( OH) ~ is stable only Within a 

definite fieldJ if the pH is too low 9 it disso.lves to give Fe++; if' the pH 

is too high, HFe0.2- will be formed; if the oxidation-reductiQn potential is 

too -low, it is reduced to meta.llic Fe, and if the oJCidation-reduction 

potential is too high, it is oxidized -to Fe(OH)~ • 

. The oxidation potential of a .vanadium ore 

The pH of ground waters in contact With uranium-vanadium ores in the 

Colorado Plateau normally ranges from 4 to 8, but when sulfides are oxidized 

to ,s.ulfat.es u..nder weat hering condit;ions, values approaching the lower limit 

of the natural pH range (0-10) may be :round ( 44) • The natural pH .environ­

ment of the ore ra,nges from strongly acid to slightly ~lkalin.e. The solu­

bility of the redox-active ·minerals varies with pH from a minimum in the 

mare or less neutral range to a maximum in the very acid ~range, as Fe, V, 

and U are cations, and to another max.imum tn the ,very alkaline range, as 

these species are easily oxidized at high pH and in their highest oxidatipn 

states ·are anions. 
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The -redox ... n,euti"al electrolyte used _in -Eh stu.d.ies on van.ad,iUllt o-res 

the ngtural enviro.nment ia acid~ ~nd -the acid _should be the same ·as the a.eid 

in -the natural -en:.vironment-. Many ores contain :pyrite which upon Qxidation 

yi~lAs- stdfU;r.ie. ~ci:d .ac-corcti.ing to, the reac:tiQil ( 45) 

-::::, ..•. + ,.. :\;; -
SQ4 + 8H + Be_ ~ S + 4R_e0 E0 ;:-. ....o a 14 volts q 

The negative value :Of' ·E
0 

indicates that the re-action p:rQceed;s s:pontaneQ.us.ly 

:Plateau. $ho:w .the -pr,es.ence -of"' considerable amounts -qt sulfate ions~') .A .. weak 

sulf\l.ric acid solution _should be satisfacto-!I"y as redox=neutra.l ele-ctrolyte 

for v~dium. -Qres • TP.-e ae_id ,concentration must not _be too. h.igh. or the solu ... 

tiGlt will no: ·lQnge,r be e-ssentially aqu.eous -~ of· eou.rse it must be tree !rom 

di.SsGl:ved oxygen.il .or it .Will no.t be re.do.x-neutral-. 

refer te>: the m.easu:red Jilll_ of :a dilute sO-lution. of _H~o._ G:t known pH in -.eq.ui~ 

lib.r·ium With the ore~ unless a different ele,ctr.olyte is spe:ei.fied.o rnasmueh 

as the meas~e-d -ox_ida:t;i"n .... xedu.etion system-_mus:t be reversible, it . is necessary 

f-Or · the ~tolution to ,be at .e9.uUibrium.{) and .suffic.:Lent time must 'Qe :ttllGlr{ed 

be:fe}re. ~af;.uremen~ .~e. ta,ken_ilt A.s the meAS-urement is .lllBiie on the solution 

Et;nii. not the e:r.ig;:l.E1tl Gre o~~ th~ original _ore does not need to be in. a. state 

-of eq'U;;f..l:j.bri;um :r~ . tl;ie: measurement to be valid.. The sulfuri-c a:eid .d_is s·ol.ves 

,some O're minerals ~ ati4.- ·~O:t ~· othe:rs, ana the ,ionic species in .so:luti.pcn J!JA';f 

:re~t- ~ith; e~eli: ~therJ . .for - -thi~ _reason the oxidation-reduction. equilihril.Uit 

in the s;()lti:tio.n: e·oo.wj;~ei"ed by . itself ~ little ltle~gp, ' . There is- np generally 
0· 

appl.icabJ_e m.eth.od to make ·it si,g;ni;f1cant but~ a;s ·:wi.ll "Pe .sho-wn SUb.seqt~.entl:y, 

t}le Eh G.f :a. g.iven. ore m.ay in s-ome -ca.ses be c-ombined nth other i,n'f~ti~ 

concern.ing ·the :pa.rtieu:J,ar o..re to. yield _significant aata., A dJ.seussio.n .of 
. •' ,' 
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the ·eq:uJ .. libriu.m relati-ons o£ s.onte ore,s Will .be presented in a -follO;¥fing 

sectiCI}ll~ 

Instrumenta-tion and .Jnetho.d 

!na.smu.ch -~ it . appears neees~y to make sim.ul ta;ne;Q:p.a D1e~su.remen.ts t;p,f 

pH a,ad Eh u:p;der e>qu.ilibrium eonditicnas, it is de-sirab.le to: MYe a way .of 

:Mter.m:i.n.illg whether . eg_Uilibrium has been set up in a. ;solution~. . The best ~way­

to .determine · whe-ther e;nou.gh time has elapsed is tQ ·re-peat ~;he. det.ermin&tions. 

u.rrtil the Ya.l'tles reMi:a .e()n,stant ~- A .convenient ws.y , t,0: a-ceompli.sh. tb.U is. 

by u.se t>.:f recording mst~nt.s wh.teh ean be run. for long perioia cxf' ·tinte 

tQ- assure conats;:nt reaitin.gs ~ As ores .nf/!J;;y eontain s.lQ.vly so.lliPle :aubs.tan-eeS1 

i.t mfiY beeome · de.sirable tG· .eontinue mea.s~ements f'Qr periqd.s ranging .. ~om 

-several ho:urs t .o .se:veral days"' It alsO: iS desira,l>le ta me~,e.u,re s,ev-e:r~l 

SSJIWI@B sjJnultane()U13ly, as the. length G:f ind.ividPBrl rml~ ma;r . res.tr~r:t the 

ex,p:erime.nta.l output seY\el"ely. - ~h me~urem.e<Jl.ts must be ~en. in -t~e _ahs.ence 

:of oxygen.-. -·l!he use Clt :a eo:ra.tr.o-lled atmo:S]>bere :requires eQnstan.t attend..a.nce. 

b-y a.n . . Q)l:lera.t.or :()r the e·onst.an.t reeordin,g .qf .me~sur.em.e:o.ts in ()r~r tG: . ae·veet 

leakS and re_j:ect .S!)uri.ou.s data~. AeeG:rdingly, i.t was :decid.ed. .t.o· e·G,IU3-:Gruet a; 

.multiple pH~oxidation _potential reeo-r4e:r; -whieh WGuld .mee.t the experimental 

requirements o 

-'Xhe experimental t.eehn!qu.e :fe>-r the deterl.tlinatio.n of oxid,at.iQn :po:ten.f'" . 

tmls .and pH .values i.s well known. Standard .textl>;ooks .of physi-cal .ehemi.stry, 

.f()1 ilastanee D~n.iels et ·aJ.o, (46), and analytical -t;llelni$try, for illi.S~e 
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Kolthofi' and Laitin-en (47), pres~nt detailed .discussions of techniques for 

.measuremen{t .of :pH and .Eh and the applieation .of such m.e·a.surements to ·poten­

tiometric titrations. If ·labora.tory instruments can. be used, it is possible 

to ;use a. laboratory :pH .meter c.onnected to a glass ... calomel coup.le and a 

platinum. elec·tro<lfr· and -to alternate between the gias~ and platinum electrodes 

:with a _single .. pole double-throw switch for Eh and pH readings (48)., 

Available laboratory instrUm.ents could not be adapt.ed ·-to JI11iltiple 

re~ord,ing and .it qecame ·necessary to .use industrial instruments, ,These are 
. ' 

in -ess~nce direct ... reading milli-voltmete;rs of a potentiom,etr1~ typ·e which 

draw almost no current; this is important . because the ele~trod.e potential 
~ 
! 

cb.tilnges if current is drawn. . The operation of' these instruments is very 

similar to that of dir~ct-reading .laboratory in~truments except for tne 

temperature com:pen~ation. -Laboratory instrume:nts as a :rul~ have a .control 

k:ri.ob which is manualiy s·e.t to .a read~ng corresponding to -the temperature 

of the measured .solution. Inasmuch as industria;L instruments may . b.e svntehed 

· ·automatically .between solutions of' varying temperatures, it l,.s not practical 

t9 adjust .the temperature compensator by hand. . Ind,.us-trial pH. meters, 

therefore, must provide tor automatic i;emperature com;pensationl this involves 

niGl.lll,ting a t .emperatl.lre sensitive ele:ment:~a;:Longside the electrodes" .Resist-

a.nce thermometers may .be used. for the purpose (lt9}J as they change resist~nce 

with temperature, they .mo<Ufy the circuit characte;ristic~ of the pH meter 

t .a compen~a.te f'·or the. ef:fect .· of tempera. ture cll,ange upon pH._. 

The apparatus 

Figur~s 3-5 show the assem,b_led apparatus.. The -following is a descrip-

tion of th~ indj.vidual , componentso 



~ 

Figure ).--Overall view of multiple pH-oxidation potential recorder assemblY. 
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2.7 

The reare~iQJi :(!?.:11-~. --CQmnro-c,ial cylindt"1caJ.. jars, 10 .elB. high7 with a 

·diAmeter <:Jf ·abo'll.t 8 em a.n!i a capac:Lty o:f 400 m.l. were .use.tl. Closure-s. for. 

the jars wer.e designed by J~ F & Abell, u. s .. Ge.olog,i :eal Survey~ T~Jl?S ve!'e 

n:tade by f.apri:eating .a .luei te disk, 8 ""6 :em ·di~eter, 1 .• 3 .em thick., A 

shoulaer, 9.,5 ·m.vt· deep, w~th a diwnete:r;- slightly less t~ the interi~:r 

diameter ·-<:Kf the j.~r -was then machined and a 2..,9-nun. gr:Ot)ve_ out int~ ·the 

eireumfer:enee of .the shou,lder a;pprox~tely 9.5 mm .. from the· bo:ttOlllll- .. A 

r.g5 · Cm 'Q.y 2 «9 llllll rul,JheT .Q-rin_g ;then WB.:S fQree,d into 't -he .gr:"O:OVe. MOth~r 

luc,i'te disk, 8.6 qm .in d:l,amet.e.r, 2-.9 m.m. thiek, was placed Qn, top o:f the 

~:Lrst Clisk a,.s. eGver plate and .secured with three metal bolts ·lo.ca.ted .Q;n a 

5 • 72 em. b~l t eirele,. To. accQllllnod.ate eleetro:d.e-s -or other d.-evi.ces inserted 

.. throu;gh the tqp, hole.s of . the. desired .diameter .Yrere. d.rille·d --t.brQUgh. the 

tQp a.rui the .cover plate_. The b,{.)les thrGugh the Q.is.k were eount.erbored. 2·~9" lPln 

. . O'll: tOp S.M. ~ :2•9;,.(mnt thiek .rubber Q-ring O.:f S~i.tsble j.:ta;meter pl.a,;eed. -t~e(,)nJI 

The -cq-v.e:r :p.lat.e then was. secu.re·d to -t.he ~sk l)y ~ of the_ bolts, re:tSJ..nins 

the '(J.,..r.ings. :~4. .squee21,ing them slightly; they n.Q:W ·wer·e reasoMbly a.irti.ght 

.;;tnd .:eou.ld. r:eta..in SGm.e exee:ss press.u.re ,.. The t~ps then w~re fitted :with 

suitable ele-e·trQdes. l\eek.man glass, platinu;m, a.nd .ca.~omel .ref.eren:e .. e elec~. 

i;;rod.es were used., The s.olu:tions were gro-unded :u,sing a piece of platinum; 

sealed in gla$.s a.s SQ:lu.tion gra;und. .Resistance thei"lnCmeters were used a$ 

tenwerature .etmtpef!Sators in. the pl! .meas,:u.rirtg _s;ysteme GU:ws tu,be.a :fitted 

with stopcGeks se:rv:ed ~s gas :Lnlets and ou.tlets;, the .inlet tube ba:d a .. side 

tu..be and a three-vr&y s.topc·()ek,li;. -Tite outle:t tube a.J..S:Q: was used as ·GO-:o.r.teet~_(i)'n 

tQ. -a :bUl"ette wh~yer liqui-ds -w:ere. added to. ;the aystem.o . The inlet tul;J.e 

served a.s a . . devie:e to ·Vithdra.:w .liquid ._samples ·by.Jtteans -Qf a . pipe-tte: fi~ler.. 

( ~-ee bel.GW"') A .·device .for ~4ding solids (see below) also- •s fitted. Q:ttto 

the to-J?~ The ja.rs were placed in Petri dishes to t;lt.eiJ,.i.tate reeo.vt:u:y ~i'· 
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accidenta~l_y . spllle.d _Gr leaked. . . e~tents Emd then pla~ed. an ma.gne-t .ie stt:rX."ers • 

. See f::lgure 6 fGr illustraticm Q.f .tQ;p._ 

--~ cell $¢ry~e~ ~t'*""-T:b.e r,eacti~n eel.ls de~,eribe.d .a'hQ;ve neede:d .many 

s.ex;rtee k:cil.i,ties.,. The gJ.a~q e.leetrede 1. tw:G ~.xneJ.. elee-tr~est plat1n'Wlt 

eleetr0ite _~ resistaace the~te:r_:t .and .Q~ aJ.l Mi -se-lee·t.rtcal lea~ 

re'ttdrin.g sui t ahle :t:®nectitmS.• ·In addition,. the m.a.go.eti-e .s.tirrer h$cd · tQ 

be plu~d in~ a nitro.gen :stre-am. :had .to ·be :p:rttll:idea,, the glas;a eleet.rode-

eO:nstructed.~ It consisted Q;f six ind.tvif.\ual s-tations • ~~h -stat,ion. c<)n~ 

ta.ined two .conn.eet(}r box - ~nd cable assemblies,_ ane -t~ the :eonileet.ioli t() 
\ 

-th.e pR .. me.ter- (glass a;n:S. .-eal.Q.mel -ele~'trOde ~ .,g;r-O:u.nd 1 a.nii .re'S is~t"e thenGnt-. 

e.ter) tne ~ther fW" the eOl\Ute:et~pn tG the m.illil"O>lt Jllet~r· (platinum .and · · 

gla~-s e~:ctxoie) .• Att~1J1Pts, t~ .use Qne -ea.J.emel -~l,e:etr$1le With a .split l~ 

ff;U" "Qt)tk i¥U1~nta ·or to. e{)n.l1eet the. twQ calomel eleetro~ out.lets· Jn 

b;o,th b:oxea with a Jw;n,per a.nd .:use one calomel ,e;lectro-de only in the -cell 

we~e . u:ns:tte:ee,~s.~:~ A p~~r O;u.;tlet wa,s p:r~vid.eit ~or the •gn:eti~ ·st.irre·:r.a, 

ldth spaxe r .e:cepta:ele_s. ;(Gr .tu.tu.:re 1J$.e$-··aueh as heate~, and a. glaSs :manifrald 

satis.flitetoo:."y .f'Q:r tMs 1{\U':pGse. Tygcm -tubing .wa$ ll;~·4. . a.s e~o:rmeetion beeau.ae 

p:~rn,e •ai.l!' ii!f'u.se4 tbr-Qugh the · l"'tlllbe"r tubing :o-ri.g:t..nally used.. .A. ,ring .. att%nd 

-waa p~e4 at e-ver;r · statien, ~all st8r;nds ~rQJ>,s..,c-~MeeteA. ~Y a, b.ori~ontt!l 

.r-j 1/2 in . ., ia dia.m.eter~ by me:ans. at -lfl~fr~e e·lf.ln.n~et.C{~SJ 2 1/2 in.~. rings 

were ep:ra.nsete4 .tg; the r~ in ;f.rO:nt oi' ~Yexy statlQn.. These rin,g-s .sex-vea ~s 
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Figure 6.--Top of reaction cell. 
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.elect rode cleaning, et9. Lucite plates were suspended from the -rod. by 

means of hose clamps and served as splash shields for the connector boxes~ 

.The ring stands were fitted .with two .clamps, one fitted :with a burette, to 

be used fo~ titrations, the other with a test tube containing distilled 

water. This cl~mp was placed underneath the glass electrode, and tlae test 

tube was raised in order to immerse the electrode and to prevent it from 

drying put during longer periods of storage. .of course, whenever the 

instrument was put away for .very long periods, say a week or more, the glass 

electrode wa..s permitted to dry out ll and protective rubber caps were put on 

the calomel electrodes. It was convenient to place 100-ml beakers on the 

bases of the ring stands in order to .catch small drips or to adjust the 

meniscus of' tbe burettes during filling. A 400-ml beaker was placed :ln 

the vicinity of' each cell. .This beaker served to .rinse tne elect.rodes ~nd 

glass tubes wb,enever the solutions were changed, -Figures 7 and 8 illustrate 

the cell ser~rice unit with its stations. 

The instrument assemblies. -=Two instrument assemblies were used: . the 

J?H assembly and the millivolt assembly. The cables from the connector boxes 

were connected to ·two six-point automatic switches controlled by two six~ 

point recording potentiometers, range -5 to +45 mv., One switch ~s 'in turn 

-eonnected to an industrial direct-reading pH meter, which also was connected 

to the recorder controlling .the switch. · The other switch was connected to a 

millivolt indicator which also in turn was connected ·-to. -the recorder 

controlling its switch. Each assembly also was provided with a ,maill--.oneoff 

switch and a pilot light. Figure- 9 shows a. block diagram of the circuit. 

An assembly using similar instrument compo,nents has been described . (50) o 
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Experimental procedure 

P].acing the _ instrument in o:pera.tion .. _- ;, .. lb:e instruments were prepared 

.for :operation .in accordanc-e with the manufacturer •s ins-tructions :and strip 

charts installed in the recoowd.e_rs .• .A chart, range '2-12 pli, eveJJ.lY graQ.'I.lated, 

was used for the :pR -assembly and a chart, ra.nge 5--0 .... 5, evenly _graduated, 

was used i'or the millivo-lt ass-embly. .As the manufacturer 1 s instru.:.etion,S 

(51,5.2) were difficult t :o t'o:llo.w ~d somewhat m.isle.adin.g, it is. necessary . to 

}?resent here the sequence fo-llo:wed whenever the instrUJitents were turned . o:n~ 

1. Turn .main .o:n-of:f s.-witeh on bath assemblies to ON_., 

2.. Turn instrument power switches on b.oth .recorders to ON. Wait :five 

minutes f"or -a.mplifier tub-es to: warm. up., 

3. Turn :ebart clri ve switches on. bo-th ins trument_s to ON .• 

4. Depress standardi:z;ing :push button on. each recorder. Repeat un-til 

po-inter returns to ,the sa.me positio~ it had be~ore b.utton was depressed. 

5;, T.urn. chart drive s:wi tches OFF ... 

. 6. -With selector switch of pH and :mv indicator in .no~ .1 position and 

power S'wi.tches/ Off, adjust sc-r-ews on .face of :met.ers until .needle reads 3~0 

on :pH instrument and -4 ,.0 on mv instrument,. 

7, Turn pG;wer switch of pH meter and .millivolt :meter ON. -Wait about 

half a :minute to perm..-tt indicator needle to . stabili~e. Adjust no. 1 .cqntrols 

-(screw a.djus.tments) until .meters read 7 _.o. and 0.,0, respectively. 

8_. Turn sele-ctor svdtches to. :position no. 2~ Adjust no. 2 control 

knobs un.til re-corders read 7.0 and 0 . .,0, resp.eetively. 

9. Diseonne.et glass and reference e.lectrode leads from side terminal 

panel Of' :pH meter, and ,short circuit the gla.ss and ref~rence ()Utlet o:.;f the 

ill.Strum.ent with a shielded .connector and .a short....eircuit strap_._ (See :f'ig •. 10-
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Figure 10.--Side panel of pH meter. 



:for view of side pane1. ) ...... Connector an(i .short ... circui t strap are sho:wn propped 

against lower right of :pane.l._ 

10.. Turn selecto,r swi teh to po,sition no. 3. Adjust no. 3 ;C;ontrol 

knob until reco,rder reads 7 ,o. ·Turn selector switch back to position .no. 2. 

11.. Remove ceonnector a.nd ,short-clrcuit strap fi"Qm panel ~nd _reeonne:ei;; 

the glass and reference 1ea.4s.. Steps lO and _ll ~e taken tar the pH meter 

.only. 

12. Turn po:wer switch on both mechBJlical selector switches ON ... Turn 

,manual operating .sWitches tG ,their no. 1 position. 

13. Fill no. 1 ccell with buffer and place top on Cell. ·1l\lrn selector 

switch on pE meter to position 3 9. and adjust as-ymmetry potential screwdriver 

contro.l no. 1. on mechanical switch until the recorder indicates the pH of 

the buffer-. Return pH meter s.elector switch t.o np~ 2 position. Advance 

manual operating switch to no. 2 position. 

14. Repeat procedure 13 in no. 2 cell, adv~nee manua.l operating ,switch 

to no •. 3 position, aRd ,_continue procedure through no. 5 cell .. 

15. ' Connect glass and. reference electrode ja.cks of pH and .mv connector 

box no. 6 -by means of' Model . 700 connectors and .shqrt circuit stra;ps. Place a 

resistance thermometer into a jar filled . with distilled .water and connect to 

pH connector box no ,., 6 jacks.. Equip jar with a thermometer. Assuming that 

all .c.ell.s in the room are at equal temperature, the tem.pe.ratuxe IDB;y then be 

read -for all cells on cell noo 6 • . This cell also serves ~s a .contro,l during 

operation by continuing to print the instrument zero. With the · manual 

operating switch of the automatic switch in the pH assembly in ·the no~ 6 

position, throw the s.elector swi.teh of the pH. meter in the no~ 3· position, 

adjust the no. 6 asymmetry potential serew.driver control of the 1:;utomatic 

switch until the recorder reads 7 .o and return the sele-ctor s-witch to ·the 
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no .• 2 position • 

. 16.. Place the tops .!;)!" cells 1 .... 5 on the s uworting . ;ring, . rinse. the 

electr.odes with distilled .water, . wipe with absorbe.n.t t:t~sue . ._ ·Immerse the 

glass eleetrQdes in distilled .water using the. test ttihes cla;mped. -to the 

ringstands for this purpose. 

1 T. If desired, the platinUln. electrodes ma.y .be :ehe.cked ,by immersing 

the platinum.-calomel couple in a so.lutio.n. of knQwn redp:x: potential and 

observing the millivolt reading. ZoBell (53) recommend$ a .so-lution. :M/~0 

in potassium fe:rrQc~id.e, M/300 .in potassium f'errlcyan,ide 7 and M/:10 .in 

. . Q. 
potassi~ chl~r1de for this purpose ,. At . 25 ·C this solution shQuld give 

a reading of +185 mv. If· the ~platinum electrodes are <Checked, step 16 must 

be repeated. 

18. Follow the se.quenee given here for both instrument ~.sselliQlies ~ 

a) Turn recard.e:r chart drive switch ON •. 

b) Permit printing mecha.n,ism to opera.t.e until the nwnbe:r one appea.r,s. 

o;pp.Gsite !the small red index on the print wheel carriage,. 

c) Tur.n cb.axt drive switch Off. The manual operating switch of the 

s,el~te>r s-witch shou:LQ. "be in ·the no-"' l po,sition,. 

d) ~n -.nual Qperat;Lng sw.itch to AUTO ... 

e) Turn chart ·drive swi teh ;QN, record · one cycle and t'LU"-n ins-trument 

selector switches to- :posi tio.n 3. The instrument assemblies are now ready 

,for Q:peratto;n. in all -cells • In order to achieve stability o:r the c;trcuit 

and t .Q avoid dri:fting ,of the in9tr~ent, .it is best .to - le~ve the instrument 

turned on at all time,s. -In· this Cl:J.Se;. only steps 3,..5, 8, 13 ... 11t-, and l6-.:-1B 

mus,t .be repeated be;fore every run" 

r:r· the i:a:.strum.ent is ru.n.. .i.n one cell only, steps 3-5 AAd 8 are c~ried 

out as ;usua.l. ·"The manual operating awi tches are plae.ed _;in :the posi tioa 



corresponding to the number of the cell and steps 13, 16~ and .17 are carried 

out for the one cell only, followed by step 18e. 

Operatingthe instrumentc--Generally speaking, the operation of the 

instrument presented no problem. pH and mv values were automatically 

recorded on the strip charts, and -eould be obtained therefrom whenever desired., 

There were, however, some operations which should be described in more detaiJ-~ 
/ 

a) 'Dissolving a solid in an oxygen-free atmosphere. The cells were 

.charged with a solvent and the solid .was put into the bent glass tube and 

.a stream of nitrogen :was passed through. The mv indicator was used to 

determine whether any dissolved oxygen likely to interfere with the run 

r~ma.ined in solution. When the cell had been swept satisfactoxily, the 

solid was added by tilting the glass tube and tapping .until any material 

sticking to the glass had been dislodged. 

b) Checking the glass electrode during a run. It is good practice 

to check glass electrodes against a buffer at regular intervals. As the 

glass electrodes could not be removed without interrupting the run and it 

was not practical to introduce .buffer and. rinsing ..f'acilities into a closed 

system~ the following method was used~ 

1) Turn off stopcocks at gas inlet and outlet tubes, and disconnect 

gas supply. 

2) Place pipette fill-er on inlet tube. 

3). Open stopcock (side tube disconnected), aspirate solut~·Qn above 

level of stopcock, and close stopcock. 

,4) Turn stopcock into position to ca.nnect upper tube with side 

tube (lower tube disconnected)., The s_olution will run out through 

the side tube and may be collected in a 5-ml beaker. If an insuf:fi-

cient sample is obtained, repeat the operation~ 
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5) Recon .... rtect gas supply~ open stop,cocks on gas inlet and o;u.tlet 

tubes, and resume bubbling. 

6) Check pH of _withdrawn sample in pH meter with :freshly stanqard-

i.:;tied~ .electrodes .. 

7) If necessary, adjust asymmetry pot.ential screwdr·iver -c9ntrol 

on mecha~ical s-witeh until pH recorder sho;ws the reading obtained in. 

step 6., 

c) . Shifting the range ~ The range of' th~ instruments :,may . be changed .by 

adjusting the no .• 1 .a;nd. no" 2 controls of the pH and .m:v indi-cators to give 

a reading ather than :pH 7,.0 and .mv o. If the 1>H meter is set to read _9:.:0 

:with the selector ·switch in the no .. 2 position, every reading will be high 

by 2 pH units. The range of the instrument then .is shifted from ·2-12 to 

0,..10 pJl unit.s, and a correction of -2.0 must be applied. to: every rea..d,ing" 

The reading of cell n-o,,. 6 will automa. ti~cally record .the ·zero to whi~h the 

instrument is set, a.nd .it is easy to know at all times whether and what 

corre.ctive factor to apply.. It must .be not.ed that this shift must apply to 

a .ll cell~ in .use at a given time .. 

d) Titrating during a run.. It i£ easy ,to perf'orm acid-base or redox 

titrations while recording. A .burette is placed over the gas outlet tube 

a.nd -the liquid added against the gas stream. Deaerated. ti tr:a,nts ~y be 

pre-pared ,"Qut are not ~lways nece~sary. By U.Sing tTtJ"'O :buret-tes, it .-F3ho.uld ,be 

-p@,SSible to perform redox titra.tions at .con.s·tant ;pH, a.nd acid ... base titr·a-

tiona at .cansta.nt ,Eh, thaugh this is a very tedious J)rocedure. If a 

ti tra.tio-n is carried on -very slo:w:ly, it .is .sometimes preferable to add the 

titrant from a :pipet te to avoid errors c-aused ·bY the evaporation of the 

titrant in the hur:ette_~* -- 'Some titra tions were :earried on drop by Q.rop for , 

several days 4\ I:f this pro:c-edu:re is .followed, t)le titrant must be standard-



Collection Q}f 'data 

.A.ny .eorreeti:Gn :fa.etors ne.c!'essary Qldng t<> rl\D;ge shi.fting _liU"e a:p:plied 

_first. The :pl! va.lue£ii tb.ell are ready for use.. J{y values Il1lU,St be eon.verted 

to. Eh "by a<idi:ag the :potential o£' the reference elect.r.~ at the· tem;perature 

o-,f the· eXJ;lerim.ent to. ·the :mv reading; at 25° C the p,Gten.tial of the satu,:ra:t;ed 

ealamel electrode was· ass"Qmed. to be 24.5 mv, the. ·a,vera.ge o.f 244 •. .3 (54) a.n~ 

·245 1;\8 (55) mv • 

A .co.mplete rec~rd e~f al..l actio~ns- and .()Cqu..rrenees may be k-ept convE}r:J.iently 

on the recor<Ung tape. For example, during a -titration the amQu.nt o:f 

titrant aQA.ed at anY tj)ne is written on the tap.e. The tape moves at a 

preset rate 1 and -the curves appearing on the. tape are :pH~ ti-me an<l .m.v~tim.e 

eurves... If the nGtations are _ w:ritte~n in pro-per p~sition relative tQ t~ ·t .ilne 

SJCis, t .hey can e8.$-ily be -related to ·the readings,., A_t the eni . of .a t .itra.tiG>ll. 

it is then pcs.sible. tOe pl.Gt the equ;ilibrium pJl ~r mv r~~fli.i ( S.$ dete:rnt;i~ 

.by a ;va::Lue eo.llStant .with time, after the curve stGps .drifting) .• :A$ in uy 

potentiQmetrie -titrati-on the total amcn,rat o:f ti tra.nt added J:~y . the ·time the 

nbrea.k11 appe-ars corres:pon<i,s to ~the ·equivalent amount .• 

The inst.rument ma.y now be a:pplie.d. to. ·the. study of the :erigin Qt' the 

v~diwn. Qres ,. In. this eo-nneetLo.n it .aPJ;le~s· tha.t the .first question wh,~ch. 

IltUSt be anawera:d .is~ :wllat is the significanee Gf the. :aTil of' a .vanad~:wn ore, 

and h{).W ca.n it 'Qe interpreted? 
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OXIDATION POTENTIJ\L STLJDU}S ON .SOME VAN.ADIUM ORES 1\ND THE 

RELATION OF THE _ STATE OF OXIDATION AT THE ~PBJJ!SENT 

TIME TO .TflAT AT ·THE . TIME OF DEPOSITION 

Oxidation potential and state of -o~ldation 

As t .he oxida tiQcn:-potential depends upon the ratio ·Of .oxidized to 

.reduced ion ~ctivities-, it is passible to use Eb. data to .study the state 

of oxidation of an ore,., In this conneetion the fo.llowing q,ue·stions arise g 

a .) The electrolyte used in Eh measu;re;ments o,n ~vanad.ium or:e.s ·contains 

redox-a,etive ions. Which ions a.re present .a,nd in what am.cnmts? · 

b) What is the state of' oxidation of the redox ... active elements in the 

ore? A;re the redox-active minerals in thermodynam:Lc equilibrium? 

c) What was the state of oxidation of the reQ;ox-a.ctive elements at 

·the time of deposition o·f' the -or:e? 

.It is no:w necessary .to ·determine the re-q,uirements f'or the selection o:r 

actual .ore samples f'or study/#> .so, ... called ,channel s~ples appear most suitab.l-e 

:fcrr this- -plJ.rpose. A channel in a qu.a:rry is a cut along the line where rock 

.or -stone is to be .split, and some geologists refer to a series of conti.guous 

specimens cut from .rock along a line as a .channel sample. I:f an ore deposit 

iS ~:relected .. :where the state of oxidatio,n of the redo~-aetive mineral-s ·varies 

along p. spat-ia;l -di-rection; a series o:f .,CQn:tii$UOUS specimens rrifj:y .be s.e 'lected 

whi-ch will yie.ld information concerning the oxidation or reduction processes 

in th,e. ox.e,. If such processes occur} the :remain:Lng ore minerals in their 

:present state constitut.e the products o:t the reaction .• , If in turn the 

reaction becomes known, the re~ctan.ts may be identified. These ·reactants 

are the redox-active ore minerals in their orig:tnal state" It then ap:pe~rs 

that a channel sample containing .vanadium .ares in different states o:f 



oxidation shquld be a good source of material for Eh studies -• 

Ch.a.rmel sample f'rom t he Mineral J o.e mine 

The Mineral JQe is a vanadium ... uranium mine in ·the Jo Dt;tn.dy group of 

min.e,s apprG:x:imatel y . 10 .tO: 15 m.:lles west o:f" Natu;ri ta, MontrQ-se County, 

Cq:lorado. B. Jl,._ Garrels and ·H. T. Evans , Jr. , U. S ~- Ge.ologi,.cal . Survey, 

. made a recQn.naisaanee o.f a .number of' . these :mines and .$elected a channel 

sampl e from the Mineral Joe mine which eonsisted .of l8 individual specimens 

labeled .A .... Q. The sample a:p:pe~red suitable for detailed .studies because it 

ranged from. unmineralized sa.n4Stone ( sam.:ples A""E) through a heavily Dliner­

alized .z,one (samples F ... Q) which apparently contained ore.s in .lili.ffe:rent 

oxidati-on states- as evidenced .b.y the -color .. Yellow ttn.d brown .regions indi,.. 

eating .a high state of oxidation (samples ]\ ... M, P~Q) an-d .black .colors indi-

.cating more .redueed ores (samples N-0) were present. The sa,mples represent 

an almost continuous strip of rack. 

Sample pre:p:aration 

The samples were w:r'a:pped in aluminum foil when collected ·qut were le·tt 

freely exposed .to relatively . Q,ry .air in the J.aborat.ory. Part _of ea.ch sample 

was reserved .for minera.lO:€)lc and petrographic studies, ;;md part ws cr1;1sh:e.d 

to ~4o :mesh f or Ghemieal worlt, with special care taken to avGid .. cq,n.ta.lllinati:Orn_~ 

About 1 :percent of each samp.le '~l'~.s lo;st during .crushing; the loss wa_s- mostly 

e~used by t he necessity to discard ,s-ome of' the material eontami:rmted .'Qy the 

paint ,used .in t;he original marking of the sample. For most of .the ~mical 

work 0.,5 ... gram :aamples were obtained by ca.re;f"u..l bli.nd .splitting. 



tons :Ln. so.lution 

·-Semiqu:antitative spectrographic ~nalysis (56) 1ndi~ated -that .:f.e,. ~' 

an,d _;y .. were. the. only redclx~cti v.e eler:nen ts present in .m_.tnGunts e~¢.e~U!!g . o·-::~ 

;p~r~ent in any -s~ple (57)., :and .it .wa.P neeessa:ry . t .Q- .e~aik~ .the e·ca.uili~~·i~-

If the activity ratio J.n these .equations is expres~ed as pere~ntage 

·:r;-atl.Q-, :where % :O.Xitl,ized species + tfo ,reQ.ueed s-pecies = l~ .fc;.r :elJ.ch eq"LUttion1 

an~ .if Eh0 
.is defined .a.s: the . Ell 'W,hen pH = 0, thep. e~uatit;l:ns ( 3) , (1+) ·' · ( ~) , 

a,nd {6) may be plot.te.d .conve-niently as fun.:etion,.s o.f' E~0- and percent of 

t.l~idi~ed speei.es (figct ll) and ,it is po-s·sible t .o 4etermine the act:tvit:y 
Q . . : . 

ratios gra:phi~ally., <For e~uatte>ns ()), . ( 4) 1 J;nd .(5), lilll~1 ..-.; ! + Q.J2 p,K, 

~ :ror .:e.c;.uatiQn {~) .. Jtt0 = :sr.i) ,(i 

A~ti v(i ty r:atiQ,s -of Fe, T( 1 aad .u .iQru:; in ~eid. .e,xtra.ets. Gf· ~t7 sam;ples 

my . be. -determined .as :f(')llQwa : 

l) Dete:rmine the Eh. and Ph Qf' the S~lrlple. 

·2) Compute Eh + . 0.12 . ;pH. ~ 

5·) ~nd the int,eraeet~~n .of J!tb. and line Fe t,.-! '~/:Fe tt Gn figure ~1~ }f,.Q.e 

ordinate .of this }lQint .is ItUlller.i .cta,lly eg,wal to the activity ra~j..Q. GJ.i" f:er:r·$e 

.4) _Find -the interse~t.ion o-r- {i!}l +. 0.12 :pH) l'{ith the -other lines on 

The activity raticrs o! the Mineral J()e Qr.e saiJlllJ.e .in approxi~tely 

1!! H~604 we,re Cletermine:d by this method and are :presented _in figure 12:, •. 

-The Eh values are plotted em the :re'·+.t/Fe++ li-ne and .(jh + ,-o.lg pH) ~l:ues 



Table 2.a-=0X,id.at ion-reduction -equations for Fe, V, 8rnd .U ions in acid solutions -(pH< 1~5);, 
. . ~ 

Reac-tion 

+ ~u+ . = ++ V02 + en. + e = -VO + HaO 

vo* + 2H+ + e.,.. = -v+++ + Ha.O 

++ 4 ·+ .. ++++ UOa + :e: · + 2e = u + 2Ha0 

F +++ - - -t+ e + e = Fe -

Eo 

1.ooo (58) 

0.337 (59) 

0.334 (60) 

0.771 (61) 

Oxidation p0-tential equation 

_ 6 ~ VOa"!"- _ __ _ 
Eh = .1.000 + 0.0 J..Og VO~ - 0.12 pH 

Eh _i-"= 0 .• 337 + o.o6 _log ;£:;, -0.12 pH 

4 uo2 ++ 
Eh = 0.53 + 0.03 log TTm::t - Oal2 pH 

Fe+++ 
Eh = 0~111 + o.o6 log -~ 

Note: Oxidation potential equations are de:rived as illustrated below~ 

For the _reaction + + ... ++ 
VO? _+ 2H + e =- VO + HaO 

voa+ (H+-)2 _ . __ vo~+ + f! 
Eh = laOOO + Oi\06 log - . nR++ . - - ;::: 1 .000 + Oc;06 log vo++ + 0.06 log {H ) 

but log (H+ )? = 2 log JI+ 

~nd 
._. - _ vo2* 

-Eh = 1.000 + o.o6 log -vo++ + 0.12 .log 1rt 

by de:f'inition pH= - log~ 

therefore Eh = l~ooo + o.o6 log ~g!; _ ~ oQ.J2 pH 

(3) 

' (4) 

(5-) 

(6) 

_(3) 

-!='" 
+ 
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As ·the necessary a.c~iv:ity :coef'fie:ten.ts are not ~vailable, 1 t is 

intp(!)ssib~ to· ,convert the a.ctivi ty ratio,S. to ,concentra.tiQil .ratios~ -~t is 

:po-s.si];}le, however·' to .determine at a.ny given ·Eh whieh concentrations are 

v~nishi,ngly sma,ll, a$ the activity of' any . ion. in .soluti!'Jn at e~treme . dilution 

i .s equ:a,l tG its eoneentrati,on. It i.s theref'ore pQ:ssible to sho¥ the £ollo:w-

in.g from an inspection .of· figure 11~ that in aq,ue-ou.s pQ~utions at a :pH -Of' 

·less than ·1. 5 ~ 

l .jji ·V02+ .ann ·.v+++ ca.;rmo-t :c.oe~ist.._ 

2.. -V0-2.+ andJJ++++ cannot coexist •. 

3. .vo2+ and Fe++ cannot coexist._ 

4. Fe+++ and ,:v+~+ cannot cae~iBt. 

+++ ' ++++ :Fe · and ·U · . cannot coexist • 

It i .s possible te) determine from these relations the ·coneentrati.qn o'! 

all ionic species }?r-e-sent in solution in appreciable amounts~ pro-vided .that 

the total. amount q,;e fe-.7 V, and u; pr.es,ent is knuwn, ~d that the re.ducing 

e~pa..ci ty o-f the solution is kno,;m.~ The .reducing .capa.eit:r . {RC-) o-:f a. S6.ll'l)?~e. 

r:e:f;ers to ·the. amount O::f oxidl;r.nt the s~le can .reduce .fi: The term -RC without 

·qualificatio.n _is u,sed only if the oxida.Jit us-ed .can oxid,ize -ea.ch. -ioni-c species 

to· its hi ..... l-l_ost state ·o.f· oxidati.on. 
. ~) . . . ' 

J 
The r-e·,ucin.g ca;paei ty may conveniently be expressei;i .in .m!l:-liequ:L va.len;ts 

per lQQc,.,.~ram s.a.mp~e. The .red~~ing .capacity expressed _.j.n this_ unit ls ~iven 

by the number of ,mil~ili t-ers o.f .a 1 !!_ so-lution of'· oxidan,t r ·e.du-eed )by a .100-g 

SAA::Ple. ~ As it i.s necessary to .consider the reducing -c~t.paci,ty of· a. s~ple in 

.cpJljuncti.on 'With i :ts ·chemical .eompQsi.tion, i.t ls Etlsa ,eQ:I'J.Venient to ex;preas 

chemical ·COmposi.tion in .. milliequi valen.ts per 10.0-gr~m.. sample -~ If the 

-ecr.u.ivalent -weight of the oJC;idB;n,t is de£.ined as the BlllQunt . n.ec:essa.ry to 
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oxidize one mole of any ion by removal of a single electron, a .. milliequivalent 

of any element is equal to ,one millimole of this elementa For example, a 

specimen assaying l percent V2 0s or 0.56 percent V contains 0.56 g .V or ll 

mi.llimoles V per 100 g; similarly, a specimen assaying 1 percent Fe20a con ... 

. tains O;fl.7 g .Fe or 12 1/2 milJ.imoles Fe per 100 g;~ The V or Fe content of - -~ 

ore or solution in meqflOO g will be denoted .py the symbols y &nd ~-

A so·lution containing no redox-active elements other than .u, V, ~d Fe 

has a reducing capacity of ~ero .if all elements are in their most oxidized 

form •. T ++ +++ + . o . o 

U02 , Fe ; and V0.2 .will be the only redox-act~ve ~.ons present. 

If 0 < RC < J.., vo++ is also present, hut -Fe++, y+++, or u++++ cannot 

coexist with V02+, a.s these ions cio not appear in appre.eiable quanti ties if 

RC < V. Under these conditions the reducing capacity results from the presence 

of. VO++ Gnly, a.nd the Eh will be controlle~ by equation ( 3) ,. 

If RC > Y._, V02+ . is substantially absent; Fe+++ may . be expected to be 

present if RC <(!+Fe). -But in the presence of Fe+++, v+++ and .u++++ cannot 

exist. The reducing .capacity in this case results fro.m the presence of' vo++ 

and Fe++ and (RC - y) results from the presence of' .Fe++. The Eh now will 

be -controll.e:d by equation ( 4). 

If RC > (,Y _+ .Fe), neither Y02 + or Fe+++ ·can pe present._ Under these 

conditions the solution may contain any of' the reduced ions, and the Eh is 

~ontrolled .by e9.u.ations (5) and (6). In this connection it must be borne 

in mind that neither -uraninite or :coffinite, in the absence o:r air, wil~ 

dissolve in dilute sulfu,ric a.cid , to any appreciable extent and .the -presence 

of" u+-+++ ions is unlikely. I:f l.r+-+++ ions can be exc.lude:d :for this reason, any 

excess o.f RC over . ( V + Fe) results from the -presence of y+++ . ians • In . this 
' ...... - · 

case, RC cannot excee-d ( 2V + . fe) , the limiting value .:for a totally reduced 
~ . ........... 

ore., 
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I t is important to mak-e ·all o.wa,.nce :for the insalubili ty o;f pyrite i -n 

deternnning -~' this u.sual.ly entails a separate determination .. ~.f ·acid. 

.soluble irGn~ 

In any .consideration .of· s .olubility relations it .-must .J;>e ."Qorne in :mind 

that f'errgus iron. may be J?resent in e lays» ,·Such elays •:r decomppse. :e-nJ.y 

1(ery slowly in -di~\lte su.l.f'uri:c -lte.id,. and their sQJ..ution rate .in .strong 

.sulf:u.r·i .e aeid .so::Lutions -i .s not too fast . urtle~ .s the sq.J,.utions are h~ate·d~~: 

Table 3 ~rwmnarizes the results of" some analyti-cal determinations. on 

Mine~aJ. Joe ore .s-&mples. 

It may be noted tbla.t the amount o.f ~e;Ld insolul;>le uranium in a.ny sample 

is V'Mis.hingly small -compared -to the total uranillm. pres~nt. · ThLs indie~tes 

tha..t no U(IV) is present in the ore.s .a.nd .is in l,ine with what 'IIJily be expected 

frcmr a .. eonsiderat.ion .of the Eh0 values of the samples (flg~ .12) ,-., 

··The redox-active ionic spec·Jes pres.ent in the sol'o,tions of the Sa.ID:ples 

are sho:wn. in table 4. Re.re it ca.n be seen. tha_t sample N iS the only SJ3;mple 

yieldin_g Fe++ ions .in solu.tiO:nJ. and an inspection o.f table 3 .rev.e.als ·th~t it 

is the only sample -c:gnta.ining a significant amQun.t of' :aeid inso-luble iron. 

Both abse;rvati.:ons indicate the presence .. of :pyrite in s~nrple N only, . and a 

ndner.alogica.l . inves tigatiQn. ( 63) -confirmed that only S@pl.e N ·contained a 

signifi-cant amount of pyrite~ 



Table )e-=Chemical analysis of Mineral .Joe ore samples (62)~ 

Sample 
no" 

Acid sol" RC 
meq/100 g 
sample (a) 

Total 
VaOs 

(percent) 

Total Acid soluble 
Fe203 -Fe20a (a) 

(percent) (percent) 

Total 
u 

(percent) 

Ac id 
insoluble U (b) 

(percent) 

A 1,88 0.20 0.32 0.24 0.003 ,Q.0005 
B 1"88 0.24 0 .• 17 (c) 0.18 (c) 0 .. 003 o;ooo2 
c 2,_12 0~14 0.16 0.12 0,.005 -O.'OOQ4 
D lo.79 0.18 0.14 0.12 OG003 .o.ooo4 
E 1e55 0.18 0.16 (c) 0.17 (c) 0.003 0.\)006 
F l9o39~ 19!>47 1,94 ls_l6 1~09 0~005 -040005 
G 29o00, 29<>09 2.52 0.91 (c) Oe92 (c) o.o66 o:WlO 
H 17 .. 74~ 1'7.41 2.12 0~94 0488 O~a25 0 .. 0014 
I 2Q<>-Q4? 2{)o1.8 }.)6 1~33 1.20 Oo42, 0)+7 0*0020 
J 19o47~ 20,37 ),68 1.41 1.38 Oo)6 0 .. 0022 
:K 19.88, 20 .. 37 2.96 ,Oa79 0.72 1.22 o.;uo95 
,L 26.78? 25o80 3.60 _1.70 1 .. 68 0 •• 85 0~002'7 
M ~9o66? 29.50 5.60 2.26 2.22 1.26 0.:0050 
N l02.o4 7.40 6.30 -2 .• 54 1.13 01>0112 
0 59.42 8f1_6o -0.97 0.94 1.88? 1.90 O"Oll3 
-P 30.07 31Jl2 1.19 1.16 l .. 74 o,.oo42 
Q 7.71 0.84 0954 0 .. 50 O.OQ9 Ov,0015 

(a) 4cid soluble refers to the fractie,n soluble in 33 1/3 percent .HaS04o 
(b) Acid insoluble refers to the residue after 24 hour extraction with cold l _N Haf>,04o 
(c) Discrepancy of _0"01 percent within permitted limit of accuracy. -

\Jl 
0 
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Table 4 ~- .... -Determi nation. of ionic species in acid .extrac.cts of· Mineral 
Joe ·ore s-amples~ 

S~mple 
no (II. 

Fe aci.d solU;ble 
~meqj1oo g 

RG acid soluble (a) 
meq/100 .g RC> V 

A 2~;~2 3~0 1 ,.9 No (b) 

B .2Q~6 2 .~. 2: 1~.9 .No (b) 

e 145 '1 ,-5 -2~.1 No '(b) 

D 2.0 1~5 1.,8 'No (b) 

E 2.0 1~6 1'"'6 No (b) 

:r .2llilt 14.G.5 19 ~5 No (b) 

G 27~7 11.4 29._1 No (b) 

Ji 23p5 lloO 17,a.6 No (b) 

I 36.9 15~0 21 · .~.1 No (b) 

J 4Q,)+ 17.6 19.9 .No (b) 

K 3210(5 8,Q8 20 •. 2 _No (b) 

L 39,.,5 21-2 26!).3 .No ,(b) 

M 6l~6 28.0 29~.6 Jio (b) 

N 81. •. 4 3}.8 102~0 ,Yes (c) 

0 ,94~6 11 ... 8 59 .fj4 No .(b) 

p 34--.3 ]~4.5 }0.1 No (b) 

Q 9.2 6~7 15~4 No (b) 

(a) Dete.rmined by titration with ·o.l N :KMn04 (Analyst~ L_. B"' Jenkins,. 
U. s. Geo~ogical S'J;l,rVey). - · 

(b) Ions present in -electrolyte: V(Y) V(IY) Fe( III), U(VI) • 
(.e) Ions present in. electrolyte: V(lV) J,?e(III)-Fe(II), U(VI)o. 
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Equilibrium relations between redox-active 

minerals in ores 

In nature many ores are in contact with water and may be expecte<l. to 

,be at thermodyna.mic equilibrium. As the state of oxidation of elements in 

most minerals is known, because these minerals have been chemically charac­

terized, it is possible to determine whether thermodynamic equilibrium 

between associated minerals exists, provided the equilibrium relations are 

.known. 

Garrels (64) calculated the thermodynamic equilibrium relations between 

the redox-active ore minerals of the Colorado Plateau. These :resemble the 

relations of redox~active ions in solution discussed before w;i.th one important 

exception: V(IV) and Fe(III) may not coexist under equilibrium conditions, 

whereas V(V) and Fe(II) minerals may be in equilibrium With each other. 

It now appeared that all .Mineral Joe ore samples with the exception of 

N should contain V(V) minerals and Fe(II) minerals, but no Fe(III) minerals. 

Mineralpgie investigations showed (63) that these specimens contained V(V) 

minerals and no Fe (III) minerals except for samples M and 0, which were 

adjacent to ,sample N and where some reduced minerals could be found. Widely 

scattered dark spots of Fe(III) minerals could be found on some of the speci­

mens, but the presence of Fe(II) minerals was not obvious on microscopic 

.examination. · As clays were pre.sent, it was likely that they contained F·e(II). 

Inasmuch as it appeared that the · ores contained .V(V) minerals which were 

easily soluble and Fe(II)-bearing ·clays which could be expected to Q.ecompose 

only slowly, it became apparent that Eh measurements would confirm this 

relationship if it actually existed. 
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If an ore . of th.e type discussed here is suspended in sulturie acid and 

4issolye. immediately, and the Eh of the solution ;Ls .eonsiCl.erably highe,r than 

lOGO .mY, the E0 of" e-quation (3)., The sQ}lution now -eontains. YOa+ i.ons _~ The 

,e1ayc5 deea:m:,p.Qse sloW'ly ~ releasi.ng Fe++ ions Which react wi.th YOat · .to yield 

Vi"\++· . d p +++ i v · · an :r;e · ·. ons. 

_until almost all of' the VO~ + i .o.ns are reduce&.. The solution no:w e-o:atains . 

++ .+++ ++ VO an4 Fe ions. As more Fe · ions ar:e Teleased, they remain in .soltltiQ:n, 

a..nd change the Fe+++ /Fe++ ratio. The s.olution. now i .s highly .unpQiseQ. :wtth 

respect to vanadi.um. ions ,. but well :p,o.ise.d :with t'errie/fer_r~ ions, ani ·-this 

.equ.ili"Qrium n.Qw controls the Eh. -Under the circumstances a r~theT sbt:l.::r"p 

~o:p in Eh may . be expected whenever the V02 + ions ~e reduced., arid the _ Eh 

sh.Quld finally_ stabilize in the vt.cin.ity o:f' 771 mv, the E0 .,o;f the Fe+++ /F:e++ 
-

-e()uple~. In other words; the f'errQus i .ons reduce the vanad,ium. (V) .ions ~ntl 

th~ s~mple 11ti tra..tes itself". 

Four specimens of the Mineral Joe ore samples were .Selected for ~h~t:bne 

s-tudies~ They .· were suspended b 33 .l/3 percent sulfuric acid. in .a nitrogen 

atmosphere and their Eh t~ken daily~. All s.a,mples showed .a break. after -4 to 6 

weE~:l~$ (fig. 13) and all E,h values :were i:a the I)redicted range, indicating :the 

-pres.ence of soluble V(V) minerals and 4-if'.f'i:e!ultly soluble .F~(II). 

The state of oxidation of the ore at the time of' de_posit.inn 

The ore in its original state at time of dep,osltion, is. C:lften re.f,'erred 

to- as prima,ry ore.. It is readily a:ppwent . that a .study O:f the ori,gin of' -~n 
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The state o:f oxidation of the primary ore minerals .must be d.ifferent 

from ~he state o:f oxidation of the present minerals, for ex~:ple, uraninite-­

the primary ore · mineral.· .:..-has been a.l tered to carnotite,. 'rb.e present ores 

contain Fe (II) and vanadium. (V) and were originally deposited from solu­

tiOns; but .these ions cannot coexist in 4cid solutions a,nd Fe (II) .is 

insoluble in alkaline solutions. Therefore~- ·they must .ha;ve been ox,idized 

or reduced after the~ were deposited-

It is imp.<;;>ssible to -conceive of' a reducing agent which can reduce i'erric 

iron protected in a clay matrix -and whi.ch would ~eave vanadiu.na. (V) in its 

oxidized state,., .W:e also know that the minerals af'ter being dep.osited were 

exposed to air and subject to oxidation.. For this reason it seems more 

logi.cal to suggest that they were originally depostted in a re·duced state 

and .oxidized in place .. The postulate that the clay matrix protected the Fe,. 

While air oxidized the V, furnishes the only reasonable explanation o-f the 

e:xperimental results. 

The. sugges.tie>n that the vanadium~ur~um ores i:rl the Colorado ·Plateau 

:were deposited in their re-duced form and later oxidized is not new. It ~d 

been proposed in general form previously by many authors, but Garrels ( 64) 

showed f'ro:m thermodyn.a.nrlc considerations. tha.t it presented .a . consistent 

picture.. Evans. and. Mros.e ( 65.) presented crystal <Chemical evldence that the 

vanadium (IV) mineral par·amontrosei te is metastable and .may be formed only 

by oxidation o::r the -vanaQ.iu.m (III) mineral montros~ite. As considerable 

paramo:ritroseite . is present in sample N ( 63), it is mineralogical evidence 

that the vanadium originally ~s V(III),., 

If the Dre of the ,Mineral Joe channel s~mple originally ~s in a .r ·educed 

state and later oxidizea in place, it may be .e~eeted that oxidation commences 

at the .o.re boundary and works toward .the center,.. If' an ore is examined during 



an intermediate phase, after weat hering r...as started but before it i .s 

completed, the ore should be more reduced in the center and m,ore oxidized 

tQward the edges. The Mineral .Joe channel saml>le sho:ws this pattern~ 

sample N is nt.Qst _redu-ced and. is surrou.ud.ed by more oxidized ore • 

The mecrLB.nism o.f ore deposi t:Lon 

As the ·evidence :presented herein indicates that the vanadium ores were 

depos.i ted in a redu-eed :form by precipit ation fra.m a so-lution, it is n()-w 

nece$sary tG ,consider· the ~echan,ism of" precipitati.on. The reduced ore m.ine:r­

als are l~gely oxides or hydrated oxides of V(III) and U(IV), and the ques­

tions which present themselves are: 

a) What was the composition of' the solution from :which the ore 

was precipitated? 

b) What _was the mechanism Qf precipitation? 

There are only two reasonable J;>OSsibilities for the precipitation of 

. reduced hydroxides~ 1) Precipitation from reduced solution by inc.reas.e ill 

pH. 2) Precipitation :from an oxidized solution by reduction .. 

The asso:ciati.on of woody material, a reducing agent, with the ore whi{!h 

:wa.s originally precipitated in a reduced condition rai.ses the :follOlwing ques= 

tion~ What ar.e the possibilities of the ore having :been deJ;>.Q·sited as a 

. consequence of the reduction oi' an oxidized solution by woody material? 

.. THE RELATION OF· WOODY MATERIAL TO THE· DEPOJSITION 

OF VANADIUM ORES 

The reducing capacity of woody material 

To determine whether woody material is a likely depositing agent for 

prima,r-y vanadium ores we must first know how much material is required t .o 



57 

precipitate a given 4mount of ore by reductiC)n;o, ~is inft>~tion is neces.,.. 

saxy . t .Q :determine whether enough. woody rru:tterial could have· ·be.en present in a 

given en.vtronm.ent to a.ecount for all reduced .ore minerals. Tb.ere is no 

general .wa,y to calculate the redueing capacity of a _carbon compound; for 

example, charcoal has no reducing ,capa.city in aqueous systelllS, .methane acts 

as reductant .only under rather extreme condi ti.Gns, cellulose mf:l:Y .react or 

stay inert, and glucqs;e ts .a _gotld r -educing .agent 'lUlder mos.t . coruilitio-ns ~ +t 

appears to be necessary to .calculate the reducing eapacity .o:f woody mate ... 

ria.l .and to determine it experimentally under .suitable c.and;itlons .,_ No 

-e~rimental or theoretical values of redu.cing capacities of :woody material 

in solutions containing vanadium (V) could be found in :the literature. 

Some aspects of wood .. chemtstry 

Wood usually contains moisture ranging .up to 10 percent and. a f"ra,.etion 

Of a pe_re.ent Uh (6e)-. , The ~y matter CQnta:t_.n,a 40~_50 percent. ceJ.lUlQpe$ 

·10-?Q percent hemieel:{.u.lose, a.n.d 29-..30 pe.reeJilt ligni.n.~ Cell'u.lqse .and hemi~ 

e~llulG~e are pol~rs of glu:cose or its tsomer-$,- SOllle sug~s o£ slightly 

dif"ferent compositio:n, such as xylose, are -pre.sent, but they do not :c-hange 

the ea..l~ulated results signii"iea.ntly a.nd .may be treated .as glucose.-

In the -presence of a strong oxidizing ~gent glucoae ciS decomposed. _l:J;CcQr·d~ 

ing to t:tte .t:ollc:;nnng ~reae·tlc;p:n: 

CaH1.20e + 6 .02 .·== .6 ·CO?: .+ 6 .Ha9 

One ntQle ( 180 _g) of gluco:se then requires 24- equivalents to· oxid_iZe it 

com.pletely; it has a;n equivalent weight of' 7 .5 ... 

The eelluloSce monomer is .C6 H1 oOs with a .molecular weight of 162 ... Fo.r 

C!3mpl-ete .a.xidatlon: CeHJ.o:Cis. + 6 0.?-. =:: 6 C02: + 5 -H2 Q. -!I'b.us, C·ellulese ox 1 ts 

.m.ClnQmer ,. as.suming complet;e oxidation to- C02 and Ha:O, also re.q\lires 24 -equi-



valent s and its equivalent weight is 6 .!i 75. . In othe.r words , 100 grams of 

cellulose has a theoretlcal reducing .capaei ty of' 14 • .8 equivalents, or 

14,800 milliequivalents., 

The oxidation or lignin i.s much l!l.Qre cqmplieated. P. nason ( 67) :postu-

lated lignin to be a polymer of eoniferyl alcohol .or eoni:f'eryl a .ldehyde 

H3 CO 

HOb- CH =-CH- CHO 

and this belief is currently accepted by many ( 68).. Complete oxidation of 

the eoniferyl aldehyde monomer to C02 .and H2 0 gives .an equivalent weight of 

4 •. 05 and a reducing /e.apacity of 24,700 rni.lliequivalents. per 100 g, lll()re than 

twice that of cellulose, ac.co:rding to the reaction~ 

CJ:oHJ.oOs +. 23/2 02 = 10 .C02 + 6 IiaO 

If' a formula for lignin proposed by Russell (69) is used, the sUif1IWary equa. ... 

tion is~ 

CLoHeOs + 21/2 02 == 10 ·C02 + 4 H20 

Th~ equivalent weight is 4 •. 03 and the reducing capacity o.f 24,900 meq/100 g. 

These two e .xample.s illustrate that .different proposed. lignin structures da 

not .differ greatly in reducing ;capacity:q 

We have no assuranee, o:f course, that cellulose or lignin are -completely 

oxidized. 

Experimental determination of reducing 

.capacities of' ·.some material 

Experiments were carried out to determine the reducing capacity o£ wood.., 

'When wood ts :placed in an acid.if'ied solution of ammanitUn. Ta.nadate a.t room 

temperature and :pressure, a green color is observed after a few days , indicat-. 
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in,g parti~l _re(Luction of _V(V) to V(IV). However, to simulate conditions in 

nature experiments were run at 150° ,c, a temperature re];)resenting ;a. cons·en~ 

sus of estUta;tes of the maximum .temperature of f'o,rmation (7f' the o.r·es ( 70) ~ 

Dete:rmlna~ti~ns of redueing .ca;pacity were carried out aceord.ing to .the .f'Ql4,ow~ 

ing proc.ed.u.re· ~ A llJ, .. mg~s.ample tog~ther with 10 .ml ·0 .•. 1 ! (V"02 h~S04 sol.u.tlon 

ce>:ntaining an e-xcess of :free s.ulf'U.r·ie acid and some Na2 S04._ were plac·ed. in -~ 

oPyrex tu.be, sealed, and heate:d at 150° c at .an estimated pressure af 70 1b/in2 

( :iporing the boiling .:POint e,lev:at,io.n of' the so·lution by the ·added electro ... 

lytes) :for three days; at . the end -Of _the run. the reQ.uced :vana-dium ;wa,s titrated 

p€>tenti.Omet.rically with the pH potential recorder -~ The :$b. at t,he equi v~lenee 

·point always had a .value similar to. the E0 of" the Y(IV)/V(V) couple, and 

.there -were no other breaks in the curve. This -showed ,that only V(IV) ws 

titrate·tL~~ There were no- breaks in -the, :pH .curve dlaring the ti tratw.n. :which 

indicated that no breaks were. umasked"' by a s.imultaneoo.s pH change. I-t is 

conceivable that a simultaneous change in pH and ac~ivity ratio may take 

place at constant Eh [equation (:;) ] -• .Any re~ining sample was re:cove_r:e.d _, 

ws;shed, dried, and weighed, Results are shown in table 5. From the data 

two. sets of reducing ,capacity values were obtained. The first set is the 

milliequivalents of vanadi.um red.uce·d per 100 grams of original sa.m:ple, the 

s.eeond s .. et is the milliequ.ivalent.s of ·vanadium r~d:u.ced per 100 grams of- wo_qd 

or lignite de·composed (wood decomposed ~ original sample minus solid resi~ue) • 

.Sinee the expertme:ntal results were 58 pereent Gf the calculated results, 

an attempt wa,& made· tQ .Qb.tain !"educing -eapl:l..ci ties- clo~ser to the experimental 

value by .extending the time of the r ·Un to 12 . days~- This attempt was not 

SQ.Ccessful.. Although it was possible to inereaae the reducing -;cS.pf;l.cit;y @f 

glucose under parallel c.ondi-tio.ns from 8900 meq./100 g to an -apparent 

lO,.OOQ ,m.e4/100 g by increasing the heating time fr0l11~ 3 to 12 days, the 
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Calculated _reduci ng -capaci ty (c) 

. :Experimental _re(iucing .capaci ty (d) 

Average experiment al reduc ing ca:paci t,y 

Ex_perimen:ta.l reducing ea:paci ty correeted :for 
insoluble eonst.i tuents (e) 

A:verage corrected reducing .capacity (:f) 

·Average corrected redue.ing capacity expressed as­
percentage o:r calculate:d reducing capacity 

Wood . (a.) J.,ign.i te (b)_ 
( me'qj 100 g) 

15800 

10300 
5100 
9700 

84oo 

l130Q 
7100 

92()0 

,a, 

l46oo 

5600 
68oo 
8200 

6900 

B6oo 
8400 

85:00 

(a.) Fresh SJ>ruce ( Picea exc:elsa .Lk.) c-ontaining .58~- .cellulos.e and 29% 
lignin .(71) (obtained +ram I. A4 :Breger). 

(b) I:;ignite :frQm the Beulah-Zap bed, Da.kota Star mine, Miner County, 
N. D.ak. ec>.rita.ining .41 .2~ moisture and ash (72) (.(),btained fi·Om. I. A~ B,reger) _. 

(c) For details o:r calculation. ·see text ... 

(d) All re4ucing ea.:pacitie.s were determined .. by pGi:;.en.tiometri-c titration. 
of ·the })rQduct .obtained by heatlng a lO~mg sample with 1-0 .mJ. of :a .0.,1-fornlal 
vanadium(V) s olution ~.-cidi:fied. to a pH of 0. 7 in a sealed Pyrex tube for 
3 :days at 150° c. .All values were ca-rre~cted :for a blank (0.15 ml). 

(e) The undecoml;losed residue was- isolated, -washed, dried, and weighedJ 
and the redu.c ing capacity or the decam_puse.d portion ea1eula.ted. .This WBtS done 
on du.:pli-ca.te s.BJ11ples only owing to .experimental tiifficul tie-s- on the tripli-cai;e 
run . ., 

(f) Thi s va l ue was .rounded. o-ff to 9000 .in both sample,s for use in 
table 6 •. 
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eA;P~lJlitti~ttS :fQr this :ph~no.m:enQ:r.t, :· bGth :prtt'bably CQttt.ril:ru~~ing ,sim.u.LtaneousJy: 

it --~- noted ,in the bl.ank rUliS tb.at the v:a.Mslate .s-~J..~t1V~:ta -Q.n heat.ing S~Ye a 

brtf.wn :pree1pi.tate, which g~ve an X""'.ray pattern O-f V~Os.~K~O*:_ ~:r- we e:()nsiQ.e~ 

t~t ,we ha-ve tw-Q .eQmpet.ing ~elltct,i.ons, Qn.e the :J!re.e:i;pi~ti~n of' the ~dillnl 

{V) ~xide which remo.v-e.s it fronr. the - reac-tion~ an-d the -o-ther the :re4;u.etion ().f 

ths VQ~+ !on by t:Jae slowly de-eom:pos.ing polyme;rs ·Q£ _ tlie wo:ody materiJ:tl ~ it 

can. be aeen that .relative;Ly -SG(}n a. p,<!lint .is rea.ehed ,where the coneentrat.i-Q\nt 

- ~t' vamuli:wn (V) ions in the sol1Ltian is so 10-:w that redu-c:tiffn beeomcs ve;ry 

ea:t~n ~lyeyel1C e(l)':nt)?O.'llll4& b7 partial d.eep;-a~ti~n Of' the_ l(Q.tOtl -_W'h!;C:tl 1~-s~.e 
. • ' • 

\ 
- - -· I - . -

·Tb.a ettleu.lated .redue;J:mg .es.paeitie_s used _in table. 5 Ve:t"e Gtrt~i:nej, .Ja.S. 

f<rtll(lws ~ the. th~Q.:re~t;Lcal r~ing -capacity of _:a £:re~.h .ap;ruee. of . the s;1ven. 

,eQJn.:PQ$·itio-n ts e~l'ILP'Uted., ~f?:und.ng :e¢m.plete. o;xic;iatit;,rt to, -CQa .. and HaP ami $ing 

,the ~sell f':Qrmul.a :fior lignin. A lQQ~Qa.JJt .·S$Jll]1.le -e(;)ttts.tns '58 g .~ll11l~s-e 

witla a. ;r:~ducing -~a~ity Qf (0.58 x 14Boo) 860Q: . miJ..lie$u.i~~n.t per 100 ~J 

it ala• .e~ntainS 29 g Ugnin ldth a re(\ueing -ea};)aeity .ar (0.,;29 x. 248QQ) 

oj.OQ _ .m:f_lli~quiva;Lent per lQO g, giving a t.~tal reducing ea:pa:eity . t>f ·153.~ 

.m.illi~uivalent per· lQO g~_ The eXJterinten,ta.l Ylidue :at pH QjJT e(}rr:e.~te.d . . fQr·· 

ua<i.eeQJm:po~ed lflS;tte;r Ls ·9200 .mill.iequ;i~~ents per l.QO g, a:r 5~· percent Jot tile 



62 

The r€d,.ueing capacity of the lignite used is substantially . that of 

wo:Qd;. this was. an .unexpected result~ The chemistry o:f .lignite is little 

known, :Qu..t I. A. Breger ( 73) has presented evidence ·based o-n in.t*rared 

spectra that the skeletal structuree o:r humie acid and -lignin are related 

a.nd. .suggested -that they ~r.ri!J.Y even ·be identical. Let us no.:w ~esu,me that the 

re~ing ca:paeit.ie.s o:f' lignin and hun:dc acid are the s.ame. Let u.s next 

assu:rne that li@ite -consists of _·mo-isture, ash., a.n<l hu.m.ic aeid . o-nly~ While 

we .kn<>,v that- th;Ls is no-t q,uite correct, this assumption wQUld l~ve us lfith 

the. same carbOn content :for lignite as .for lignin.,. ~e -ca.rbQn .content of 

_Ru,ss.ell lignin is 66 percent and its carhon ... hydrogen ratio is lQ0~7 ,.,-4,; .both 

O•f these valu-es a.re no:t markedly different from ty:pical lignite values and 

.our ~S'U.lD.lltion may not be .f't:r.r aff'._ .Since ocur lign.it.e bas a :moisture and. 

ash content of 41_..2, it now is assumed. to .contain 58.8 per-cent humic a..ci-d 

(re-dw:ing -capa-city 2480Q ,meq/100 g) and its .~educing ,capacity :as.su,ming to:tal 

oxidatiQn is (0.588 x 24800) 14600 m:e~lOO g. The experimental _valu-e o-f 

85.00 ,meq/100 g then indicates .. either incomplete. oxidati-on .o:r the transition 

·Q:f same e>:f' the humic acid to- fixed .carbon, which is not too unlike.ly in a 

lignite~ To- inve.st:Lgate whether the oxidation of cellulose, .lignin, wood, 

~d lignite by vanad.ium- (V) solutions proceeds tq C02 and HzO at least in 

part,. or whether it does no-t proceed at all beyond s-ome inte-rmediate state, 

the reaction products- o-f these substances with v:a.nadium (V) solutions were 

examined .by infra.re.d spectroscopy] carbon dioxide was identified in. aJ.l of" 

them (74)~ 

Amou.n.t of" reducing agent required 

- If' primary are :was deposited by the reduction of -solu.tions carrying 

:quinquevalent vanadium and sexivalent uranium ions, it ~Y now be -possible 



to Jl':ia.ke rough estimates of the concentration o:f wood :(}r li~ite nec~ssa,;ry 

-to-r ;precipitation of' a .typical ore~ 

Th:erefore, it may he instructive to~ caleula te the weight percent of 

fre~h -spruce. or lignite neciess~y to. preeipitate each ore mineral :frQ.m. 

In. this .cqn.n:ection it mu.St be no-ted that it is. i:rnpqs:s:L1;>le to .make a 

.reaaO:nable allo,wanc·e f'ox· -pyrite.. In the fir-st p.la;c-e·, it .ie i'lltJ?.q.ssibl-e t~ 

~e :a va,lid correction ;for the :B.lllO-unt of ·:pyrite ·:present in sgnd.stone J?rior · 

t o Qre .Q.epositi,o:n., which mus-t be dedu-cted from the total pyrite in the ore,._ 

Also, nq ~cc~ate -correction can be ma.de f'ar Qther suJ-fides ar -sulfur 

ferric 1r~n carried _in a mineralizing solution. -Finally, in the ab11ence .of' 

.-sulfide made ~vai~b:l-e by the woody ma.teri~l . an.d t:ree, hydro-gen s.ulfiiie 

f'Q..~tu.it.ausly pre:se:nt in t.he system. (which -of' eou:rse also ."W'Q--uld _re4uee va.na:ooo: 
) 

d.i:wn. B;nd . u.rAAtUII1~ i.C)ns,) any- pyrite sU:.UUr mus-t be ;proilu:c.ed. .by red,u.~t.ion. _o.f' 

sUl.f"a,te iQtns:~ l{edll.Cticm. .of sulfate .ions to .sulfide o-r polysu.lfide in _nature 
·.· •. ' . I 

is JmGwn bru,:y in the -px~ene·e O<:f eertai.n .mi~r~r.ganu:ms. ( e ,. g. , . Sp()+~:Vib~iQ.;) •• 

In.. ta;b.l.e 6 there ts :pr-e-s.ented a -c·ompilati.~.:n of· data whieh, it is hoped, 

will -enable. ii;S: U$~r t~ .. eom~ute the ·antl;l)unt: .{{l:f' woody material re~u.j.;red to·­

·pree.i:pit.s:te aa ore -:con:tain;tn,g ,a given am.o.p.nt .. ~-t· :montr-o:sei te. a1ld ;pi.tehb1ende ~­

Re .can \hen judge· whe:ther the ,a_mo.unt ()f" -Garbnnaeeou,.s mater-:t.al . -e:q>e:eted . .in 

~he .formation .1.1ruler :CO:®iderati·cm. is likely tq be sutnclent to make this 

~-c~ss prqh1iif.hle~ .Iruasmu,ch -!:;s :ma.ny s-e-Ai~nts contain ~iSn,ite eQ:ncent.rati:o!l$.· 

af -2: ,pe.:reen.t 0:r mo:r:e., i:t .ca.n be seen .fr.om. tabl-e 6. that woaq.y material .ca.n. 

eas.ily be pres-ent in s:u.f'f"'iiCi.ent ~un.ts. t 9 ~a-sJt typical Qre. ~-o-neen-trat.i:Qxrs 

.,f.:r~ exid!zed ,_ ao:lutions by -#e4u.ct.1on~-- but or- _;caurse tMs Q.Qes no~ hold .in 



Table 6.~-.Amount of reducing _material required for the de:positian of some re<tuced. minerals from 
oxidized solutions. 

Mineral species Oxidized Concentration of Fresh spruce or lignite required. 

formed Formula Species in m.in.eral species The-oret ical Exper.irnent al 
solution in sediment Wt% Lb/ton %C Wt% .Lb/ton 

1 Wt% of mineral _o .,o48 0.96 0 .. 022 OoQ82 1.6 

·Pitchblende uo2 .uo.z++ 1 Lb/ton of mineral 0 .. 002 o.o48 0.001 o.oo4 0~082 
1 Wt% of U 0.055 1~10 0.025 0 .. 092 1 .. 8 
1 Lb/ton of U 0.002 .0.055 0.001 OeOQ? 0.092 

1 Wt% of mineral 0.15 3.1 0.69 Ott26 5.3 

vo;?t 1 Lb /ton of min-eral 0. 008 0.15 Oe004 0~013 0.26 
.Montroseite VOOH 1 Wt% of V 0.25 -5.1 -0.11 o.44 8.8 

.1 Lb/ton of _V Oo013 -0.25 o •. oo6 -0.022 0 .• 44 

Notes for table 6 

a;c 

0 ... 037 
0.002 
o.o4o 
0.,002 

0;;.12 
Oo.006 
0.20 
0.010 

Values lised in construction of table: "Theoretical" equivalent weight of wood or lignite: 6r.o5$ this 
we ight .was obta.ined by averaging the equivalent weight for wood _(6.3) and lignit e (6.8) obtaine d .from the 
calculated reducing capacities given in the text by the conver sion formulaj eq~i-valent weight (in g) :: 100000: ~ 
r e ducing capacity (in meq/100 g). The "experimental" value was obtained from the rounded off reducing capacity 
of 9000 meq/100 g'"' Both the wood and the lignite ·contained about 45 percent ,c (.actual values: wood 46 percent, 
lignite 42 percent) (72) • 

. Sample calculation: An ore contains 50 lb/ton montroseite, and lOO lb/ton pitchblende- .What i s the 
theoretical amount o:f lignite required for deposition? 
Answer~ 50 X 0.15 + 100 :X: o.o48 - 12 .• 3 lb/ton or about 0.6 wt % lignite. 

0\ 
4=="" 



·So-me typical redu~t_±Qn equatio-ns 

~ ..::: .· , . ... .. ~ .. · . 

It may be o:f .interest .t o· demonstrate ·· a·9llle Iioss.ihle re4uetng :r:e9'ei:;i:(l® · · 

by :w::ri:ting ,down .s .. ome spe-culative equations shawing the ~duetia:n O.i" _urany:l 

--~:ad '.v~te: .,i,ons by :cellulQse (reJ;>res-ented .l:)y Ce;Ii.Lo:Os., it$ monomer). Of' 

.Reduction .of' _vanadium (V) ·ion to· .mantros-eite 

12 VD;it + CaHloOs . + 7 H20 ~ .12 .·VOOH + 12 H+ + 6 C02-

Reduction of" vanadium (V) ion to d:u.ttonite 
---

24 V02+ + 31 .HaO + CeHJ.o0s ~ 6 C02- + 24 W +' 2lt;}~Q{®}2 

_Re:CI:uction of u.r~nyl ion to pitchblende 

12 U02 ++ + CsH200s. + -7 H20 --7;: 12· U02 + 6 .C02 + 24 H+ 

Lignite is a. lcrw .... r~nk cool whi:ch derives it.e- n~ !rpm i.t.s -~'Qvio-:tl.Sly 

-woody a-ppearance. ~- If· all e.an~ ti tuents .o::r -wood e:r lignite that .· 4o .not sub_, 

stant.ially ;cqmtr·il;?:u.te to .it.s redJLeing .ca;paci ty are e.x;clu~d from .. c.onsider-: 

a.tion, it may be seen. f.xo:oa table 5 that the- !'ormation. o.f lignite from 1fQ9d 
l 
.) 

ma.y be le$-crl;be·d .as th~ xemo.va.l ot . e~.llulose frQm. a _ ee.llu.J.Qs.e~lign.in .. mix.:t~e, 

fQ.ll.:o:we,d :Py a. -C~~ or Lignin .to '''hUJD.ic eompqunds n,. The m.ewmorpho;s is ~of 

. ®gr.~,. _.b,ut t)l;~ ;removal o:f celLulo~e :from ,wood may b.e expeeted -to .be important<~; 
. . . . . ... . ' ~·- ~-.. 

_by the·. degr~e o£ degradation of a. ,woo.a,. upon. its r -educing :capa.ci ty. It no-w 

became .neeess.ary to: .obtain some specimens. o.f' wo-od in various states o-f' · 
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I. A.. Breger, U. S •- Geological Survey, , kindly furnished specimens 

of Norway spruce (Picea excelsa Lk.) suitable far this investigation. 

A:bout 450 years ago a bridge was built in -Rotterdam, c:a.ll-ed .the Soetenbru.g .. 

After the bombing of Rotterdam by the German invaders in 1940, some o.f the 

bridge piling was removed for study. The surrace of the wood had become 

quite degraded, while the interior retained .the -compq~ition of fre.sh wood .•. 

A botanical -description of this wood (sample. SP--1) has been published ( 75) 

and .the results of extensive chemical studies on this and similar ancient 

buried .woods have bee.n reported ( 71),. In addition!' I .• A. Breger _fUrnished 

a s~le of spruce lignin p~pared by him ·by the -periodate method ( 76). 

The degraded :wood was sliced into thin sections starting with the surface 

of . the wood. Fiv:e 2-mm sections and -three 4~mm .sections were taken $d the 

samples marked SP,..l (0...,2), SP.,.l (2-4), SP ... l (4 ... 6), SP!"'l (6-8), SP,.l (8,..10), 

SP-1 (10 .... 14), .SP-..1 (t4-18) an.d. _.SP:-1 (18-22) ~ Analytical results ~nd ealc.u.­

lated reducing .capacities are presented in table 7, which al.so includ.es data 

on the f'resh spruce and lignite samples discussed pre-viously~ 

All e~perimental -determinations were performe,d .by the methods deseri.bed 

previously, with the .f.allo:wing modifications ·~ an autoclave was suosti tuted 

for the· s.eale.d glass tubes and operated at a temperature of 115-;1.25° C fo,r 

three da;ys at a pressure of 10-2{) lbs/in2 ·abQve atmospheric pressure. This 

was ·a.one· for two r~ascm,s~ 

a) .By perfQ-rming measurements at two .dif.ferent te:rnperatu:res, one an 

estimate of' . the maximum possible temperature and the other a. conservative 

estimate, it . was pQSsible to show that the effect of·_ temperature o.ver the 

range was negligib.le .. 

b) It was possible to ,make as many. as 48 simultaneous runs in the auto­

cla.ve. As only three sealed tubes could be heated. simultaneously with 



Table 7 .... ":~educin!$ _ca;pacity of woody material calculated f'rom analytical data._< 

Sample no- ~ 

~:P--1 _(0~2) 

.sr ... 1 _ ( 2~4) 

, ~P.~l _( 4~-6) 

_Sf~l (6-8) 

-~~J - (8 ... 10) 

.. $1?:.--1 .(10--14) 

. ~P-.1 __ (14l""l8) . 

_ S.F-:-1 ( 18~.22) 

Fresh spruc·e 

Lignite 

Lignin 

Percent 
,moisture 

lltf2 .1/ 
~-

1~.9 ];/ 

5.;.3 J} 

5·9}} 

6~4 y 
6:.0 y 
6_.3 }/ 

7 .;. lJ 
9 •. 6 }.1 

35.6 4/ -
.8.6 1/ .,..... 

;J?~rce,nt 
- ash 

·1;_,2y 

1.3 2/ 

0.9 gj 

1 • .0 2; -
o.4. gj 

0.3 E:.l 
0 •. 3 g) 

o~3 .e; 
: -

o~.3 y 
5:.-6 & 

Percent 
lignin 

6l. O ,'j/ 

56~o ~t} 

53~0 d.! 
53 ~0 d) 

48 •. 5 "» 
41_.5 ~ 

35~0 3/ .....,., 

35 .. 0 d) 

29 .• 0 d) 

_58 •. 8 5,6/ 

86.4 

Pe rcent 
cellulose 

27 ~2 §/ 
40.2 §../ 
42.,l gj 

)8 .. 9 3) 

49.6 §I 

49.0 ·3/ 
51 .•. 2 g) 

48.0 .2/ 

58~0 11 

5.0 '2.1 

1/ Analyst, J. C .• Cband.ler, __ .U. S~ Geologi.cal .Burvey. 
'2/ Analyst, G'• .B .. -Magin, Jr.~ u._ s_ Geologica.1 Survey. 
3/ Varossieau and Br~ger· ( 7l). · . · . 

~otal 

100~0 

105.4 

101 • .3 

98g_8 

104. 9 

96.0 

" 92~8 

90il9 

96 .~9 

100,-,0 

100.0 

~~ Analyst, .- R. T'~' Moo:re, U;- fl-._ Geo1ogica,l Survey. 
5/ Calculated by Q.ifferenc·e. 
1jj _ 11HlUDic ~ter-ial·n; ·co.nsj..dered as h~ving the same RQ as lignin. 

RC 
. lignin 

l_i· 

I 15100 

13900 

132QO 

13200 

12000 

10300 

8700 

.8700 

6700 

.14600-

21400 

RC 
cellulose 

)f"'UO 

6ooo: 

62QO --

5700 

7300 

.7300 

7600 

7100 

.8000 

740 

RC. eal ... 
_ c.ulated 

191-00 

.19900 

19400 

18900 

19}00 

.17600 

16300 

15800 

'1.4700 

14600 

.. 22200 

0'\ 
-'1 
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exist ing faeilities P this meant that the rate of· completion of experiment-s 

Ftesul ts of the determination of reducing capacities are presented in 

table 8 and the reducing ca.paci ties of the soluble fracti_o.ns (RG1
) are shown 

in ta,ble 9. The method -described in footnotes (d) and (e) of table 5 .. was 

used, except :for the correction for reagent blank which -was Q.2 _ml in auto-

clave runs. All -determinations were made in qua.d.rupliceate and the :average 

('Rrr and m~) was eo;mputed. Standard de via ti.ons (S) are- a1s o shown. They 

indicate that the determination of the insoluble residue ne-cessary for 

computation of- RCl. involves an addi tio:nal sour.ce of errors, as the S value·s 

of _RC a.re generally lower than tho-se o:f RC 1 .• Considering that 10-mg samples 

of' wood were used and the .method of preparation (slicing into parallel 2-:n:rm 

.sectio:Q.s) imposed rigid geometrica,l limitations making it impossible to 

.allow :fo.r tree r -ings or anything except gross imperfections, it is s:urpr,ising 

that the standard deviations were not higher. 

Ca,lculated and .experime:q.tally . determined re~ucing capacities are eompared 

in table 10, and again it appears that woody material shows a reducing . ca~*;i ty 
, j .. '· 

of about 60 percent of the ·calculated .value after three days exposure to 

:vanadium (V) solutions~ un-der natural conditions, where exposur-e may persist 

much longer, 1 t is likely that more complete reduction will ta;ke place~ The 

degree -o~ degradation :o,:f the wood does not appear to be very si.gnificant, 

except in .wood totally metamorphosed to lignite. It appears likely that the 

polymers in the lignite have been rendered _.more susceptible to attack by the 

change-s they underwent during the genesis of the lignite. 



Table 8o· ""'""~e-ducing :ca:pa.~ity (R9) o:f . woody mat.~r_i~l de~ ermined exp.erimentally. 

Sample- no. .Rpl. RC2 .RC3 RG4. ~ s 

~P~l (o~?') 11}00 7300 9800 9300 .9400 14-00 

,S;P'"'l ( 2·~4) 14200 6300 9700 -9300 9900 .1400 . . 

.Sf'--1 (-4-.6) 10300 .4ooo 9300 9000 ,8200 2400 

~P-l ( 6-~) _ -9800 8900 4700 9300 8000 2700 

. aP~l ( 8--10) 11800 8300 6QQO 9900 9000 2700 $ 

S.P-1 _ ( 1Q ... 14) 15300 7300 .10300 9300 .10600 29.00 

S.PI\0!'1 (14~18) 1Q4QO .7300 .10300 7800 9000 -35.QQ 

SP~1 .. (18-22) 11400 42.00 8800 8800 .8300 g500 

Fresh sp.ruce _ 11300 5300 10700. -9900 9300 2300 

,Lignite. 8800 .83QO 84oo .6800 '8100 ,76o 

.. L.ignJn 8300 11300 11100 13900 lllQO .2000 

.Sub.scripts inq.i.ca.te rep.1icate rl.l.I),S. 1, 2, 3~. and 4. 



Table 9. ""=.'Redllci:n,; capacity of soluble fr·action of woody material (RC 1 ) det.e:rmined .expez.-,i.mentally. 

Sample no. Insoluble residue weight (mg) I l. 1 .1. l. 
w~ RC 1 RC2. .Res RC .5 

RC1 :RC? .RCs RC4 ' - "'' 
SP-1 (0-2) o.o 0.5 o.o 1.-9 11300 7700 9800 11500 10100 15QO 

SP~l (2-4) 0~9 1~4 1.3 1.1 15600 7300 11100 . 1~0 11100 ~000 

SP-1 (4-6) 1,.,1 1.1 1.8 1.5 11600 . A500 114QQ J .. 0600 9500 -3.9QO 

SP-1 ( 6-.8) 1.6 1.6 2.7 1.6 11700 10600 64oo .11100 -10000 2100 

.SP-1 (8-10) 2,.,0 .2.1 0 .. 7 4-.7 14800 10500 6500 186oo 12600 .4700 

,SP "~ l ( 10-14) 1.0 1.4 0~8 0.3 17000 8500 11200 .9600 .11600 3300 

S)?.-1 (14-18) 1.3 .1.5 0.2 1.0 12000 86oo . 10400 87CiO: 9800 .4800 

_ SP~l (18-22) 1.1 0 .•. 0 o.5 o.o 12800 .4200 9300 88'00 8800 3+00 

Fresh spruce 2 .• 3 o.4 1.2 -0.8 147QO 5500 ~100 10800 10800 -,3400 

Lignite 3.-7 4.4 1.6 .4.1 14000 14800 1000-0 ~ ll50t1 12600 *900 

Lignin 3.9 o.,4 2.2 o.o 13600 11300 15800 -13900 13600 ' 1600 

-a 
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Table 10.--Efficiency of reduction of'" vanadium (V) solutions by woody 
.material: experimentally determined reducing .capacity of woody rna te­
rial expressed as :percentage of .calculated ,red,.ucing .. capac.i ty. 

· .•:'}·' 

Sample no. 

SP=l (0-2) 

$P-l (2-4) 

SP-1 (4-6) 

,SP-1 (6-8) 

,SP~l (8-.10) 

.SP•l (10.14) 

SP-1 (14-18) 

,SP;..l (18~22) 

F:resh cS:gruce 

Lignit.e 

.Lignin 

Average RC expressed as 
percent of -calculated HC 

49.2 

49.8 

42.-2 

42.3 

46.6 

60.2 

55 .. 0 

52-5 

63.2 

55-5-

50.0 

Average RC . of soluble fraction ex­
pressed as :percent of_ calcula. ted .RC 

54.o 

55 • .8 

49.0 

53, •. 0 

65 .• 3 

65.8 

,6o.o 

·55.7 

T3 .• 5 

86.3 

61.2 
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The synthesis of a reduced vanadium mineral 

by redueti.on with wood 

As it had been demonstrated that the reducing capacity of woody mate-. 

rial wa.s sufficiently high to ,warrant its consideration, it .became ne:eessary 

to show that the reduction of a vanadium (V) so1utiqn ·by woody ll1Etterial 

actually could result in the formation of a reduced _vanadium mineral. This 

was very important fo.:r" an additional reason~ an examination of the litera-

ture f'a,iled to disclos.e any successful attempt to produce any reduced vanadium 

mineral synthetically. 

After a nun1ber of unsuccessful trials it was found that a ,vana<;ium 

mineral with the formula V2 0 ( OH )4 (table l) could be J?roduc.ed by the follow­

ing method~ 

An 0.1 .M ammonium metavanad.ate solution was adjusted .to a pH of 2 • .04 

with sulfuric aeid, 100 mg :Norway spruce shavings were added -to 10 ml of' this 

solution and the suspension was heated in a clqsed silver-lined .bomb for 

10 days at a temperature of 150° -C ~ A black :fine.,gra.ined precipitate was 

removed _which upon X-ray ex~mination showed the Slime pattern as a reduced 

vanadium mineral found in nature ( 77) • . This mineral, as yet unn~med, had 

been found near Carlile, ·Wyo., and in McKinley County, N.-Mex. (78). Its 

crystal structure and :chemical com:posi tion were subsequently determined by 
I 

Evans and .Mrose (79). It was found to .have the :fc;>rmula V~Q(OH)4 or 

V~Os •.2H.20. , This demonstrated that it was possible to produce a v~nadiUlll (III) 

mineral by reduction of a vanadium (V) solution .with wood • 

.Reduction by wood as biochem.ical mechanism 

Biochemistry may be defined as ·the branch of chemistry which deals With 

t he processes and products of life... As "Wood is the product of plant life, 
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~t ay be said tha;.t vanadium mine,rals de:pQ~ited by reductipn with woody 

~teria..l· wer•e deposited by a .biochemical ®ebl:l,nis.:m, • . Sueh depq.sits .may be 

.called biogenous deposits.. If it is possilJ.le that v:a.nadiiun :IIlineJ;""a+s in t.he 

Colpradp Plate.au.. aJ"e of bicgen.ous or:iginj) the questipn .whethe~ bioebenU.eal­

.mecha.Jlisms in. general are im:pGrtant in the f :or:mation of natur.4tlly ~cu.rriJag 

vana(liunt eo:ncentr§l;tions be·eomes significant and should be .¢'Q.n.si.dered., 

PROC!!SS!S ANJ} PRODUCTS QF·. LIFE! ·AND··. · THE, 

JJ:tSTRmUTION OF VAN.ADIUM 

The distribution of vanadium in . . nat.ure. 

Vanadium is an element of considerable bi.ochemi:cal inipartanee .as it is 

one of the normal constituents of' li v;ing matter.. Its dj_st:ributio:n ln. living 

orgEUU..sms and inanima.te matter bas been the subJect of i .ntensiYe inquiry_Jf> .It 

is su,:rpris ing to· note that :Bertrand's mon.ogra.ph on th,e bioge-Oehem.istry ~!' 

vanad.iun:t cites 237 references ( 80) !f Reference is made tQ thiS revie:w :for a 

diseussio-n o~f the distribution CJ,f :xtanad,ium in :plan.ts, anjll'i4J.lS, a:nd f'o.ssil 

mate.r1al. -It is, however, of interest at this time to cGm;ider the i.m.pq:rtance 

o:f biCZtchemieal p:roces~les upon the concentration of" ~diUlll in ores; of 

e<eo:nom.ie· value., 

V:anadium. ore d.epos its 

·.Sydney J:a Johnstone (81) lists the follGlling eommereial aou.:rces. of 

~um in order of present--day i:mportance ~ 

1.- C~:notite: a.nll ros~~lite from. ;v,. .s. (ColoraQ.o .Plate~u). 

2. ,Peruv;Lan ores.-. 

3. Lead vanadates fi"()m NOTthern :R.hadesia, SW Atrica, <Mexico, Argentina, 

and we.stern .United _St.ates .• 



4 ._ .Va.nad,i_ferous i'TPn Qre f"'rom Sweden, Franee, Lu.xembQurg, and Chile .• 

5~ Va:na<Uferous phosphat:e rock from Wyoming and Idaho. 

Let us next c.onsider representat i ve sam.ples of' eaeh of' these groups.. . The 

o-rigin of va:oadiu.rn in the Colorado .Plateau is omitted f':rom this co:nsi.d.eratie:n 

becaus,e it has been disl::!:uss.ed.~ 

·Peru.via:a Qre.s. furnished the main supply of the world'-s vanadium .(82) 

until V production from the ColQrado Plateau b.eeam.e ilt1Portant during World 

. Wa,r II d The main :PeruviaJt vanadium mineral, :patr.onite, is a . vanadium s~ide 

with the probable composition V2S5 _ + nS (83) ~d occurs assoeia..ted. with 

asphaltic hydrocarbons.". It bas been suggeste .. d . that the deposits were fo.nned 

from. vanad:l1ero:us petroleum ( 84) which rose through fissures created during 

a . periGd of' igneous .activity and underwent inspissation through -ev:apcxr•ati.p:n 

of its more v:o·latile compO;nents.- ~he occurrence of" vana.d.ium in petroleum is 

discussed belOV~t 

Lead v::anadates are an impor~t sau..rc·e of va.nadilllU, especially in Africa. 

-The biggest an:d. best kno:lm -depos.it is in :Bro:ken Hill, N-Orthern ·Rhodesia~ 

Here lead and zinc phosphates and .vans.dates form incrustations on the su.r!aee 

of lead :and zinc sulfide ores ar The body oj' these ores ~-ontain neither l? or V_._ 

Scbneiderhohn ( 85) believes that P .and V were ~-posited by the r-eaction of 

the lead and z.inc sulf'ide with descen.d.ing .solutio;ns earrying .P and V, and 

t,ha,t the.se elements wer-e de;rived .from o.rga.ni.e sources Jd.thu. ~ ancient sm.il .• 

The next source d.eseribe-d. is vanadiferous iron. ore .. Here we .can. clistin.­

guish between two classes~ vanadiu.m .... bearing ti taniferous magnetites, as 

repre.seuted by Swedish eres a:f Taberg, which .i'ormed by differentiation 

during crys talliza ti.on. of a magma ( 86) ; and vana.dium .... bea.ring sedimentary 

iron ores of biogenous origin (Minette ores ) :found in Fzoan:ce and Luxel!lbou.rg ~ 
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Another source O:f e·conomic interest is vanadium ash q>;btained fia:m. pet.ra.., 

le'U.ltl residues after burning .and from. petroleum. flue dust ( 8 7) ca The . e:x;is teRce 

af ~iliUltt ... :PO;r:Phy:rin cQ1!1J?lexes in many petrolelll1lS ws, demonstrated by 

A.- Tr:eihs (88 1 . 89) ~· attd Skinner (90) a73signed a. prC)Visiona;l formula to this 

complex bearing re.sembla.:nce to tllat o.:r hematin. and. chlorophyll. Vinogr.<a;d.o;v 

(91) pQ.Stu,lated that vanadium-containing pet.roleums origillate.d !rom va;ns.d,i ... 

fer:ous marine organisms; this is in lin~ with -eur.re~ntly a:e..cepted beliefs 

that :petroleum originates from. organic matter ( 9.2) ~· 

Vans diu.m also is found in phospba.te rocks in Idaho and recovered .as 

byproduct in supei"ph.Osphate :manufacture. It .is generally beli!i=Ved. (93) 

that these rocks were ;formed by bi¢che.mical arul physical re.actiqas With 

phosphate--containing solutions or colloids on the botta:m. o.f an a.rtcie.nt sea. 

A :c.on:side.ration o.:f all commercial sour-ces of -va.naa:t:PJn of' present-day 

:tm.poxtance other than the C.o1orado Platea.u has inQ.:Lcated that? vith the excep­

t.icyn. of Swedish !ron ores .7 the :proee.ss.es or products £lf'· life -were ·essen:tial 

in the eoneent:rat.iO:n and depo:siti(;)n .of, v:anadtum in nature • . This Js in line 

w:i.th tke findbtg:s here pr.esent.ed. sho:wing that hialo.gieal pr.Qc.es.ses ·0:r produets 

~lao might have been involved in the deposition .o:r y.an.adium in the Colo.ra.do. 

Plateau. 

!t has be~en .shQ"W'n that the v:anadi:unt. ll'linerals of the Colorado J?la~eau. 

were pro:duc.ed in their :present state by air oxidatiQn. from reau.ced . fiprimarytf: 

minerals ~· and evidence ha.s been presented whieh indicates that these 

']?r:i..r:n:aryn minerals xere &.e-posi ted by reduction b-y woody material from a 

solutiOE.~. A solutioGn otr this type ma.y be ca;lled .an n.ore-for.ming fluid .. u 
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~The follo-wing a:ppraaeh to a furt)!ler inv:e.sti.ga.tipn -af the origin .Qf' 

v~dil111.t in the va:r.ua;d.iua,..,uranium. ores Q!' the C~J.Ql";a.Q flateau appears 

prOllliaing ~ 

a) Study ~ far as :pGSS:ible the composition the ore~forming fluia 

m:us.t ~ve lu:Ld. 

b) .Study the path tke ore~o!<f()rm.ill.g fluiti lll\l.St hsv:e taken an.d tlle le\lea:wo: 

tion. :from. whieh it originally came •. 

c ) Stu.dy whether the fluid ~ontained :varutdima Ol!"iginally Qr lthethe.:r 

it extraete4 :vBlladiu.:nt on it.s path f:re>m ~nother .SO:'uree., 

a) Study the source of .vanadJJJlll in. the fluid. 

As it a:ppears: tba.t bi.aehe:mlcal processes ~e important in the c~neentra-..: 

tlon .Qf 'Vaila.d.i~ .in na.tu:re., a biogenous ori~ia !or the s~u.ree o.f the vanaUum 

in. the ore ... ;formin,g fluiO. appears pQ:ssible and shQU.l.Ji be e.olU3i.de.:r.ed.. in 

:planni.ng .an in-v:estigat:ton .Qf the origin .of vanati:um,~t -It may be a£ in.terest 

t o shQ,Y, as an example of such an app:r.oaeh,. hQW s.. pas tuJJl te ad" .a ~iogenQ:as 

origin ·~ the s.QU.I",ee of 'VSJ'Jadi:u.m _may be eQlnsid.ere,d in planning a study Qf 

the CQlllp$Si tie:m. o.! .an C).re-.farndng !luid., 

E.rickson, .Myera.1 a.rui _HQrr (94) showed that the metal suite Co,_ Cr., Cu., 

MQ, Ni, Ph, VJ and. Zn i& conpistently present .in the ~h of erude Gils :prQ .... 

duce<l in the, -w-estern hall' o.f the United States , and that Ki and. V eonsi:atently 

· e cm,stituted the mQS:t abundant heavy metals in this suite_., .A.:malysls .o£ the 

Mineral Jo,e ,eha.n.nel (ttt":e .Speeimens diaelosed the pr.e;senee {):f all Q;:f tlieS;e .ele""' 

me-nts with the :excey.tion. .Qf Ni, Cc;t,. and z.n {57) • It nov becomes o:f interest. 

to .. s.ee whether .a fluid. eXists that eltlll1ot t,ran.sport Ni, C(), and ~n~ a:rtd 

tllat ean tran:s:port. the C)ther eJ_ements named in the suite, in ad.di tioa tc;t U 

'Wh;l.ch is also present in tae C)re • If the CO'lllp'Osi ti~n c:>.f .s.ueh a f'lu1d. 1s of' 

a type lrhieh is not ineouistent nth the rsstri:etions plaeed o.n it by . the 



77 

natural envirOIJ.II1ent (pH and . temperature range, solubility relations, thermo.­

dynande s ta.biTi ty, etc _$;) , .such fluids may . he used ,in l~bl):ratory investiga. tions • 

If, .fqr example, it is pO'ssible t .o :prepare a s_ynthetic suite of ore minerals 

silnilar to that :found in nature l;J.y the reductio,n QJ.f such a .solutit::>n with 

woody material, it may . be posSible that the van.a.CU.um in the ore originally 

was extracted from petro.liferous Jmaterial by such a solution. 

SUMMARY 

The intense explQra tion for uranium in the Colqrado Plateau has s· t1.m.u.~ 

.lated .interest in the origin of the vanadium mi.nerals in these ores. These 

minerals were introduced by deposition from a fluid in a sandstone mat.rix. 

They eonta._in :c:ompoUILds of tervale-nt, quadr.ivalent, and -q.uinq~valent vana­

dium. These cQm:paunds have been exposed to- air oxidation and are associated 

with woody material, a possible re-ducing agent.- It appears that oxidation 

patential studies may be useful in investigating the origin o:f these ores -ll 

Theoretical considerations are reviewed wh.ieh indicate that oxidation 

potential (Eh) measurements should be -carried out in an inert atmosphere, 

that simultaneous ·pH determinat.ions are often necessary to interpret Eh 

values, nti that. me.a:sur:emen.ts rrru.s t be continued ~or periodP long enough to: 

assure equilibrium,. !t .can be sho.wn that automatic re.cording is very 

desirable ana that pr.ovisions for 1n.ultiple reeQrding of simultaneous measure~ 

ments J'fiaY 'be req_uired to prevent u.n.d.esirable delays in the productio-n of 

data. 

A -versatile multiple -pH-oxidation potential reeor4-er is deseribed, and 

.details are given :for .its operation.. Special techniques necessary for the 

appli,catic>:n of the instrument to some, problems are demonstrated.- The ins tru,.. 

ment is very useful in the making of Eh ... plf measurements and .can be adopted 
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for potentiometric titration.s even when equilibrium. is very slowly attained ... 

It i.s pre-dicted from thermodynamic and. .electro~chemicaJ. theoretical ·cou­

sideratio:ns that the .sulfUric acid extract of' typical ore samples could 

-conta.in. Y(IV) in the presence of" Fe(III) ions and that in su;cb. solutions · 

V(V) .a:nd Fe(I!) ions could nclt coexist_. On the other hand, in _so.lid Qres V(V) 

and Fe(II) ions can coexist and Fe(III) and .V(IV) ions canno-t occur in_ the 

presence of eaeh other under equi.librium :conditions. .Experiments of ·a novel 

t ype vere performed on several actual ore samples whi·ch showed this to be 

true. Eh ... :pH measurements perf.ormed .on 17 spe-cimens Q:f vanadiuttt. ores in 

different states of oxidation yielded values within the range predicted by 

theoretical, analytical, and m.ineralogi.cal .considera.ti,Qna. Eh-pH and reducing 

·eapaei ty measu;r:ements vere used to determine the state of" oxi-dation of the 

redQx-acti ve m.inerals in the ore .• 

It is sho'Wn that the state of" oxidation oi" Fe- and. V-bea.ring mi-nerals 

occurring tog.et.her in the ores could be aec-ounte,d :for only if the minerals 

as now .found had been :formed by oxidation of' originally red;u:ced minerals • 

These t"indings are in aeeord :With proposals preViously made by other investi­

gators based .o:n geological and crystal ehem1.cal reasoning. 

The .reduc.ing capacity o-f wood was calculated on the assumption that the 

main reactions involved were the oxidation of :e·elluJ.ose and lignin to C02 

and H:;aO. Fresh WOO'd and de-graded _wo.ods o:f di£:f"erent cellulose and.. lignin 

contents were exposed. to va..nadium (V) solutions a.t .elevated temperatures and 

press~es, and it is sho~ that the actual reducing capacity of the woody 

mate:rial under the experimental conditions is about 60 percent .of the calcu­

lated _value. 

The reducing .capacity o:f lignite -as d.etermine_d under the s.ame conditions 

iS surprisingly high, an:cl it is sho:wn that this result may be explained by 
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as.s:u.ndng truat lignite consisted of _moist1.l.I"e 1 ashy ~nd. hum:ic aeid.~ and that 

humie a,cid could ·be expeet.ed -to ·have a. reducing .ea.pa;eity similar to that o.f 

lignin.•. Calculations ar-e pxeaented Jvhich showed that the reducing .6a:Paci ty 

Gf woody material as .experimentally d.etermined is high enough to .Il':take 

,plausible the .assumption t hat the reduced minerals may have been -depos.ited 

from solutio-ns by reduction With woody material~ 

A mineral eontaining te:rv:alent vanadium. was :pre~red synthe.ti;eally from 

a vanadium (V) solution by reduction with fresh wood at .elev~ted tem:perature 

and pre$ S"\l:te • This is the first reported synthesis o:r any redueed v~p.adium. 

mineral by any method. This synthesis .demonstrated that .reduction of' .·vana~ 

dium J3~lut;Lons by woody material actually could produce reduced vanadium 

Va:nadi.Utn ores in the -Colorado .Plateau are at this time the most lmporta.nt 

<!'Ommercial ·source of .v~.dium.- As the results here presented indicate tba. t 

bio.e·hemieal pro.eesae,s we,re impqrtant in. the formation .of .the.se deposits~ ·tlle 

rQle Gf the. :prQeesses and proouets of lite in. the or.lg;Ln of the siX e9mm.er~ 

.'eially ,:m.lPst important types o.f vanadium dep.osi ts are reviewed, ~d Jt is 

sh-own th~t.~ with the exception of some SweQ.lsh vanadi!ero.us iron ores, all 

vanadium deposits considered were probably conce·ntrated by bio.logical .age,nt,s. 
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