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PURPOSE AND ACKNOWLEDGMENTS

Col orado vanadi um production, an integral part of uranium proc-
essing, is the world s largest source of vanadi um oxide (VA0S). Tech-
nol ogi cal advances creating new uses and increased demands for vanadi um
heral d the need for larger supplies and i nproved methods in its process-
ing. However, because Colorado Plateau vanadi um production is inti-
mately dependent upon Atom ¢ Energy Commi ssion (AEC) uranium re-
quirenents, the vanadi umindustry has been confronted with linitations
i nposed by its parent activity.

Prior to 1955, rapidly expanding uraniumrequirements al so devel -
oped the ability of Colorado mning and mlling facilities to recover
vanadium Limted uses for vanadi um created surpluses that were pur-
chased and stockpiled by AEC. Newer uses and demands resulting from
research have shifted the econoni ¢ bal ance of vanadi umand have stinu-
lated industria purchases of the material fromAEC stockpiles. However,
recent downpricing of uraniumand a cutback in the AEC buying pro-
gram threaten to reduce Col orado vanadi um production because of its
dependence upon the economni cs of urani um

Thus, the purpose of this study is to accunul ate data that give in-
sights to the problens of vanadi um production in terns of econonics,
reserves, netallurgy, markets, and research. Placed in the context of
vanadi um conservation and use, these data may form the basis for a
policy directed toward an aut ononmous vanadi um industry.

At the request of the Metal Mning Fund Board of the State of

Col orado, the Col orado School of M nes Research Foundation, Inc., on
December 30, 1960, entered into an agreenment with the Sate of Col orado
for the use and benefit of the Sate Metal M ning Fund to accumul ate
this information on vanadium The results of the information (Colorado
School of M nes Research Foundation, Inc., Project 800 922), conducted
by Don C. Seidel and Truman H. Kuhn of the Research Foundation staff,
are incorporated in this report. Although in preparing the report par-
ticular attention was paid to the vanadi umindustry of Col orado, it was
realized that the vanadi umindustry of Col orado must be placed in proper
perspective with other vanadi umresources in the United Sates and other
parts of the world.

Many conpani es and agencies were extrenely generous of their tine

and facilities; without their help this report could not have been pre-
pared. Personnel fromUnion Carbide Nucl ear Company, Vanadi um Cor-
poration of Anerica, Climax Llranium Company, Mnerals Engineering
Company, Chapman and Morehouse M ning Company, U. S. Bureau of
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M nes, Atonic Energy Commission, and U S. Ceol ogi cal Survey con-
tributed materially in offering suggestions, supplying informtion, and
critically discussing sections of the report. Al statements in the report
either are based on published accounts or are frominformation that has
been released for publication by the company or conpanies having pro-
prietary interest.

The Col orado School of Mnes Library and the cooperation of the
library staff have been of immeasurabl e assistance. Special thanks also
must be given to Vanadi um Corporation of America for pernission to
use its library at Cambridge, Chio. Wth the cooperation of Union
Carbi de Nuclear Company and the U S. Bureau of Mnes, previously
withheld figures for certain years are included in Table 1. The Denver
and Washington offices of the U. S. Bureau of M nes have reviewed the
data incorporated in Table 1.

SUMVARY

Vanadi um production fromthe Col orado Pl ateau has been linited

by the conditions of the uranium industry, its parent activity. Recent
downpri cing of uraniumand a cutback in the Atom ¢ Energy Commi ssion
buyi ng programthreaten to reduce Col orado vanadi umoutput. This study
is an accunul ation of data that may formthe basis for a policy directed
toward a stable vanadi umindustry. Particular attention is paid to vana-
di um production in Col orado; however, this enmphasis is balanced by
placing the Col orado potential in reference to other vanadi um sources in
the United States and other parts of the world.

Vanadi um one of the nore abundant trace elements, is widely dis-
tributed through the earth's crust. In fact, recent estimates indicate that
the upper lithosphere contains on an average of 270 parts per mllion
of MX0.-,. Its occurrence in different types of deposits appears to be re-
lated to its chemical characteristics. A variety of vanadium minerals
occurs with vanadi umin oxidation states of Il, Ill, 1V, and V. Patronite.
roscoel ite, vanadiferous hydrous mca, carnotite, nontroseite. corvusite.
and vanadinite are the principal ore minerals of vanadi um By functioning
in different oxidation states and forming basic as well as acidic oxides.
along with the power of functioning as a central atomin pol vacids, vana-
di umexhibits properties characteristic of the transitional netals in Group
VB and the el ements in Group VA.

Al though comercial vanadi um deposits are found in only a rela-

tively few localities and in a relatively few types of geol ogic occurrences.
| ower - grade deposits of potential resources have been located throughout
the world. Four general types of deposits account for nost of the world
production of vanadi um the sandstone deposits of the Col orado Pl ateau:
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the patronite-asphaltite deposits of Mnas Ragra, Peru; the vanadate
deposits of Arizona, of the Ctavi Mountains area of South-West Africa,
and of die Broken HIIl region of Northern Rhodesia; and the titaniferous
magnetite deposits of Otanmaki, Finland, and Transvaal, Union of South
Africa. In addition to these four general types, phosphate rocks, organic
shal es, certain crude oils, and manganese nodul es on the ocean fl oor must
be consi dered i nportant potential resources of vanadi um

Approximately 44 percent of the world's known vanadi um has come
from Col orado; significantly, in 1960 Col orado ores yiel ded over 57 per-
cent of the free world' s vanadi umoxide. Cher major production in 1960
came fromthat portion of the Colorado Plateau in Utah, Arizona, and
New Mexico (13 percent); South-West Africa (12 percent); Transvaal
deposits of the Union of South Africa (9 percent) and Finland (8 per-
cent). Between 1900 and 1945. approxi mately 33,640 short tons of con-
tained \LO.-, were m ned in Col orado; between 1946 and 1960, Col orado
ores yiel ded approxi mately 52,280 short tons of recoverable W.0-,.

The first Col orado vanadi umprocessing mll was built in 1901 near
the present location of Sick Rock in San M guel county. Between 1901
and 1961, at least 20 vanadi um processing nills have been operated in
the State. At present, four plants are producing vanadium from the
carnotite-type ores of western Col orado.

A variety of processing techniques have been used, but nmost of
the vanadi um has been extracted by the salt-roast process, a classical
met hod based on converting the vanadi umninerals to water-soluble com
pounds by roasting the ground ore with sat. The vanadiumis precipi-
tated fromthe water-leach liquors as a pol yvanadate compound, which
is then dried and fused. This product, known as "fused oxide," is the
basic raw material used for producing ferrovanadium The ferro-alloy
industry uses nearly 80 percent of the world vanadium Vanadi um com
pounds also are used as catalysts in a number of inportant chenical
processes; for exanple, nost of the commercial sulfuric acid production
i s based on converting SOo to SO3 by vanadi um oxi de catal ysts.

Vanadi ummlling has passed through a number of phases in which
the relative inportance of the vanadium wuranium and radium prod-
ucts has varied. During the past 8 years, the pace of netallurgical devel op-
ments in the uraniumindustry has directly and indirectly influenced the
processing technol ogy of vanadium | nproved equi pment for acid-circuit
processing and the devel opment of sol vent-extraction separations are prob-
ably the two nost significant vanadi um processing innovations result-
ing from advances in uranium processing. Vanadiumis the first non-
radi oactive metal processed by hydrometal lurgical procedures devel oped
for urani umproduction; these same procedures may be applied in mlling
ot her netal s.

Irrespective of Colorado's estimated vanadium potential and im
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pressive production history and processing devel opnents, the industry sti
faces the hard fact that vanadi umcontinues to be recovered as a coproduct

or byproduct of some other el ement. Consequently, intensified research and
experinmentation are recomended in al steps of vanadi um production

and processi ng.

HI STORY

Vanadi um a versatile el enent, has had a wi de variety of uses rang-
ing fromgrain-growth control in aloy steds to catalytic functions in
manuf act uring nyl on and other organic compounds. In the literature on
vanadi um and its conpounds, such descriptive adjectives as "invol ved,"
"protean,” and "intricate" atest to the conplexity of these substances.

Manuel del R o, a Professor of Mneral ogy at the School of M nes in
Mexi co Aty, discovered vanadiumin 1801. Professor del Ro found the
element in a lead ore and named it erythroni um because the sats had
the property of turning red when heated with acids. In 1805 a French
chemst, Ollet-Descostils, disputed delRo's discovery and stated that
erythroniumwas nothing but inpure chromium The origina discoverer
accepted this premise, and it was not until 1830 that Sefstrdm redis-
covered the el ement in Swedi sh iron ores. Because of its beautiful multi-
colored compounds, the new metal was named "vanadi um' in honor of
the Scandi navi an goddess Vanadis. Later in 1830, Wohl er published data
which denonstrated that vanadium and erythronium were the same
el erent .

A description of vanadi umconpounds was published by Berzelius in
1831, but it was not until the 1860's that Roscoe made extensive studies
of the elenent and its compounds. Roscoe's work was the first to cor-
rectly pl ace vanadi umin the fifth periodic group.

Roscoe produced the first nearly pure vanadi um metal when he ob-
tained a silvery-white powder by the hydrogen reduction of vanadi um
dichloride (VC12). During the next 50 years many unsuccessful attenpts
were made to produce a high-purity vanadi umnetal. Because nost of the
products were hard, brittle crystals, vanadi umwas incorrectly classified
in Group VAalong with arsenic, antinmony, and bismuth. Small anounts
of inpurities can have an appreciabl e effect upon the physical and chem
ical behavior of vanadium thus, one may conjecture that a significant
percentage of the early experinental work on vanadi um netal and its
conpounds is biased by the unrecogni zed effects of al nost trace anounts
of other el enents.

Thefirst globules of ductile vanadi um were produced by Marden
and Rich* in 1927. These %inch-di ameter shots were made by the
cal ciumreduction of vanadi umpentoxide in a sted bomb. The product
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was 99.3 to 99.8 percent vanadium nmetal; physical-property determ na-
tions proved that the metal was not like arsenic or bismuth, but resenbl ed
tantal um

PRODUCTI ON

Since the first recorded production in 1900 until through 1960,
approxi mately 44 percent of the world's known vanadi umhas come from
Col orado and in 1960, Col orado ores yielded over 57 percent of the free
world's vanadi um oxide. Qher major producers in 1960 included that
portion of the Colorado Plateau in Utah, Arizona, and New Mexico
(13 percent); the Qtavi Mountains deposits of South-West Africa (12
percent); the Transvaal deposits of the Union of South Africa (9 per-
cent) ; andthe Ot anmaki deposits of Finland (8 percent).

The recorded world production of vanadi um pentoxi de since 1900,
approxi mately 194,500 short tons, includes vanadi um recovered as a
byproduct of phosphate-rock mining, but does not include vanadium
recovered as a byproduct of certain other rawnaterial s such as some iron
ores, beach sands, chrom um ores, furnace slags, and bauxite residue.
Nor do the recorded totals include production from the US SR and
m nor production from countries including Belgian Congo, Germany.
Japan, Mexico, Morocco, Spain, and Norway. During World War |1l
Ger man production fromEuropean iron ores probably was appreciabl e.

Known production, given in Table 1, is graphically represented in
Figure 1. Production statistics are fromthe yearly vol umes of U S. De-
partnment of Interior, Geol ogical Survey, Mneral Resources of the United
Sates;- U S. Department of Commerce, Bureau of Mnes, Mneral
Resources of the United Sates;3 U S. Departnent of Commerce, Bureau
of M nes, Mnerals Yearbook;4 and U S. Departnment of Interior. Bureau
of M nes, Mnerals Yearbook/'

Vanadi um production has not been reported consistently; thus for

the years 1900-1945 the figures given in Table 1 represent the amount
of V20.-, contained in ores and concentrates m ned, shipped, sold, and
received at mlls. For 1946-1960 the production statistics reported in
Mneral s Yearbooks (1955-1960) refer to short tons of VhQ-, recovered
or recoverable from ores and concentrates m ned, shipped, sold, and
received at nlls. Consequently the figures for 1946 to 1960 are not
strictly conparable with those for preceding years. An indication of the
magni t ude of metallurgical and other losses is given in Table 2 adopted
fromUnited Sates production statistics in Mnerals Yearbooks for 1959
and 1960.
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TABLE 2

SHORT TONS OF V, 0B PRODUCED I N THE UNI TED STATES

1950-54 1955 1956 1957 1958 1959 1960
Aver age
Qontai ned in ores
and concentrates.............67/5 10,124 10,205 13,080 12,224 14,367 15,752
Recovered or recoverabl e
fromores and

concentrates.......... ....4432 588 692 6607 5424 6,65/ 8838
recoverabl e
Rtio contained.......... ....65% 58% 68% 51% 44% 46% 56%

Avai | abl e production figures are difficult to correlate because of
differences in reporting, both by the various conpanies and by the U S.
Bureau of Mnes. Production up to 1945 was reported in terns of
vanadi um contained in ores or concentrates that were either m ned,
shi pped, sold, or received at nmlls. It is evident that tons of contained
vanadi um pent oxi de does not necessarily present a true picture of the
amount of vanadi um that found its way into industrial uses. For com
pani es recovering vanadi um losses were experienced at each stage of the
operation. Because of |ow grade or other unfavorable economi ¢ condi-
tions, some processing plants made no attenpt to recover vanadi um sent
totheir plants.

Since 1946, the U S. Bureau of M nes reports recovered or recoverabl e

vanadi um and these yearly figures are probably more redistic than
earlier production figures.

An attenpt was made to account for discrepancies of reporting and

TABLE 3

Mneral s Engi - Mnera s Engi -
Year USBM neering Qo. Year USBM neering Co.
1910 . - 251 261 1927288 2,006
1911 . ........1,613 980 1928 .........1810 1,236
1912 ... 2,083 1,404 1929 ... ... 338 1,940
1913 ...........7713 540 1930 .........2,90 1,544
1914 . ..........816 529 1931 .24 1,0%
1915 .. ...2,706 1,73 19321639 1,182
19162346 1,589 1933 ... ... 112 7
1917 ... 2,481 1,758 1934 ..........242 199
1918 954 823 1935. .............906 641
1919 . .. 1,498 1,064 1936...........1,920 1,376
1920329 2,347 1937.. ... .. 3R« 2,9%
1921 ... 744 3,623
1922 .........187 3,984
1923 .. ........811 4,771
19241943 3,861
1925 ... 14 5.234

1926 3 457 2,414 1943 8,634 5,923
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treatment |osses. Based on adjusted figures supplied by Mnerals Engi-
neering Company (personal commrunication), the world production from
1910 to 1943 as obtained from Bureau of Mnes publications is con-
trasted in Table 3 with figures adjusted to conpensate, in part, for treat-
ment | osses and for differences in methods of reporting.

The world production figures for 1910 through 1943 adjusted by
M neral s Engi neering Company to conpensate for differences in report-
ing and for treatnent |osses total about 69 percent of tonnage reported by
the Bureau of M nes (Table 1). Thisfigureis somewhat higher than the
average 57 percent ratio of contained to recoverable vanadi umin United
States production as reported by the Bureau of M nes for 1950 through
1960 (Table 2) .

The supply of vanadium became plentiful with the discovery of
the rich vanadi um deposit at M nas Ragra, Peru, in 1905; production
of four tons was noted in 1907. This output increased to 1,121 tons in
1911, with a maxi mumproduction of 2,286 short tons of V205 in 1920.
Total production fromthe M nas Ragra deposit, as recorded by the U S.
Bur eau of M nes, ampunted to 43, 000 short tons of contained V205. Dur-
ing the same period, 1907 through 1955, Col orado ores contai ned approxi -
mat el y 57, 700 short tons of V205.

Col orado' s yearly vanadi umproduction is shown in Table 1. Except
for only a few years, production from Col orado has been significant.
From 1900 through 1945 approximately 33,640 short tons of contained
V205 was mined in Colorado — about one-third of the world s tota.
From 1946 through 1960 ores from the Colorado Plateau in Col orado
yi el ded about 55 percent of the world's recoverabl e vanadi um pent oxi de,
approxi mately 52, 280 tons.

Since about 1915 approxi mately 9,700 tons of \20.-, has been pro-
duced fromthe Col orado Plateau in Utah. Thefigureincludes about 500
tons of contained V-Q-, m ned between 1915 and 1941, but because of the
limted number of producers, the U. S. Bureau of M nes has not rel eased
yearly productionfigures. These 500 tons are included in Table 1 mainly
under "Arizona and Qther Sates," but a few tons are included in the
Col or ado total .

In addition to some Utah production, aso included under "Arizona
and Qther Sates,'' is Colorado Plateau production from Arizona and
New Mexico; vanadate production from Arizona, New Mexico, and
Nevada; vanadi umrecovered fromphosphate rock of |1daho and Mont ana;
and sandst one production from South Dakota and Wyomi ng.

Several factors relating to world production are of particular in-
terest. The Linited Sates and South-\West Africa output continues to
be strong. Production from Peru and Northern Rhodesia has declined
and for the past several years im vanadi um bearing ores have been pro-
duced. Finland and the Uni on of South Africa, starting production only
four or five years ago, already have reached the status of maj or producers.
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The Col orado Pl ateau area of Col orado, Utah, Arizona, and New

Mexi co has had recorded production since 1900. Fluctuations have oc-
curred, but, in general, production fromthis area has gradual Iy increased
to 1960, the peak \ear, when Plateau ores yielded 0.398 short tons of
recoverable \2Q-,, 7,206 tons from Colorado and 1,692 tons from the
rest of the Plateau. The vanadate deposits of the Ctavi Mountains of
Sout h-\West Africa have not yielded as much V203 as have the Col orado
Plateau ores, but the production has been consistently inportant, approx-
imatel;, 15 percent of the world s total. As in Colorado, 1960 was a peak
year for South-West Africa when 1,502 short tons of recoverable VjQO,
was produced.

Two deposits, the extremely rich patronite deposit of M nas Ragra.
Peru, and the Broken HIIl, Northern Rhodesia, vanadate deposits, appear
to be essentially depleted of reserves. No production has been recorded
fromeither of these two areas since 1955. From 1907 through 1955, ores
fromthe M nas Ragra deposit yielded 43,000 short tons of contained
VQ-j, about 22 percent of the world's known production. In a shorter
period, 1922 through 1955, 10,101 short tons of V20.-, was mined in
Nort hern Rhodesi a. Northern Rhodesia has accounted for about 5 percent
of the world's vanadi um

In recent years ores fromtwo titaniferous magnetite deposits have
yielded appreciable amounts of vanadium The Otanmaki deposit in
Finland began production in 1956, and 985 short tons of V20.-, were
recovered in 1960 along with titanium and iron. Frst recorded pro-
duction fromthe Transvaal, Union of South Africa, was in 1957. In
1960 these Transvaal ores yielded 1,110 short tons of V20.-,.

In 1960 an all-tine high for the world was reached when ores and
concentrates yielded a total of approximate!) 12,500 short ton of VjO-.

DI STRI BUTI ON

An elenent with an exceedingly conplex chenistry, vanadiumis a
common constituent of the earth's crust occurring in al types of geol ogic
environnents. Average concentrations as generalized by different inves-
tigators are shown in Tabl e 4.

In 1954 the U S. Ceological Survey published® the results of a
search for certain strategic and minor elenents, including vanadium in
donestic rocks, ores, concentrates, tailings, snelter slags, and flue dusts.
Spectrographic vanadi um deterninations were made on 778 sanples.
In discussing the data contained in the report, Fischer 7 concluded that
the vanadi um content of nost sanples possibly represents the vanadi um
content of the host rock and that vanadi um does not tend to concentrate
in the deposits sanpled. A summary of the study also has been pre-
sented by WIIianson.8
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M NERALOGY

A wide variety of vanadiumminerals is found in nature with van
diumin oxidation staes of Il, IlIl, 1V, and V. Patronite, raoscoelite,
vanadi f erous hydrous mca, carnctite, nontroseite, corvusite, and vanad-

inte are the principal ore mnerals of vanadi um however, even in a
single deposit a wide variety of other vanadiferous ninerals can be
expect ed.

In addition to true mineral species, vanadi umoccurs as a repl ace-
ment in nagnetite, spinels, cousite, and other nminerals. It is present
also in petroleumand asphalt deposits probably in part only as a por-
phyrin.

Vanadi ummnerals are well described in the literature; the foll ow
ing descriptions (Table 5) have been taken from several sources, prin
cipally Weeks and Thonpson; 10 Frankl i n; 17 | s Dunn and Edl und; 10 20 and
Pal ache, Berman, and Fondel.212- Information relating to vanadi um
and urani ummneral ogy has been expandi ng very rapidly. A though dl
known vanadi umbearing minerals are not included in Table 5, the nore
inportant ones are described. (ptical properties of nost of the mineral s
canbefoundinthereferences listedin Tabl e 5.

Chem cal Tests for Vanadi um

Weeks and Thonmpson 10 give the followi ng test for vanadi um
.. . dssoveasnall part of the mineral or oreinaquaregia evaporate
to dryness, add as nuch water as origina acid, and then add a few drops
of hydrogen peroxide. |f vanadi umis present the sol ution wll turn orange
red."

Afiddtest for vanadi uminsalsandrocksisgiveninU S Geal ogi cal
Survey Bl letin 1152 -:1:

1. Fuse 0.1 gramsal or rock wth 0.5 gram potassi umpyrosul fate
inl16x 150 mllineter test tube.

2. Dgest wth 3 nilliliter 1:1 hydrochl oric acid or 3 mlliliter (1:3)
ntricacid

Diuwetol0milliliter and m x.

Transfer 1 milliliter to 16 x 150 nml lineter cul ture tube.

Add 1 mlliliter concentrated nitric acid and boil 5 seconds.

Add 0.3 milliliter H3P0O4 (85% then 0.2 mlliliter 5 sodi um
tungst at e.

Dluteto 10 mililiter wthwater.
P aceinboilingwater bathfor 10 m nut es.

o oMW

9. Conparewth a standard series.
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A standard series may be prepared by adding 0, 4, 8, 15, 30, and
60 m crograns of vanadiumto culture tubes, then proceeding from Step
4 above.

A standard solution of 1,000 m crograns of vanadi um per nilliliter
is prepared by dissolving 1.785 grams of pure V203 (previously ignited)
in a sligt excess of NaOH, then adding slight excess of HOSO4, and
diluteto 1 liter.

GEOCHEMI STRY

Thi s discussion partly based on the expressions of Fischer," WIIliam
son,8 Rankama and Sahamm, 10 Gol dschmdt, 15 and Pearson,24 is limted
because of the relative conplexity of the chemstry of vanadium and
vanadi um conpounds.

Vanadi um atomic number 23, isin Group VB of the Periodic Table
with niobium (colunbium and tantalum |Its atomic weight of 50.95
places it horizontally between titaniumand chrom um its reactivity is
reported to be a mean between that of titaniumand chrom um By func-
tioning in different oxidation states and formng basic as well as acidic
oxides, together with the power of functioning as a central atom in
pol yaci ds, vanadi umexhibits properties characteristic of the transitional
metals in Group VB and the el ements in Group VA, such as phosphorus.

Maj or factors, when considering the conpl ex m neral ogy of vanadi um
and the chenical and netallurgical processing of its ores and products,
are:

1. the ability of vanadiumto exist in 5 oxidation states

the anphoteric nature of vanadi um (predomnately basic in the
| ower oxidation states, acidic inthe higher)

3. itsabilitytoformsevera radicals

its ability to enter into a great variety of conpl ex compounds by
way of its pol yaci ds.

One of the more abundant trace el enents, vanadium (I, IIl, |V,
and V), is widely distributed through the earth's crust. Its occurrence
inthe different types of deposits appears to be related, in part, to its
cheni cal characteristics.

Al though reported as being identified in the laboratory, vanadium
(1), whichis extrenely unstable, has not been found in naturally occur-
ring compounds in the upper lithosphere.

Commercial deposits of vanadium occur only in a relatively few
localities in the world, and in only a relatively few types of geologic
occurrences. However, |ower-grade deposits of potential resources have
rather wi despread worl dwi de occurrences.

Four general types of deposits account for the bulk of the world s
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production of vanadium the sandstone deposits of the Col orado Pl ateau:
the patronite-asphaltite deposits of M nas Ragra, Peru; the vanadate de-
posits of Arizona, the Qtavi Mountains area of South-West Africa, and
the Broken HIIl region of Northern Rhodesia; and the titaniferous mag-
netite deposits of Ctanmiki, Finland, and Transvaal, Union of South
Africa. In addition to |ower-grade sandstone, asphaltite, vanadate, and
titaniferous magnetite deposits; phosphate rocks, organic shales, certain
crude oils, and manganese nodul es on the ocean floor - must be consi dered
as i mportant potential resources of vanadi um

Gol dschnidtlo pointed out the wi despread occurrence of vanadium
and estimated that the upper lithosphere contains on an average of 150
parts per mllion of vanadium (270 ppm VoO-,). He noted that the
geochem stry of vanadiumis characterized by four main factors:

1. concentration of vanadi umin the sulfide phase (troilite) of iron
meteorites, presumably as vanadium (I1) sulfide, VS. The aver-
age vanadi umcontent for neteorites was estimated at 100 parts
per mllion, with some of the troilite containing as much as 1500
parts per mllion.

2. thedistribution of vanadium(I11) in magmatic rocks of the upper
l'ithosphere essentially in oxygen compounds.

3. the accumul ation of vanadi um perhaps especialy vanadi um(|VI.
in bitum nous sedi ments.

4. the oxidation of vanadiumto the pentavalent state in the cycle
of weat hering and sedi nentati on.

A constituent of al types of rocks in the earth's crust, vanadi umcon-
centrations more commonly are found associated with titaniferous magne-
tite deposits in magmatic rocks, in bitumnous or organic sediments, in
phosphate- and iron-rich sedinments, and in certain sandstone deposits.

During weathering of vanadium compounds, vanadium is oxidized
to the sol ubl e vanadate ion which is able to travel in solution over a wi de
range of acidity or alkalinity. Vanadate ions, resulting from weathering,
are able to nigrate with circulating solutions either in soils or through
porous rock until precipitated as a relatively insoluble vanadium com
pound or until sol utions are evapor at ed.

Precipitation can be brought about by:

1. the presence of a reducing agent such as organic matter in soils
or sedinments, or by hydrogen sulfide.

2. local concentrations of cations of divalent |ead, zinc, or copper
which may forminsoluble compounds with vanadi um anions.

3. the precipitation of vanadate ions in the presence of divalent
uranyl cations.
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4. local precipitation of soluble vanadi umions by hydroxides of
al um numor of ferric iron. This process gives rise to concen-
trations of vanadiumin residual iron ores and in certain types
of bauxites, especiallythoserichiniron.

In general, vanadium(V) wll concentrate in ferruginous zones in
soils, whereas vanadi um (I11) concentrates in the clay fraction. Possibly
some vanadate ions may be fixed to the surface of clay particles.

Resi dual sedinents, because normally derived from vanadi um poor
sources and because during weathering most of the vanadi um has been
removed as soluble vanadate ion, are generally lower in vanadi umthan
the average of the upper |ithosphere.

Consi derabl e wor k has been done on vanadi um since its discovery
in 1801. However, much of the know edge of vanadi um and uranium
geochem stry has accunul at ed since about 1950. Many of the more recent
investigations relate particularly to the vanadi um bearing deposits in sand-
stones of the Col orado Plateau. The geochenistry of vanadi umas relating
to these deposits is considered in more detail in the discussion on Col o-
rado Pl at eau deposits on pages 34 to 41.

DEPCSI TS

The most inportant vanadi um bearing deposits occur in magmatic
rocks associated with bodies of titaniferous magnetite; in sedinentary
rocks, nmost commonly sandstones and shales with a high organic or
phosphatic content; and in oxidized cappings of massive sulfide bodies.
Characteristics of the more inportant deposits are discussed in relation
to reserves and resources on pages 56 to 64.

Magmatic Rocks

In magmatic rocks vanadi umis found nost abundantly in nmagnetite
or in the magnetite conponent of titaniferous magnetite deposits. In
magnetic separates, at least 3 to 5 times as much vanadiumis in the
magnetite fraction as in the titaniumrich fraction. Vanadi umin these
rocks i s present domnantly inthe trivalent state. The vanadi umcontent of
magnetite ores from gabbroid magmas is an inportant potential source
of vanadi um

Al though vanadi um ninerals have been identified in hydrothermnal
vein deposits, hydrothermal origin for vanadi umhas not been definitely
shown.

Fromthe Kekionga claim Boul der County, Col orado, Lovering and
Goddard26 reported that vanadi um was associated with gold tellurides
insmall lenticular masses ranging inwidth from1 to 8 inches, in depth
up to 100 feet, with a strike length up to 30 feet. In 1910 some ore was
shipped for its vanadi umcontent. The ore mineral probably was roscoe-
lite. Some of the ore contained as much as 6.82 percent V205, and a mod-
erate tonnage was blocked out which averaged 2 percent V205. The
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vanadi um bearing zone extended for a distance of 1,500 feet along the
surface, and to a depth of 400 feet. The average of a large number of
sanpl es was 4.3 percent V20.-,. Included in the conposite sanple was a
carload of 20 tons of vanadi umore.

Gl braith,-'7 reported the widespread association of green roscoelite
with goldtelluride minerals in vein deposits in the La Plata district, Colo-
rado. The roscoelite commonly occurred in small quantities in mcroscopic
intergrowths, inparting dull green to the intergrowth. Roscoelite was
mor e abundant in the Durango Grl mne than in any of the other m nes
of the district.

According to Stinson 2S some of the gold quartz veins of the Mot her
Lode in Amador and Calaveras Counties in California contained roscoe-
lite. Roscoelite also was reported to be present in some of the gold tellu-
ride deposits of Kal goolie, Australia.

Titaniferous Magnetite Deposits of \Woning

Bodi es of titaniferous magnetite on and near Iron Mountain, Al bany
County, Wyomi ng, approximately 40 mles northeast of Laram e, Wyom-
ing, are potential sources of vanadium 29 30 Because of compl ex nineral
associations and difficut netallurgy, there is no current vanadi um pro-
duction fromthese deposits.

Lenses and tabul ar bodies of the titaniferous magnetite forma dike-
like zone, dipping 45° to 60°, which is associated with |arge anorthosite
masses. The magnetite-anorthosite masses appear to intrude the central
zone of the Larami e Range, a Precambrian metanorphic conplex of
gnei ss, schist, quartzite, and marble. Surface methods coul d be used for
al mning.

Titani ferous Magnetite Deposits of New York

Four deposits of vanadi um bearing magnetite-ilnenite ores are being
m ned, principally for titaniumat the head of the Hudson River, near
Tahawas, Lake Sanford area, Essex County, New York.30 31 The anor-
thosite, gabbro, and magnetite-ilmenite rocks, forminga gradational series,
appear to be related to the same regional intrusion of magma. The ore
consists of intermxed ilmenite, magnetite, and silicate ninerals. The
amount of netallic minerals range froma few percent of dissem nated
magnetite-ilnmenite in the gabbro to over 75 percent of the rock in the
richer ores. The gabbro and lean ores are afine-grainedrock conposed
of small crystals of feldspar and ferromagnesium mnerals. The rich
ore (over 75 percent netallic ninerals) is a very heavy, coarse-grained
rock containing up to about 25 percent biotite and large crystals of
andesi ne.

The vanadi umis in the magnetite, possibly in chem cal conbination
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with the iron of the magnetite and possibly in part included in the
magnetite as very fine-grainedcoul sonite, an iron-vanadi um oxi de.

Titani ferous Magnetite Deposits of Finland

I mportant iron-titaniumvanadi um deposits are found at Ot anneki,
alnost at the geographic center of Finland, approximately 300 niles
north of Helsinki.3233 Ore occurs in nearly vertical lenses in a zone
about two kilometers long. The largest lenses are reported to be about
300 neters long, with a mining width averaging from4 to 20 neters. A
dept h of 550 neters has been estimat ed.

The principal minerals, magnetite and ilmenite. occur as discrete
grains, easily separable in the concentration process. Magnetite and
ilnmenite particles range insize from0.1to 2 nillineters with the vanadi um
associated with the magnetite. The main gangue mnerals are chlorite,
hornbl ende, and basic plagioclase. Chlorite is a gangue mineral in the
hi gh-grade ore; the |owgrade ore contains hornbl ende, chlorite, and
fel dspar. A continuous sequence exists fromore to hornbl ende schist.

Titaniferous Magnetite Deposits of the Union of South Africa

A very large potential source of vanadiumin the Union of South
Africa is the vanadi umbearing titaniferous magnetite deposits of the
Bushvel d Conpl ex in the Transvaal .34 :S Production from this source
began in 1957 with an output of 14 tons of V20s. In 1960 ores m ned
from the Bushveld Conplex contained 1,110 short tons of recoverable
V20r,

A saucer-shaped mass of igneous rock, the Bushveld Conplex is
roughly one hundred niles in dianeter and covers an area of about 12,000
square mles. Several horizons of titaniferous magnetite occur in the
Conpl ex. The vanadi umcontent of these layers, which are as much as
several feet thick and continuous for mles along the outcrop, ranges up
to 1.5 percent V205.

Sedi ment ary Rocks

Al though found in dl types of sedinentary rocks, vanadiumis more
abundant |y associated with bituninous sediments, organic shales, phos-
phate- and iron-rich sedinents, and certain sandstone deposits.

Bi t um nous Sedi ment's
Vanadi umis a common constitutent of bitum nous sedinents.

Therawoil shales of the Mahogany zone of the G- een River formation
inthe vicinity of Rfle, Colorado, are reported to contain a maxi mum
of 0.1 percent vanadi um pentoxide. The ash from 6 selected Col orado
ol shales, as determned on raw shale, ranged from0.003 to 0.06 percent
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V20-, with an average of 0.02 percent V20,-,.:;,; Subsequent work by the
LI. S. Bureau of Mnes on 10 additional sanples fromthe U nta Basin
and the Piceance Creek Basin, as reported by U S. Bureau of M nes
Laram e Petrol eumResearch Center in a personal communication, showed

a content of 0.002 to 0.02 percent \20.-,. These 10 conposite sanples
represented the oil-shale intervals of the Mahogany zone which averaged
about 25 gallons of oil per ton of shale. Vanadi umalso is present in the
oil-shale deposits of Sweden; those in Estonia contain only a trace of
vanadi um

A potentially inportant vanadi umbearing asphalt deposit occurs
near Tenpl e Mountain. Utah, and others are known to exist in Nevada.
In the Pifion Range of Eureka County, Nevada, asphaltite containing up
to one percent V20.-, occurs as cenmenting material in a shear zone and
in bedding planes of the shale and sandstone country rock.3 Deposits
of a vanadi umbearing native bitumen, grahanite, have been found en-
closed in highly tilted folds in Okl ahoma and Arkansas; the vein naterial
contains from0.1 to 0.3 percent \X.-,.",N The gilsonite deposits of eastern
Ut ah contain m nor amounts of vanadi um

A minor but inportant source of vanadium in the past has been
the soot, ash, and refinery residues fromsome crude ails, especially those
of Venezuel a, Mexico, and lrag. The ash of some coals contains several
percent VOO5 and under favorable conditions may be potential sources
of vanadi um

Asphaltite Deposits of Peru

Approximately 22 percent of the world s vanadi um has come from
essentially one deposit in Peru: the patronite (vanadium sulfide) de-
posit at M nas Ragra, near Ricran, Department of Junin.30 Quisqueite.
patronite, bravoite (iron-nickel sulfide), vanadates, and vanadi um oxides
occupy a fracture and perneate the adjoining shales and thin-bedded
limestones of Cretaceous age. The fracture dips steeply and crosses the
beddi ng at a noder at e angl e.

Hewett 40 excellently described the M nas Ragra deposit, but little
new material regarding the deposit appeared until 1954-55 when, in a
series of papers in Spanish, Aquije4l discussed more recent information
revealed by deeper nmining. MKinstry's 42 English review of Aquije's
article is inportant because it calls attention to a recent source of infor-
mat i on regarding the Peruvi an vanadi umdeposits:

"The earlier papers of the series are concerned with the
vanadi um bearing asphaltite deposits that are so widely dis-
tributed through the Peruvian Andes. These deposits consist of
fissures, or, i nsome cases, openi ngs bet ween beds, nost |y of
Lower Cretaceous |imestone, filled with asphaltite whose content
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inVranges from0.3 to |/< or nore in places. On burning,
the Vremain in the ash; in general the |ower the percentage of
ash the higher its V content which reaches 54 % in the richest
sanpl e cited.

"The M nasragra deposit although quite different fromthe
asphaltites and much richer is linked to them by the common
associ ation of vanadi umwith carbonaceous material and by struc-
tural form Contrary to some descriptions, it is fissure-1ike and
transects the enclosing beds of red shale. The author distin-
gui shes clearly between the primary deposit and the products
of supergene alteration.

"The primary deposit has the formof a wedge or an in-

verted cone, elongated in plan, zoned in such a manner that the
outer portion adjoining the walls is quisqueite. alustrous hydro-
carbon, within which is natural coke envel oping central shoots
of patronite, a vanadi umsulfide of doubtful conposition. At the
surface the cone was lenticular in plan, measuring 350 x 28 feet.
Downwar d it dimnishedin size until at the 200 level the 'coke'
had entirely disappeared; the patronite-bearing area was much
reduced in size and diluted by material called Seta madre' (to
be described later). The quisqueite continued and in one place
extended as a tail to 40 feel below the 300 level or a depth of
253 feet bel owthe surface.

"This main body of ore and carbonaceous matter lies within
an envel ope of 'bronce,' consisting of shale inpregnated with
vanadi um sul phide and some quisqueite. The bronce grades
outward fromdark gray shale through gray to brown shale into
the surrounding red shale of the country. At the surface it oc-
cupies an area 850 x 180 feet, diminishing at depth to a vertex
at about 300 feet.

"The secondary nineralization results from weathering

wher eby vanadi um sul phide has behaved much as woul d copper
sul phide except that the minerals reprecipitated at depth were
vanadates and vanadi um oxides instead of sulphides. Wth
depth, gypsum derived from reaction of sulphuric acid with
cal careous rocks, increases in amount and the supergene vana-
di ummineral s are species increasingly soluble in sul phuric acid.
Successi ve dept h-zones are described as fol | ows:

"Upper 20 feet: Vanadates and oxides, red blue, green
and yel low but chiefly red and gray. Area 580 x
100 feet.

"Next 46 feet: Oxides and vanadates, chiefly green.
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"Lower 167 feet: Oxides and vanadates dark green or
gray. Gypsumis abundant. Maxi mum area 377
X 82 feet.

The material of this deepest zone is what is called 'veta madre.’

"In its palny days, the orebodv yiel ded many thousand tons

of a shipping product grading better than 6% V and by 1934
after nearly a quarter of a century of operation the reserves
were estimated by W Spencer Hutchinson as containing 70
mllion pounds of vanadi um [approxi mately 60,000 tons V20.-j].
Al that is left now of this fabul ous deposit is a hole 850 x 380
feet in area and 210 feet deep with the remant of a vein which,
according to the author, does not exceed 10,000 tons of 1.75%
V content. [About 300 short tons of contained \20.-,.]

"The July, 1955 installment of the paper contains half a
dozen plans and sections of M nasragra drawn to scale.

"As a matter of fact, although there are a number of intru-
sive bodies in the neighborhood it seems inprobable that the
vanadi umwas derived fromthem as the numerous hydrot her mal
silver-base metal deposits associated with simlar intrusives in
the region are notably poor in vanadi umninerals even in zones
of oxidized lead ores. On the contrary, the association of vana-
di umwi th carbonaceous material points to a source in common
with the asphaltites and suggests that M nasragra is an oversized
and nodi fied asphal tite deposit. Driving off the volatiles, presum
ably by the heat of intrusives, woul d account for coking of the
material and thus acconplish some concentration of vanadi um
The segregation of patronite in the center of the body renmains
to be expl ai ned. "

Asphaltite Deposits of Argentina

The asphaltites or solid bitumens of Argentina are irregularly dis-
tributed in a 20,000-square-nile area extending from Rio Dianente,
Province of Cordoba, southward approxi mately 280 mles to Rio Agrio,
Province of San Luis (approxi mately between latitudes 34° South and
38° South). The deposits are in the formof seams, veins, or irregularly
shaped lenses in strata ranging in age from Mddle Jurassic to Upper
Cretaceous. There is no definite stratigraphic horizon.

In Mendoza Province occurrences are al of the bedded-vein type
which may parallel or cut across the strata or have very irregular struc-
tural relationships. In Neuqueri Territory fracture filling and fissure-
vein types are mor e preval ent.
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Average and fairly representative anal yses of asphaltites fromtwo of
the largest properties in Mendoza are given by Kett.4:!

La \Val enciono,  Mnacor,

Mendoza Mendoza
Number of Samples.. ... ... .. .. .21 21
Percent V20, in Qiginal Mterial .. 0.217 0.204
Percent Ash ... ... ... . . 150 125
Percent V203 in Ash............ .. .. o .14.51 16. 25

Organic Shales in the Western United States
In western United Sates, four shale units are known whose netal
content approaches oregrade. 3' 444' 4C

The "vanadiferous shale" in the Pernmi an Phosphoria formation of
western Wyomi ng and southwestern Idaho is the best known of these
shale units. Less well known netalliferous shales are in the Comus for-
mation of Crdivician age near Gol conda, Nevada; in an unnamed Lower
Pal eozoic formation in the Fish Creek Range near Eureka, Nevada; and
in the Mssissippian Deseret limestone at Mercur Dome near Tintic.
U ah. These shales are black and rich in organic naterial. The vanadi um
content is nearly constant along beds. The netallic elenments probably
occur either in metal-organic compounds or in finely dispersed sulfides.

Sanpl es taken from these rocks contain as much as 1.5 percent
zinc, 5 percent vanadi um 1 to 2 percent nickel, 0.7 percent selenium and
lesser anpbunts of other netals. The netal content of these black shal es
is higher than in the "average" shale, but the content is not much hi gher
than that reported fromsome sanpl es of Pacific pal agic sedinents.

The Permi an Phosphoria formation and its stratigraphic equival ents
crop out in ldaho, Montana, Wyom ng, Utah, and the extreme north-
western corner of Colorado.47 Two facies are recognized. The western
facies is characterized by a conplex geologic structure and by black
shales, cherts, carbonaceous nudstones, and black phosphorites. The
eastern facies, a region of sinple geologic structure, has a predoni nance
of carbonate rocks with interbedded | ayers of chert, sand, |inestone, and
| ow grade phosphatic rock. Vanadi umapparently is mor e abundant in the
western facies, particularly in southeastern | daho and western Wyomi ng
associ ated with carbonaceous nudstone. The irregular boundary between
the two facies roughly approxi mat es meridi an 111°.

Wthin the phosphatic shale member, a member 100 to 150 feet
thick and conposed mainly of black shales, the individual beds are thin.
ranging up to a few inches in thickness. The individual beds are wide-
spread, and each has a nearly constant vanadi umcontent. A two-to-ten-
foot zone, about 35 to 50 feet bel ow the top of the phosphatic member.
contains the greatest concentration of vanadi um greater than that con-
tained in the higher grade phosphate ores found in the same Phosphoria
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formation. A fewthin central beds contain as much as 1.5 to 2.5 percent
V203. The entire zone averages from0.7 to 1.0 percent V20,-,- The beds
inthis zone also contain 0.02 to 0.1 percent mol ybdenum 0.02 to 0.3 per-

cent nickel, and about 0.02 percent sel enium

Phosphate-, Iron-, and Al um num Ri ch Sedinents

The vanadate ion along with the phosphate ion is concentrated in
sediments rich in iron. Vanadium aso is commonly found in bauxite
deposi ts.

Phosphat e Deposits of |daho, Mntana, Wom ng, and U ah

Wthin the Perm an Phosphoria formation of |daho, Montana,
Wyomi ng, and Ut ah are extensive deposits of phosphate rock48 estinated
to exceed several billiontons. The phosphate ores contain upto 0.3 percent
V20,-,. During treatnent of the ores the small vanadi um content of the
rock is concentrated in the ferrophosphorous byproduct of the phos-
phor ous snel ting. 40

At one producing area (the Conda phosphate mine, eight niles north
of Soda Springs, Caribou County. Idaho) the main phosphate bed, "'the
footwal | bed," averages 7.1 feet in thickness and contains 32 percent P20.-,
and 0.28 percent of \20.-,. The upper or "hanging-wall bed" averages
7.2 feet in thickness, and the analyses average approximately 30.5 per-
cent P205 and 0. 11 percent V20,.30 "1

For a more detailed description of the phosphate-bearing rocks in
the United Sates, reference is made to two inportant bibliographi es—
one by Harris "- and the other by Qrtis."3

Sedi nentary Deposits of Western Europe

The vanadi um content of marine iron sedinments and the vanadi um
content of certain bauxite ores provide another source of |ow grade
vanadi um

Vanadi umis present in the mnette iron ores of Eastern France.l*
Al t hough production has been very linited, the French operations are of
historic interest. The presence of vanadi umin bauxite deposits was first
reported in 1859. A short time later vanadi um was recogni zed as having
a wide distribution in the mnette iron ores, and it was extracted from
slags derived fromthe snelting of these ores. The minette ores contain
amounts ranging fromO0.1 to 2.0 percent V20.-,. It was estinmated that
about 100 tons of \20.-, were contained in slags made in one year at
Le Creusot. These slags were the largest source of vanadi umthen known,
and production was carried on until 1885, when there was no |onger the
demand for anilene bl ack.

During World War |1 Germany recovered considerable vanadium
fromsedinmentary iron ores containing from0.02 to 0.2 percent V-.03.
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Sandst one Deposits

The average sandstone deposit inthe earth's crust has a | owvanadi um
content, 10 to 60 parts per nillion (15-100 ppmV20,[. O the geol ogic
environments listed in Table 4, only the carbonate rocks with 2 to 20
parts per nmllion of vanadium (4-35 ppm V205) have a |ower average.
Yet extrenely inportant deposits of vanadi umoccur in sandstone deposits
of Col orado, Lltah, Arizona, New Mexico, South Dakota, and Wyomi ng.
These deposits are in sandstones found on the Colorado Plateau and in
sandst one beds flanking the Bl ack HlIs.

At Kara-Tau in Turkestan, U S. S R, extensive metanorphosed
sandst one beds are reported to contain thin bands of roscoelite alternating
with bands of flint.

Sandst one Deposits of the Col orado Pl ateau

Vanadi um nineral s have been recognized in many of the sandstone
beds of the Col orado Plateau, and since the discovery of vanadi um and
urani umin the sandstones of western Col orado in 1898, more particularly
since about 1950, considerable work has been done on the geochemstry
and occurrence of vanadi umand urani um

Much of the literature relating to vanadi umdeposits on the Col orado
Plateau refers to two general types of ore—the "roscoelite" type of Rfle
and Placerville and the "carnotite" type of the Uravan Mneral Belt and
el sewhere. "Roscoelite" is a distinctive and descriptive term that still
can be used, although the inportant ore nminerals include in addition to
roscoel ite, vanadi um bearing hydrom ca and small ampunts of vanadi um
bearing chlorite and nontroseite. In the near-surface deposits of the
Uravan Mneral Belt, carnotite was the principal ore nineral, hence the
term"carnotite ores.” Wth deeper mining in water-saturated rocks, the
yellow carnotite ores have given way to black, unoxidized, |owvalent
vanadi umand urani umoxi des and silicates.

I'n general, the "roscoelite" type of vanadi umores occurs in relatively
clean sandstone beds of the Entrada and underlying Navajo(?) form-
tions: the "carnotite" type ores are found in the Mrrison formation
associated with carbonaceous material.

The vanadi um bearing ores of the Colorado Plateau also have been
classified on the bases of vanadi um uraniumratio and amount or sequence
of oxidation. The follow ng discussion of mneral ogy of vanadi um bearing
ores, taken fromWeeks, Col eman, and Thonpson,' 34 details the rational e
for these classifications:

"Vanadi f erous Ores"

"The primry vanadi um uraniumores are characterized in general by
their black color and by the presence of |owvalent urani umand vanadi um
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oxides and silicates, and by copper, iron, lead, and zinc sul fides, arsenides.
and selenides. These ores should not be confused with the blue-black or
corvusite ores which represent an internmediate stage of oxidation. The

ores have a wide range of vanadi um content and for convenience in de-
scription they have been divided into groups on the basis of their vanadi um

urani umratios.

"Vanadi um Urani um Ratio Geater Than 15:1

"Vanadi ferous ores with |ow uranium content are characterized by
the dom nance of vanadium silicates over vanadi um oxides and by the
general lack of fossil wood. The unoxidized ores in the Entrada sandstone
(Jurassic) of the Rfle and Placerville districts in western Col orado are
representative of this group and appear to have a monot onous and sinple
m neral ogi ¢ conposition. At Placerville roscoelite is the dom nant vanadi -
um mneral occupying the intergranular areas as fine-grained m caceous
aggregates, and at Rfle it is acconpanied by some vanadi um bearing
chiorite and m xed layer mica-montnorillonite (or so-called hydrous mica).
No vanadi um hydrous mica is present in the primary roscoelite ore at
Pacerville. The chenical analyses of Pacerville sanples indicate that
vanadi um substitutes for alum num the high potassium and |ow water
content are characteristic of roscoelite and not of vanadi um hydromi ca.
In roscoelite-rich thin layers either concordant with or cutting across
beddi ng planes the quartz is strongly corroded and mcrostylolites devel op
where the quartz grains are in juxtaposition. Mntroseite is interleaved
with the roscoelite aggregates as small discrete crystalline rosettes. Para-
montroseite may locally supersede nontroseite where oxidation has com
menced. Calcite or dolomte commonly acconpanies the nontroseite and
roscoelite and appears to be cont enporaneous with the vanadi ummneral -
ization. M nor but persistent galena-clausthalite (selenium and sul phur in
solid solution) and chalcopyrite are acconpani ed by sparse pyrite and
marcasite. Small amounts of uranium are present, but its mneralogic
occurrence has not been det erm ned conpl etel y.

"Vanadi um Urani um Ratio Between 15:1 and 1:1

"Ores with vanadi um uranium ratios ranging between 15:1 and 1:1
occur extensively in the Salt Wash sandstone member of the Morrison
formation (Late Jurassic) andto alesser extent in the Shinarump member
and ot her basal sandstones of the Chinle formation (Triassic) and in other
formations.

"The urani umoccurs in uraninite and coffinite in the primry ore and
al nost without exception is associated with coalified wood or other car-
bonaceous material andwith pyrite or other sul fides.

"Uraninite preferentially replaces the cell walls of the wood structure.
Where the original wood structure was col | apsed or vitrainized or
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both during diagenesis, the uraninite intimtely inpregnates or replaces
the coal and faithfully retains the coaly structures. . . . ffiniteis found
withincoalifiedwoodwhereit fillsthecell cavities. Most of the occurrences
of coffinite are in vanadiferous ores, and many of these are in the Salt
Wash sandstone member of the Mrrison formation in the Uravan mineral
belt of western Col orado." S

“I'nthe primary ores of this group vanadi umoxi des appear to be more
abundant locally than vanadi umsilicates. The chief primary oxide, nont-
roseite VO( OH) , is easily oxidized to the more commonl y observed para-
montroseite. Another primary vanadi um oxide haggite V202( OH) 3 has
been identified from near Carlile, Wyo. and from several mines in
McKi nl ey and Valencia Counties, N. Mex. In places nontroseite im
pregnates the fossil wood by filling cell cavities, but the growth of its
elongate crystals soon obscures the wood structure. Typically its strong
crystallinity causes the formation of rosettes and bands of intricate and
sinuous nature either on contraction fractures in fossil wood or in inter-
stitia areas of the sandstone.

"Associated with the nontroseite and paramontroseite in the inter-
granul ar matrix are vanadi umsilicae mnerals. Vanadi um bearing chlorite
may be one of the most inportant vanadium silicates in the primary
ores. Intensive study of a small number of sanples by Hat haway indicates
that roscoeliteis not aninportant mineral inthis group, but that vanadi um
hydrom ca, characterized as a mi xed layer mica-montnmorillonite clay, is
commonly present and may contain considerable amounts of vanadium
The vanadi um silicates inpart a deep greenish or brownish color to the
rock and in thin section show a noderate birefringence and a marked
pl eochroism Kaolinite is common in the ores of the Grants district in
New Mexico but only a small amount is present locally in the Uravan
district of Colorado. Kaolinite does not contain substituted vanadi um"”

"Nonvanadi f erous O es

"Deposits in which vanadiumis negligible and uraniumis the only
metal of inportance—except where copper may be locally of commercial
val ue—eccur chiefly in the Shinarump member and other basal sandstones
inthe Chinle formation (Triassic). The ore is found mainly in channels
that contain carbonaceous material and nmudstone beds; these channels
are along the thin edge (pinch-out) of the formation where conglonmerate
and sandst one beds fill cutsinthe underlyingformation.

"I'n general these primary ores are lighter in color than the vanadifer-
ous ores because the bl ack vanadi umoxi de, nontroseite, is lacking, but a
few ores with high sulfide content are dark colored. Uraniumis con-
tained chiefly in uraninite, and coffinite is scarce or lacking. Coalified
wood and diagenetic sulfides are the main controls of uraninite deposition.
and the wood i s replaced in the same manner as described above. "
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"Early Stage of Oxidation

" The primary ores are stable in reducing environnents after enpl ace-
ment and generally retain their original minerals and textures if the)
are not exposed to oxidizing conditions. Those ores whi ch have renai ned
bel ow the zone of oxidation (water table) retain their primry character.
In the Col orado Plateau various stages of oxidation may be found super-
i nposed on the primary ores because the deposits occur in many different
situations with respect to the water table and also because of variable
water-retention capacities of the pore space of the ore sandstones.

The numerous nonsilicate vanadi um minerals are very sensitive to
changes in oxidation potential and pH. Most of themhave small fields of
stability and therefore serve as conveni ent indicators of the degree of oxi-
dation and the pH of the environment during oxidation. Mntroseite.
VO( OH), oxidizes readily to paramontroseite, V02, when exposed to
air, as evidenced by the fact that montroseite specimens in the |aboratory
commonly ater to V02 in a few nonths' time. COher new vanadi um
(I'V) nminerals—doloresite, duttonite, and sinplotite—are possibly 4l
alteration products of montroseite. ..."

"Corvusite Ore, Partly Oxidized

"Further oxidation of the ores causes a change in color from black
to blue black in ores of the corvusite stage. Some greenish-black and
brown al so appear at this stage. As soon as al the vanadium (I11) has
oxi dized to vanadi um (TV), the vanadium (1V) minerals ater to a group
of compounds containing various proportions of vanadium (I1V) and
(VI with some calcium iron, sodium or potassium

"Avail abl e vanadi um (V) conbines with uranium (VI) to formthe
wi despread but ill-defined and sometines inconspicuous mneral rauwite
whi ch may be dispersed in mcroscopic grains in massive corvusite or
formglassy or gel-like coatings on quartz grains, pebbles, or contraction
fractures in nineralized wood. Rauvite ranges in color from purplish
black and brownish red in the gel-like varieties to orange red in the
powdery aggregates. Its chemical formula is uncertain because sanples
giving the same X-ray powder pattern have slightly different chemical
conpositions. The cal cium content may not be essential but al rauwite
sanpl es have a higher V: Uratio than carnotite and tyuyamunite. The rare
and even less well known mineral uvanite is internediate in V: U ratio
between rauvite and carnotite and was found with rauwite at Tenple
Mount ai n, Ut ah.

"Smal | amounts of several uranyl ninerals including meta-autunite.
phosphuranglite, saeeite, novacekite, uranophane, and bol twoodite, have
been found in corvusite ore. These ninerals formlocally where uranyl
ions are present and where the vanadi umhas not reached the qui nqueval ent
state or where the pHis too |owfor formation of carnotite.”
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"Carnotite Ore, Highly Oxidized

"As oxidation progresses, carnotite and tyuyanunite devel op chiefly
fromrauwite. and some may formin other ways (investigation in pro-
gress) . Once crystallized, the carnotite is remarkably stable and fixes the
uranium very effectively. The minerals containing vanadium (IV) and
(V) of the corvusite stage oxidize to formvanadium (V) mnerals, |he
specific ones formed depend closely on pH conditions, on the presence of
certain cations to combine with vanadi um and on several other factors.
Vanadi umfixes al available uraniumin uranyl vanadates, and the excess
vanadi um may form the hydrated pentoxide, navajoite, or much more
commonly it combines with other elenments—these include calcium to
form hewettite and pascoite and rossite, potassium and magnesium to
formhummerite, sodium for sodium vanadate, al um num for steigerite,
iron for fervanite, copper for volborthite and tangeite (formerly known
as cal ciovol borthite), or bariumand copper for vesignieite. These vana-
dates range in color frombrown through red, orange, yellow, and green
to nearly colorless. Hewettite readily dehydrates to netahewettite and
rossite dehydrates to netarossite. Other new vanadates include santafeite,
a manganese vanadate, and a strontium cal ci um vanadate.

"Al though the presence of tyuyanunite in the 'carnotite ores' of the
Col orado Pl ateau has been known for many years, the relative abundance
of the two minerals is not known quantitatively. Neither is it known how
much tyuyamunite has been converted to carnotite (or vice versa) by
cation exchange.

“I'n the oxidized ores of the Uravan belt carnotite, tyuyanunite, and
the various brightly colored vanadates are locally abundant but in the
bul k of the ore are actually less abundant than the fine-grained greenish-
gray and light-brown vanadi um silicates that contributed much of the
vanadi umm ned inthe Plateau previous to World War Il. . . . The out-
crop of ore sandstone is commonly gray with little or none of the brightly
colored mnerals. . . . These gray sandstone ores have commonly been
termed roscoelite ores in contrast to carnotite ores, but preliminary study
suggests that true roscoelite is common only in the Rfle and Pacerville
districts of Colorado. In the Uravan belt vanadi um bearing chlorite, and
hydrous mca or mxed-layer clays seemto be more abundant than true
roscoelite. Some of the vanadium silicate interstitia in the sandstone
probably has persisted practically unchanged from the unoxidized ore,
whereas some clay may have become inpregnated with vanadi um sol u-
tions mgrating during oxidation.

"At the Rfle mne near Rfle, Colo., where the vanadi umsilicate ore
is affected very little by oxidation, small amounts of the uranyl carbonates
bayl eyite and swartzite formefflorescences on the m ne walls. Here prob-
ably little or no soluble vanadiumis available to combine with the ura-
nium"
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As can be inferred fromthe above discussions, the range and degree
of oxidation is of inportance second only lo the range of primary com
position. Oxidation, which depends upon access of air to the ore. is
accel erated in rocks with little or no soil cover and relatively continuous
per meabl e sandstone beds above the water table and in strata truncated
downdi p by a canyon. Where water is held in the pore space of the ore-
bearing sandstone, oxidation has been prevented or retarded.

Evans '+' reviews crystal structure investigations on vanadi um oxi des.
and the structure studies are conmpared with an oxidation potential —
pH phase diagram whi ch was constructed from thernmodynam c data for
vanadi um Evans summari zes:

"Referring once nore to Figure [2], it is useful to indicate

on the Eh- pH di agramthe regions in which the various ninerals
whi ch have been discussed are stable. This has been done in
Figure [3], inwhichthe direction of alterationis also suggested
by means of arrows. The focal point is nontroseite, the most
reduced state of vanadi um oxide minerals. The alteration under
weat hering then moves upward on the diagram with excursions
to higher or lower pH conditions, depending upon mineral as-
soci ations and environnent. In the region of conplete oxidation.
the presence of urani umcauses the various conpl ex fields above
the shaded boundary to be conpletely replaced by carnotite.

"Broadly speaking, the follow ng generalizations my be
made in concl usion:

1. Trivalent vanadiumis represented by the primry
mneral nontroseite (VO(OH)), and is readily
oxidized by the atnosphere to the quadrivalent
form Vanadiumis simlar in its crystal chemistry
to manganese in the three- and four-val ent state.

2. Mxed vanadium(1V) and (V) oxides conprise the
"blue-black ores," and probably are derived to a
consi derabl e extent from oxidation of montroseite.

3. Vanadi um(V) oxide and its derivatives formthe

fina stage of oxidation. Inalkalinemedia, vanadates
behave structurally like phosphates; in acid medi a,
vanadat es condense successively to form colorless
and orange-red soluble conplexes, and finaly
slightly soluble red or brown fibrous hewettite-type
compounds. Vanadium(V) is simlar to nolyb-
denum and tungsten in behavior with regard to
the tendency to pol ymerize with decreasing pH.
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An inportant structural property of pentaval ent
vanadiumis the formation of the five-coordinated
chai n whi ch appears between pH 2 and 8. This struc-
ture notif appears to play an inportant role in the
formation of the m xed vanadi um(1V) and vanadi -
um(V) oxides and hydrates.

Carnotite covers a wide pHrange of stability for

vanadi um( V). Pentaval ent vanadi umw!| precipitate
any uranium present as carnotite or tyuyanunite.
Excess vanadi um may be tenporarily deposited as
hewettite or pascoite, or bound up in a silicae nica
or clay."
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I'n sout hwest Col orado and adjoi ning parts of Uah, Arizona, and
New Mexi co, sedinentary rocks are exposed ranging in age from the
Pennsj | vanian Hermosa formation to the Eocene Wasatch formation.
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Al 't hough urani um and vanadi um deposits have been recogni zed in nost

of the sedimentary formations, the major production has come from
rocks of Triassic age (Shinarunp formation and Chinle formation) and
from Jurassic rocks (Entrada sandstone and Morrison formation). A
general stratigraphic section is given in Table 6.50

In the descriptive material accompanying Mneral Investigations
Field Studies Map MF 16, Finch "7 discusses the general geology of the
Col orado Pl at eau:

"The Col orado Plateau consists of highly dissected mesas with ati-
tudes ranging from4,500 feet to 7,000 feet. Small laccolithic mountain
ranges rise above the general level of the mesas. Sedinmentary rocks rang-
ing from Paleozoic to Tertiary age crop out on the Col orado Pl ateau.
I gneous rocks consist mainly of groups of laccoliths and stocks and scat-
tered plugs, dikes, and flows. Anticlinal and monoclinal structures are
common t hroughout the Col orado Plateau. In western Col orado and eastern
Ut ah, however, the major structural features are paralel northwest-
trending anticlines, which are the result of upwel ling of sat and gypsum
The outcrop pattern of the major uraniumbearing beds generally reflects
the structures.

“Uraniumoccurs in many formations on the Col orado Plateau, but
most of the deposits arerestrictedto afewformations.

"The Shinarump conglonmerate of Late Triassic age, which ranges
inthickness froma knife-edge to 225 feet, consists mainly of |ight-colored
strata of conglomerate, sandstone, siltstone, and nudstone. The Shina-
rump unconformable overlies the Moenkopi formation of Early and
M ddle Triassic age. The unconformity is erosional, and locally sedi-
ment ary rocks of the Shinarunp fill channels cut into the Moenkopi. The
channel s make up about 5 percent of the area of the Shinarunmp con-
glonerate. The uranium deposits are found mainly in channels that con-
tain carbonaceous material and mudstone beds. The Shinarump is present
only in Arizona, New Mexico, and part of southern Utah. Most of the
large uranium deposits of the Shinarunmp are found in channels near
irregul ar pi nch outs of the formation.

"The Chinle formation of Late Triassic age ranges in thickness from
a knife-edge to 1,000 feet and consists of a thick series of nudstone, sand-
stone, conglonerate, and linestone beds. In some places in Utah a
prom nent sandstone named the Moss Back member by WIlianms and
Stewart . . . formsapart of thelower Chinle. Where the Moss Back f orns
the base of the Chinle it overlies the Moenkopi or older formations with
an erosional unconformity. In these places the Moss Back is a major
urani umbearing zone. The Moss Back member is simlar to the Shina-
rump conglonerate in lithology and stratigraphic position and was cor-
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related with the Shinarunp by early workers. This member pinches out
in many places in eastern Utah, and channels near the pinchouts seem
the nost favorable sites for large deposits. In some places in Utah and
Arizona uranium deposits are found in siltstone beds in the |ower part
of the Chinle.

"The Entrada sandstone of Late Jurassic age consists of |ight-orange

crossbhedded sandstone that forms a characteristic smooth cliff, called
the slick rim it averages about 50 feet in thickness in western Col orado.
The Entrada is a clean, partly aeolian sandstone that rarely contains
mudst one and carbonaceous material. In parts of western Col orado the
Ent rada contai ns principal |y vanadi umdeposits .

"The Morrison formation of Late Jurassic age ranges in thickness

from500to 900 feet and in general can be divided into an upper nudstone
member (Brushy Basin) and a | ower interbedded sandstone and mudst one
member (Salt Wash). Most of the urani umdeposits are foundin the upper
sandst one beds of this [ower, interbedded, sandstone and nudstone mem
ber. These beds are light-brow, mediumgrained, and locally contain
abundant carbonaceous material and light-colored nudstone beds. The
sandstone is generally lenticuar and is of fluia origin. The largest

deposits in the Morrison formation are in western Colorado and north-
western New Mexico."

Significantly, vanadiumand uraniumin the ores varies in relative
abundance both geographical |y and stratigraphically. In general, deposits
of vanadi umwith little uraniumare found in the Entrada and Navaj o(?)
sandstones on the extrene eastern margin of the P ateau. The Morrisonfor-
mation, particularly the Salt Wash member in the Uravan Mneral Belt
of western Col orado contains deposits with the vanadi um uranium ratio
commonly between 4:1 and 10:1. The vanadi umuranium ratio in the
Morrison formation is slightly lower in the Green River and the Henry
Mount ai ns districts of Utah, and is much | ower toward the south in New
Mexi co. The deposits in the Shinarunp conglonerate and in the basal
sandst ones of the Chinle formation have a much wi der range of conposition
than those in the Entrada and Mrrison formations. Vanadiferous uran-
i umdeposits with the vanadi umuraniumratio between 5:1 and 1:1 occur
at Monument Valley, Arizona; Big Indian Valley, San Juan County, and
Tenmpl e Mountain, Emery County, Utah.

The principal vanadi um urani umregions in Col orado, conprising
only a portion of the Col orado Plateau proper, are shown in Figure 4.
Because of scale limtations Figure 4 does not show the location of in-
dividual mnes or generalized surface geology. Information relating to
distribution of deposits and surface and subsurface geology is given on
excel lent maps by Finch 57 and Hague, Coldenstein, and Bl akey.58
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The Col orado Pl ateau vanadi um and urani um deposits are described
in many published papers; some of the more inportant references with
addi tional bibliographiesaccompany this report.5* 0001 v clu '" 0i 07 B 09

Uravan Mneral Belt, Colorado: In the Uravan Mneral Belt (U avan
and Gateway districts, Colorado, Figure 4) the large mnes are in the
upper sandstone lens of the Salt Wash member of the Mrrison forna-
tion. Lesser production has been devel oped in the lower part of the Salt
Wash member or in the base of the overlying Brushy Basin member of
the Morrison formation.

The most conmon type of host rock is the lenticular sandstone

facies of fluviatilesediments. Because carbonaceous material is found
associated with many ore bodies, in exploration the presence of this
carbonaceous material is recognized as an inportant favorable criterion.
A'tered vol canic debris is abundant in certain zones of the Brushy Basin
shale member above the Salt Wash sandstone member of the Morrison
formation. Lesser amounts are present within the ore-bearing sandstones.

The deposits are tabular, elongate, or podlike, in general parallel
to the bedding but commonly with a gently undulant surface. Locally
the ore boundary crosses the bedding in steep curved surfaces referred
to as "rolls." [Individual deposits tend to be grouped in clusters and
range in length froma fewfeet to a thousand or more feet; in thickness
froma fewinches up to 10 to 15 feet, but rarely more than 30 feet;
and contain froma fewtens of tons to thousands of tons of ore. The
ore may follow the bottom of the channel or sandstone lens or the top
of a lens or sedimentary structure. A single deposit may range in grade
from weakly mineralized rock to strongly mineralized massive or dis-
semnated ore. Ore boundaries range froma sharp distinct cutoff within
a fraction of an inch to a broad transition zone. Guides to ore in the
Uravan Mneral Belt are described by Fischer, Weir, Hausen, McKay,
and Hastings.

Fi scher15- states:

"The Morrison sandstone beds containing the ore deposits
are lenticular and in places 50 feet or more thick. They are
interbedded with nudstone. The sands were deposited in chan-
nels and on flood plains of streams that meandered widely across
the surface of low relief and grade. Most of the carnotite de-
posits seemto occur in or near the thicker central parts of the
lenses; the portions of the channel sands that occupy meander
bends seemto be particularly favorable for ore deposits in some
areas. In places the channel sands form well defined Ienses,
some only a few hundred feet across and these can be recog-
nized at the outcrop or in cross sections through drill holes.
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Q her sandstone |enses are broad and vaguely defined. The

trend of the channel sands commonly can be deternined by
observations of bedding and locally by the orientation of fossil
logs . . . The sandstone in the central parts of the channels is
domi nantly medi um grained, medium to thick-bedded or ir-
regularly bedded and noderately clean, although some mud-
stone inthe formof grains, pebbles, and small lenses is common.
Lenses of sandstone, less than about 20 feet thick which m ght
have been deposited in small or short-lived channels or on flood
plains bordering the mai n channels, rarely contain sizeable ore
deposits. Such sandstone is domnantly fine grained, thin
bedded, and either clean or argillaceous."

After studying the geologic logs of about 2500 holes drilled

47

in

the Morrison formation of southwestern Colorado, Weir ™ concluded:

"(1) Mbst ore deposits are in or near the thicker central
parts of sandstone lenses and in general the thickness of the
sandst one decreases away fromthe deposits. Sandstone that is
less than 40 feet thick is generally not favorable for large ore
deposi ts.

(2) Sandstone in the vicinity of ore deposits is colored
light brown, but an increasing proportion of sandstone away
fromore deposits has a reddish color which is indicative of
unf avor abl e ground.

(3) Near ore deposits the nudstone in the mud-bearing
sandstone and imediately below it has been altered fromred
to gray. The amount of altered nudstone decreases outward
fromore deposits, for sandstone in the i mmediate vicinity of ore
deposits contains more carbonized plant fossils than do the
same beds away fromore deposits, suggesting that ore deposits
are localized inthe vicinity of abundant carbonaceous material ."

The favorabl e relationship of zones of bleached sandstone in the

Uravan Mneral Belt to concentrations of uranium and vanadi um m n-
eralization has been noted by Hausen.71 He recognizes that an increase
in stage of alteration acconpanies increase in mneralization, argilliza
tion, asphaltization, corrosion of sand grains, and ratio of matrix mn-
erals to sand grains. By use of textural and mineralogical features,

Hausen classifies alteration into five different stages of replacenent:

"The initial stage is usually found in barren sandstone and
may be referred to as the orthoquartzite stage or the nost ad-
vanced stage of diagenetic alteration prior to epigenetic re-
pl acement. Sand grains have been silicified into interlocking.
sutured anhedra. Authigenic quartz fills nearly al interstices.
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More than ninety percent of the rock is conposed of quartz.
fel dspar and chert.

"Incipient stages of replacement occur along peripheral
zones of ore bodies. Replacenments are initiated al ong zones of
access or weakness between phase boundaries. Overgrowth
boundaries and strained contacts become edged with vanadif-
erous illite Seventy to ninety percent of the rock is made up
of quartz, feldspar and chert.

"Internediate replacement stages generally occur inside
zones of ore proper. Replacements are sufficiently progressed
al ong boundaries of weakness to conpletely isolate secondary
growths fromprimary grains. Authigenic quartz is apparently
more soluble than allogenic quartz, and is largely replaced
before appreciable etching of detrital cores occurs. Sixty to

seventy percent of the rock is conposed of quartz, feldspar and
chert.

"Advanced stages of replacenment occur within major ore
zones. Diagenetic overgrowths have been alnost entirely re-
pl aced by epigenetic assenblages. Allogenic grains of quartz
are highly corroded and display scalloped replacement edges.

Forty to sixty percent of the rock is composed of quartz, feld
spar and chert.

"The final stage of replacenent is sel domreached in Salt
Wash ore bodies. It is approached only along high grade ore
seams where host minerals are virtually effaced by replacenents

of clay and ore ninerals. Only sparse spicul e-shaped quartz
relics remin."

McKay7J shows that coincidence of lenticularity, favorable color
of sandstone, and continuous gray mudstone underlying the sandstone
are necessary for large deposits. Lenticularity without other character-
istics is unfavorable in the Gat eway- Uravan district in Colorado. A the
surface the favorable sandstone is buff with scattered brown speckles;
at depth it is white or light gray with dissemnated pyrite grains, in
contrast to the average red sandstone of the Salt Wash member of the
Morri son.

Hastings 73 has exam ned many deposits in the Uravan Mneral Belt
and as aresult of these studies he states:

"The most significant tonnages are usually located in what
are termed 'channels' or elongate sandstone lenses, generally
measuring at least one-half nmile in width and two niles or
more in length. The ore-bearing sandstone in these channels
is consistently thicker than in areas outside the channels. The
host rock in the vicinity of ore bodies exhibits certain favorable
criteria, the nost i nportant of whichare:
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1. Good sandstone thickness, 35-90 feet
2. Ateration of the primary red coloration of the
sandstone to various shades of gray or light brown
3. Ateration of basal and interbedded nudsl ones from
primary redto gray or greenish colors
4. Presence of carbon
5. Certainfluvial features such as cross-bedding and

fest ooni ng. "
Further description of the stratigraphy of the Mrrison formation
and guides to urani um vanadi um deposits in western Col orado are given
by Craig and others. 74

Since 1900, vanadi umproduction fromthe Uravan Mneral Belt has
amount ed to approxi mately 69, 000 short tons of contained V*Q-,.

Expl oration and Devel opnent :

Better geologic understanding of the distribution of ore and ore
controls in the Uravan Mneral Belt has reduced exploration risks and
permtted successful exploration along trends into deeper ground. Ex-
ploration in nost untested areas is by di amond core drill. Because many
of the shallow deposits already have been found, much of the current
exploration is for deeper-lying channels. Holes are collared on the
upper surface of Dakota formation, and drilling depths range from 600
to 800 feet.

Hastings 73 has outlined a sequence of steps generally followed in
a dianmond-drill exploration project:

"1. When possible, afieldstudy of outcrops and any exist-
ing mnes is made to deternine the probable trend of the
channel to be explored. |If previous drilling information
isavailable, itiscarefullyexam ned.

"2. Initial wide-spaced drilling. In this first stage of drilling
an attenpt is made to approxi mately delineate the channel
boundaries as well as to roughly outline the more favorable
areas within the channel. The holes in this first stage of
drilling are spaced 1000 feet apart, or greater, along lines
transverse to the postul ated | ong axis of the channel. These
lines, or 'fences,' of holes are spaced in a parallel pattern
1000 to 2000 feet apart, where topography permts.

"3. Upon conpletion of this first stage of drilling, closer
spaced holes are drilled, 400 to 600 feet apart, offsetting
the more favorable holes. At this point in the exploration
project it is hopedto find ore or strong mineralization.

"4. Any ore or significantly mneralized hole found in the
second stage of drilling is then blocked out on 200 foot
centers. In blocking out reserves on this spacing, either
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the rectangul ar nethod or the 60 degree equilateral triangle
method is used, with the legs of the triangle measur-
ing 200 feet. For those who are famliar with the erratic
nature of Sat Wash ore bodies, and who might think
200 foot spacing is excessive, it should be pointed out
that econom cs dictate that at these drilling depths it
is not feasible to move closer. Al so, past experience has
shown that this spacing, when coupled with |ong hol e drill-
ing underground, provides sufficient geologica i nforma-
tion and reserve datato pl an m ni ng operations. "

In addition to dianond-drill coring, rotary plug drilling to depths
of less than about 300 feet and wagon drilling to depths of about 180
feet are used in conjunction wth coring for blocking out reserves and for
limted prospecting. These costs are appreciably cheaper than those for
di amond- core drilling.

Under ground |l ong-hol e drilling is used in the deeper m nes to prospect
bet ween surface drill holes and to provi de additional control for m ning.

Galculation of ore reserves requires a consideration of geologic
condi tions; Hastings 73 descri bes a st andar d et hod:

"The pol ygonal method is used to deternine reserves de-
vel oped on 40 to 60 foot centers. The area of influence of each
ore hole is extended one-fourth to three-fourths the distance
to an offsetting mneralized hol e, depending on the degree and
thickness of mineralizationinthe offset hole. It is assuned that
ore is continuous between ore holes drilled on 50 foot centers,
providing the ore occurs at approximately the same position
i nthe ore-bearing sandst one.

"Calculations of reserves fromholes drilled on 200 foot
centers are based on enpirical formulas derived from studies
of areas that have been extensively mined and drilled It is
found that in a large favorable area, 1000 by 1000 feet, or
larger, that has been uniformy drilled on 200 foot centers, the
area underlain by ore approximates 6 0% of the ratio of ore
holes to total holes drilled. Total reserves, positive and indi-
cated, arecal cul ated as fol | ows:

t*1 (A (T) Ho
Total reserves — X —=— X 0. 60
14.5 Ht

A = tota area

—=ratio ore holes to total holes
Ht
T = average thickness of ore

14.5 =tonnage factor for average Salt Wash ore
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"Positive reserves are calculated for each ore hole as 500
tons per foot of ore grade material penetrated. The sum of the
positive reserves for the area under study is subtracted from
the total reserve figure, and the reminder classified as indi-
cated reserves. At 700 foot depths to the ore zone, a mi ni mum
of 40,000 tons of positive ore of average grade is needed to
justify shaft entry."

M ni ng Cost s:

Hi gh under ground m ning costs in the Uravan district are an i nportant
consideration in estinating reserves and resources; $20.00 a ton as com
pared to $11.00 to $15.00 el sewhere on the Colorado Plateau and to
S5.00 to $8.00 a ton for open-pit operations. Several factors contribute
to the high cost. Many of the Uravan deposits are thin, averaging no
more than 3 feet in thickness, and are undulating and discontinuous.
A slow mining rate usually is necessary to prevent excessive dilution.
Anot her inportant factor in mning costs is the selection of the m ning
met hod and equipment that wll give the npst economical extraction
with the highest profit.

Peck73 has estimated total mining costs for the Uravan M neral
Belt to be:

Qost per Ton

Range Aver age

Expl oration ..$ 125 - $6.40 $ 2.00
Depreci ation of plant

and equipment. . 125 - 2.85 2.00

Devel opment . . 2,90 - 4.40 3.00

Drect mining ... ... .. .. .78 - 27.00 10. 10

Indirect mining. ... ... . 105 - 4.90 2.20

Total ... .$14.50 - $34.00 $19. 30

The high charge per ton for exploration in the Uravan Mneral Belt

is a reflection of the erratic nature of the deposits and the increasing
depth at which deposits are found. Interpretation between drill holes
is required to calculate the size and grade of an ore deposit from drill
data. In the Uravan Mneral Belt even close-spaced drilling is not too
reliable. Application of long-hole drilling has |owered costs for under-
ground exploration. Underground exploration is necessary, and because
of the large amount of drifting in waste between ore |enses, devel opment

costs are high.

For items that can be identified, Peck has estimated the direct m ning
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costs in the Uravan Mneral Belt to be:

Cost per Ton
Labor.. ... $6.50
Powder ... .. e ..........L1L2
Bits and rods................ ... 0. 40
Maintenance .14

I ncreased production rates and reduction in |abor costs through use

of suitable large-scale mechani zed equipment is a common approach to
| ower mning costs. A controlled mning rate minimzing dilution offers
an opportunity for a reduction in cost per ton by means of increased grade.

An inportant part of indirect costs goes for taxes and insurance.
Including Federal and State unenpl oyment conpensation, severance tax,
property tax, and ol d-age and survivor's benefits, taxes and insurance wll
amount to at least $0.60 a ton.

Rfle Geek-Pacerville Dstricts, Colorado: Ores of the roscoelite,
hydrom ca, chlorite, and nontroseite type are found principally in a belt
extending fromRfle, in Grfield County, Col orado; through P acerville,
in San M guel County, Col orado; and Rico, in Dolores County, Colorado,
to Lightner Creek, near Durango, in La Plata County, Colorado. The
ores in the Entrada and Navajo (?) formations have been worked mainly
for vanadium The uranium content has only m nor byproduct value.
The average thickness of ore |ayers and the number and size of ore bodies
decrease southward. The total amount of ore in the layer at Pacerville
probably is several times that at Rico, and many tines that at Lightner
Creek. Commercial production has been linited alnmost entirely to the
Rfle and P acerville occurrences. 76

Rfle Creek Vanadi um Deposits:7778 In the Rfle Creek area the
Rfle-Gurfield deposit, one of the |arger deposits of the Plateau region, is
partly in the Entrada sandstone but mainly in the underlying Navajo (?)
sandstone. Most of the characteristics of the deposits of the Col orado
Plateau are also found in the Rfle Creek area along with other unique
features. Both sandstones, the Entrada and Navajo (?), are conposed
entirely of clean, fine-grained sandstone and lack the abundant shaly and
carbonaceous materials occurring in the sandstone hosts of nost of the
ore-bearing formations of the Col orado Pl ateau region.

The Rfle-Garfield deposit is large; it is at least 10,000 feet | ong and
may have contained as much as 25,000 tons of V205 before mining and
erosion removed part of the ore. Consisting of fine-grained mnerals that
i npregnat e the sandstone host, the ore contains from1l to 3 percent V\Q-,
and several hundredths percent U308. The ore ninerals color the rock
gray, and the color darkens as the vanadi um content increases. The ore
occurs in three, partly overlapping, tabular layers that lie nearly parallel
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to the formation contacts, but are not concordant with the bedding in
detail. Each vanadium layer is bordered on one side by a thin |ayer.
general ly about % inch thick, of finely dissemnated material containing
| ead and sel enium This | ead-sel eniumlayer, inturn, is bordered by a one-
to two-foot-thick | ayer of greenish sandstone containing afinelynicaceous
chrom um bearing mineral. The lead-containing band ma) be difficult
to recogni ze and i s local ly absent.

The accompanying lead, selenium and chrom um bands are concen-
trated in thin layers adjacent to the vanadi umuranium ore. Lead and
sel eni um bel ow the zone of conplete oxidation are conbined in mnute
grains as a solid-solution m xture of galena ( PbS) and clausthalite ( PbSel.
On oxi dation, the gal ena-clausthalite grains alter tocerussite (PbCOs), some
of which has a reddish internal reflection that m ght be caused by native
selenium The chrom um bearing layer is light green to grayish green
and contains a green, m caceous, fine-grained material that fills the sand-
stone pores. This chrom umbearing sandstone closely resenbles the
chrom um bearing layer associated with the vanadi um urani um deposits
at Pacerville, Colorado; Hess711 suggested that the chrom um bearing
mneral at Placervilleis mariposite.

The principal ore mnerals are vanadi umbearing silicates of mca-
ceous habit. They have been identified as the vanadi um m ca roscoelite
and as unnamed varieties of a m xed layer mca-nontmorillonite (hydro-
m ca) and small amounts of vanadi um bearing chliorite and nontroseite.
Associated with these two vanadi um bearing silicates is the same general
suite of minerals and accessory elements found in many of the sandstone
deposits in which vanadi um and urani um occur together.

The Rfle Creek deposit is unique in the high vanadi um uranium
ratio, the lack of carbonaceous material, and the abundance of roscoelite.
In other respects the deposit is simlar to vanadi um urani um deposits of
the Col orado Pl at eau.

In the vicinity of the Rfle Creek vanadi um deposit the top few feet
of the underlying Chinle formation is altered fromred to gray. This
altered zone extends about 2,000 feet north of the deposit and a few hun-
dred feet south of it. Fischer suggests that the presence of this altered
zone at the top of the Chinle formation and its apparent association with
the vanadi um deposit increased the size of the target to such an extent
that a pattern of drill holes spaced about a half mile apart woul d have
found the deposit or the associated altered zone in the Chinle.

Al t hough the area was discovered about 1909, there was little or no
production before 1925. From 1925 to 1954 the tota production of
vanadi umore fromthe Rfle Creek area was about 750,000 tons, contain-
i ng approxi mtely 12,500 tons of V205.

Pl acerville Vanadi umDeposits:10s" sl Inthe Placerville area the ore



54 METAL M NI NG BOARD

is a sandstone inpregnated with vanadi um mnerals. Mst of the ore that
was m ned contained IM> to 3 percent \WL.Ofl and was 11/” to 15 feet thick.
The ore was found in lens-shaped masses lying nearly parallel to the
beddi ng but not conformingtoit in detail. These masses are in the upper
25 feet of the Entrada sandstone and occur in two belts, through which
the ore bodi es appear to be widely scattered. Intheir report onthe P acer-
ville deposits Fischer, Haff, and Rom nger *" suggest that one nineral -
i zed belt, extending fromthe Bear Creek m ne northwestward to the Omega
m ne and northward along Leopard Creek, is at least 9 mles long and
about 1]/2 miles wide. What appears to be a second belt i s exposed north
and east of Sawpit. The northern linits of this second belt are not known,
but it may extend northwestward to the vanadi um bearing outcrops on
Leopard Creek. A useful horizon marker is a thin layer of light green
sandstone, colored by a finely dissenmnated chrom ummneral, probably
mariposite, which lies a fewfeet bel owthe vanadi um bearing layer in the
Bear Creek m ne-Leopard Creek belt.

The principal ore mineral is roscoelite which occurs in mnute mca-
ceous flakes coating sand grains and partly or conpletely filling the spaces
between the sand grains. The ore ranges from dull greenish-gray to
dark gray, and in general it becomes darker as the vanadi umcontent in-
creases. Small, irregularly shaped quartzitic nodul es and lenses are com
monly enclosed in the ore, especially in ore of relatively high grade.

The individual vanadi umore bodies have a wi de range in size. The
smal| ones are only a fewfeet across; the larger ones, up to several hun-
dred feet across and fromtwo to twenty feet thick, contain many thousand
tons of ore. The known ore bodies of the larger m nes appear to be dis-
tributed irregularly, but they are clustered in poorly defined areas 1,000
to 2,000 feet across. Additional deposits in the Pacerville area may be
difficut tofindbecause of deep drilling depths over alarge part of the area.

From 1910 to 1920, 194,496 tons of ore were nilled and approxi-
mately 3,325 tons of V205 wer e recovered.

Col orado Plateau Deposits of Utah, Arizona, and New Mexico: The
urani umand vanadi um sandst one deposits of the Col orado Pl ateau extend
into Utah, Arizona, and New Mexico. Sinilar in certain respects to the
deposits in Col orado, the deposits in Utah, Arizona, and New Mexico
differ inthat the vanadi um uraniumratio is much | ower than for deposits
in Colorado. They also differ in that inportant deposits occur in the
Shi narunmp congl onerat e and basal sandstones of the Chinle formation as
well asinthe Mrrison formation. Although no vanadi umhas been recov-
ered fromuraniumores in the Todilto linestone in the G ants-Laguna
area of New Mexico, the ores have a vanadi umuraniumratio of about
1to 2.

In the Shinarunmp conglomerate and the Chinle formation, uranium
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deposits low in vanadiumare found mainly in channels cut into the un-
derlying formations near irregular pinch outs of the formation. Carbon-
ized wood fragments or logs, altered gray mudstone, and lenticular sand-
stone and mudstone in the channel fillingindicate a favorable environ-
ment .

Sandst one Deposits of Womi ng and South Dakota

Ur ani um vanadi um deposits simlar to those on the Col orado P ateau
flanktheBlack HIlsinSouthDakotaandWom ng. Thesedepositshave
a relatively | ow vanadi umuranium ratio and on an average contain 0.25
percent VL.05. The uranium deposits in the Gas HIlls area, Wyomi ng,
contain only trace amount s of vanadi um

Resi dual Sedi nent s

Mainly because weathering has renoved the soluble vanadate ion,
residual sedinents generally are |ower in vanadi umthan the average of
the upper lithosphere. An inportant exception to this statenent is the
black sands derived fromthe erosion of titaniferous magnetite deposits.
These bl ack sands commonly contain from0.1 to 0.3 per cent V20B and
are an inportant potential source of iron and vanadi um

Vanadat e Deposits

Vanadi um cappi ngs of oxidized massive sulfide bodi es have in the past
been inportant sources of vanadium In South-West Africa this still is
true. However, deposits of this type do not appear to be inportant poten-
tia resources. Typically, vanadate deposits are in carbonate country rock
in areas of deep oxidation and noderately arid climate. Evidence differs
as to the source of these deposits.7

Vanadat e Deposits of Southwestern United States and Mexico

In Arizona, New Mexico, and the main Cordilleran region of Mexico
fromthe state of Chi huahua south to Hidal go, vanadates of lead, zinc,
and copper have been produced from a number of base-metal deposits.
In general, these deposits are in areas of deep oxidation in a noderately
arid climate. The vanadate minerals, vanadinite, cupro-descloizite, des-
cloizite. nottranite, and minetite, are found irregularly distributed in
the oxi di zed portions of the ore bodi es.

Vanadat e Deposits of South-West Africa

Sout h-West Africa, an inportant source of vanadi um has produced
about 15 percent of the world' s total. Deposits are in the dolomtes of the
Qavi Mountainsinthe Gootfontein-Tsumeb area. 18 82 s! 84 85

The vanadi um bearing minerals, descloizite, cupro-descloizite, vanad-
inite, and nottramte are mned from pipe deposits or steeply dipping
vei n-shaped bodies in the oxidized zones in the Gtavi Dolomite Series.
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Vanadi um nineral s in many deposits are associated in the oxidized zone
with lead, zinc, and copper minerals. Sulfides may or may not be present
or berelated to the vanadi umdeposits.

Vanadat e Deposits of Northern Rhodesia

The deposits of Broken HIl, Northern Rhodesia, occurred in massive
dolonites of the Katanga System:!Ssi 8788 Wth the exception of one
deposit whi ch was al nost whol |y oxidized, the ore bodies consisted of a
core of massive zinc-|ead-copper-iron sulfides, surrounded by an irregul ar
zone of oxidized ore. Although vanadi um tended to concentrate al ong
the margi ns of ore bodies, vanadi um m neral s—vanadi nite and descloizite
—were widely although irregularly distributed throughout the oxidized
zones. The oxidized ores ranged from0.75 to 2.09 percent \20,-,.

RESERVES AND RESOURCES

Vanadi um ranks eighth among the minerals in order of abundance in
the earth's crust. It is more plentiful than many so-called common netal s
such as chrom um zinc, niobium (col umbium, copper, molybdenum
tungsten, lead, and others; but comrercial production of vanadi um has
been fromonly a relatively few deposits. Except for the M nas Ragra
deposit of Peru nost of the vanadi um production has resulted as a co-
product or byproduct of mining for uranium iron, titanium phosphorus.
zinc, lead, mol ybdenum and copper.

In considering reserves and resources of vanadium care nust be
taken not to confuse and use synon\mously the terms "reserves" and "po-
tential resources." The term"ore reserves" connotes tonnage that m ght
be m ned under current econom ¢ conditions. "Potential resources," con-
versely, suggests the amount of ore that might be discovered and even-
tually m ned under suitable but possibly different econom ¢ and technical
conditions and with the possible stimulus of price increase. Reserves
often are devel oped by conpanies to cover a two- to five-year period,
wher eas resource studies may ook forward 25 to 100 or more years.

The most conprehensive published statement of vanadi um reserves
andresourcesis givenin Chapter VI11. Section A Report of the Committee
on Refractory Metals, Mterials Advisory Board.40 In Chapter VIII-A
the Vanadi um Raw Materials Group estimated the potential production
and resources of vanadium from donestic and foreign sources. In the
fol I owing discussions of potential resources, considerable use has been
made of estimated grade, reserve, and resource figures given in Chapter
VI11-A Figures released by the U. S. Atom ¢ Energy Conmmi ssion al so have
been used as wel | as reserve estimates published by other investigators. In
the latter case, for many deposits, the conparative magnitude of vanadi um
resour ces has been indicated rather than given interms of actual estimnated
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tonnages. Reserve figures undoubtedly have been estimated by producing
conpani es for their own hol dings, but commonly this information is of
proprietary interest and has not been disclosed.

The probl em of obtaini ng meani ngful resource or reserve estimates
is summari zed by the Panel on Vanadi um 40

"Al though there is no doubt that the total resources of
vanadi um are very large, only a rough appraisal of these
resources can be made. Precise reserve figures are not available
frommany productive or potentially productive deposits, either
because of inconplete devel opment or company policy. Further-
more, because much vanadiumis obtained as a coproduct or
byproduct of other commodities, appraisals of available reserves
of vanadi um are influenced by the reserves and mining eco-
nomi cs of these commodities."”

This present study follows the report of the Vanadi um Panel and
gives an estimated tonnage for those deposits or districts where sanpling
and devel opment are adequate to express quantitative figures. Semi -
quantitative estinmates wll be given for those vanadi um sources where
tonnage and grade information is inconplete or where it is reasonabl e
to assune that exploration wll result in the discovery of additional
deposits.

In general, "very large" refers to deposits or districts with possible
potential resources of 100,000 or more short tons of vanadi umpent oxi de;
"large" would indicate from 10,000 to 100,000 short tons of V205;
"moder ate" woul d be from1,000 to 10,000 short tons of V203; and the
potentia resources of a “small" deposit woul d be less than 1,000 short
tons of vanadi umpent oxi de.

Estimted grade, reserve, and resource figures are sunmarized in
Tabl e 7.

North America

Maj or North American production of vanadi um has been fromthe

Col orado P ateau sandstone deposits of Col orado, Utah, and Arizona,
and fromsimlar deposits in South Dakota and Wyom ng. Fotentially
inportant sources of vanadiumaso exist in the phosphate rocks, car-
bonaceous shal es, and titaniferous magnetite deposits of |daho, Utah, Ne-
vada, Wyom ng, and New York, as well as in the Quebec and Ontario
Provi nces of Canada.
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TABLE 7
VANADI UM PENTOXI DE—GRADE, RESERVES, RESOURCES
(Adapted fromTabl e 1, p. 231, Ghapter M11-A
Mneral Advi sory Board Report)

Resour ces (i)

- Grade Cnown deposits  len-'iucintita.
Locality and Type Approx. % Short tons Known and
V206 undi scovei ' L-c
Wnited Sates:
Col or ado .
Colorado Plateau; Uravan Mneral Belt 1 251. 175 % 888 Larg\e/e\r/gr‘ya--
Col orado P ateau: "roscoelite" deposits 0.10- 025 u'5,000 Veryla"t =
Uah, Arizona, New Mexico Colorado Plateau: |ow V- 0.5 D Mod t* rate
hi gh U deposits ' N
Womi ng, South Dakota BLack HIls: LowV-high U 0.7- 10 30, 000 Very Lari
sandst one deposits 0.11-0 29 Very large
|daho, Montana, Womi ng, Uah, Nevada, Col orado: 0.6 72,000 Ver.- targe
vanadi um beari ng or gani ¢ shal es U%-0 4 400, 000 Very large
[daho, Montana, Wom ng, Uah: vanadi umbearing 02-05 Very laa.-
phosphat e deposi ts ' ' y1dg.
Wj[]m ng Smal |

[ron M.: titaniferous magnetite

%thorﬁu%m fé)mfe{ smignetne

€rous migne

Viarsnideodgpeahst i t e
.-vouth Bomthwestern U S.
vanadat e deposits

Peru Lar ge-very lel
asphal tite deposits Srmlgl yie
Argentina:
asphaltite and vanadate deposits Very large
Venezuel a:
vanadi um bearing crude oils
Euro%ﬂ1 e and ASkanm' ki titaniferous magnetite depo. 0-
Finl 8 yana um beari ng i ca, vanadi um bearing shale,
titani ferous magnetite, sedimentaryiron, Very large
d phosphat e deposits, coal 0.1-0.5 Moderate-Lai' Lt
India
titaniferous magnetite 0.5-30
Norway, Sweden, France, Germany:
i onof tamA?rous rragrneme ol shale, sedimentary Lo
Transvaal 1Lan ferous magnetite deposits T 25,000 Very arge
Sout h- Vst Afri ca Moder at e
(avi vanadat e deposits Moderate
Northern Rhodesi a:
New Zeal Eﬁ(&)kewl L|Ji V\?'baedaaéﬁ ggﬂgglls Very large
Australia; iron depOSiIS Lar ge- veroy large
(1) Probable seni-quantitative definitions: "Small" =1less than 1,000 short tons V205; “noderate" = 1,001

t0 10, 000 short tons V20s; "large" = 10,000 to 100,000 short tons V205: "\ery large" =rRoIe &han 100, 000
short tons \r2°5-
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Sandst one Deposits of the Col orado Pl ateau
Uravan M neral Belt, Col orado

Vanadi um ur ani umreserves (excluding "roscoelite" ores| of neas-
ured, indicated, and inferred ores estimated for the Uravan M neral Bell
in Col orado (pages 45 to 52) at the end of 1956, 1957, 1958, 1959, and
1960 have been released by the U. S. Atoni ¢ Energy Commi ssion:

Novenber 1956 —4, 100, 000 short tons
Decenber 1957 —4, 100, 000 short tons
Decenber 1958 —4, 400, 000 short tons
Decenber 1959 —4, 500, 000 short tons
Decenber 1960 —4, 000, 000 short tons

These reserve figures for uraniumores, which probably are con-
servative, average about 1.3 percent Vy03, and at the end of 1960 con-
tai ned approxi mately 52,000 short tons of V203.

At the current productionrate, approximately 4to 5 years of reserves
were indicated at the close of each of the past 5 years. Coviously the
reserve figure at the end of any one year does not truly represent the
potential resources of the vanadi umbearing ores. Since potential ores
reasonably can be expected to be several tines the known reserves, very-
large resources of vanadiumare indicated for the Uravan mneral belt.

Rifle Creek-Placerville Dstricts, Col orado

For the "roscoelite type" ores of Rfle and Pacerville (pages 52
to 54), developed reserves ranging from 1.25 to 1.75 percent Vo05
total in excess of 500,000 tons and contain approxi mately 15,000 short
tons of Vo05. Potential deposits, mainly in deep deposits, are estinated
to be several times the known reserves and represent a large to very large
resour ce of vanadi um

Sandstone Deposits of the Col orado Plateau in Utah,
Arizona, and New Mexico

Very large resources of ores with a | owvanadi umto high-urani um
ratio are present on the Colorado Plateau in Utah, Arizona, and New
Mexi co (page 54). These deposits are low in vanadi um-9.10 to 0.25
percent V*Q -, —but account for about 65,000 tons of reserves of vanadi um
pent oxi de.
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Sandst one Deposits of Womi ng and South Dakota

The uraniumores in sandstones flanking the Black HIls in Wyomi ng
and South Dakota (page 55) contain an average of 0.25 percent V_ .05,
A reserve of approximately 800 short tons of V205 is indicated with only
noder at e resour ces.

Organic Shales in the Western United States

Al though other organic shales may be inportant potential sources
of vanadi um reserve and resource estinates are available only for the
phosphatic shale member of the Phosphoria formation (page 32).
Based on a mi ni mum m ni ng thickness of 3 feet, at an average grade of
about 0.85 percent V208, reserves of vanadi um bearing shales total about
65 mllion tons above drainage level. Contained vanadi um amounts to
approxi mately 550,000 short tons of V20g. The vanadi um resources,
which include inferred reserves and nmaterials bel ow drainage level, are
many tines the cal cul ated reserves.

Phosphat e Deposits of Idaho, Mntana, Woning, and U ah

Because of conplex geologic occurrence, inconplete studies, and
econom ¢ variables, estimates of total reserves of vanadi umin phosphate
deposits (page 33) are extrenely difficut to determine. The potential
resources of the phosphate deposits, in addition to the vanadi umin the
organi ¢ shales of the Phosphoria and other formations, probably can be
considered in terms of considerably in excess of 100,000 short tons of
v205.

Titaniferous Magnetite Deposits of Womi ng

Reserve estimates for the Iron Mountain, Albany County, Wyomi ng
ores (page 27) indicate 12 nillion tons of high-grade titaniferous
magnetite, averaging about 0.6 percent V205 and containing about
72,000 short tons of V205. In addition there is estimated to be approxi-
mately 20 mllion tons of |ower grade material containing |arger portions
of rock-formng silicae mnerals. Resources probably woul d be several
tinmes the reserves and woul d be considered to be very large.

Titani ferous Magnetite Deposits of New York

The crude ore being mned from vanadi umbearing titaniferous
magnetite deposits near Tahawas, Lake Sanford area, Essex County, New
York (page 27), averages about 34 percent iron, 18 to 20 percent
Ti 02, and 0.25 to 0. 45 percent V205.

Reserves of known deposits are reported to total 121 nillion tons
of titaniferous magnetite ore of which approximately 100 mllion can be
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consi dered avail able. The total reserves contain about 485,000 short tons
of VL>05 and avail abl e reserves contai n about 400, 000 tons of VOOb.

\'anadate Deposits of Southwestern United States and Mexico

In recent years there has been no production of vanadate ores in
southwestern United States and Mexico (page 55). The total production
has been smal | and potential resources appear to be small.

Titani ferous Magnetite Deposits of Quebec and Ontario,
Canada

Titaniferous magnetite deposits associated with gabbro and an-
orthosite are abundant in the Province of Quebec.40 89 The vanadi um
content of these ores, averaging between 0.25 and 0.5 percent V0O5, is
typical of nost other deposits of titaniferous magnetite. The titaniferous
magnetite reserve estimates vary from2120 nillion to 208 mllion tons and
represent very |arge resources of vanadium S mlar but somewhat snaller
deposits are present inthe Province of Ontario.

South America

South Anerica has been an inportant producer of vanadi um and
gill has inportant resources. In contrast to North American output, nost
of the South Anmerican production and reserves are from asphaltite-type
deposits. The Peruvian M nas Ragra deposit has been the inportant
producer, although m nor production has been reported fromthe vanadate
deposits of Argentina and Chile. Ash from Venezuel an crude oils al so
have vyiel ded vanadi um

Asphaltite Deposits of Peru

Al t hough the fambus M nas Ragra deposit of Peru (pages 29 to 31)
apparently has been al nost conpletely m ned out, Peru remains an inpor-
tant potential source of vanadium It is estinmated that the | ower grade ma-
terial surroundi ng the M nas Ragra deposit and ot her asphal tite deposits of
Peru 38 represents large to very large resources of ore containing 1 to 3
percent V205.

Asphaltite Deposits of Argentina

Because of isolation, scattered occurrence, generally small size, com
bi ned with nonconpetitive fuel value of the solid bitunens, appreciable
amount s of vanadi umprobably woul d not be produced fromthe asphaltite
deposits of Argentina (page 31).
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Crude G Is of Venezuel a

The ash resulting from the burning of the Venezuelan crude ails
(page 29) is high in vanadium These petrol eum deposits probably can
be considered as a very large resource of vanadi um

Vanadat e Deposits of Argentina

Vanadate ores associated with oxidized portions of lead and |ead-
silver veins have a wide distribution in the Provinces of Cordoba and
San Luis. The ore m neral s—vanadi nite, descloizite, and brackebuschite—
line cavities in the oxidized zone. The vanadi umcontent rapidly fals off
in depths, and the resources appear to be very small/'*

Vanadat e Deposits of Chile

Some vanadate ninerals associated with silver-lead and copper
deposits have been reported fromChile. Production has been very linited.
and the potential resources appear to be very small.

Europe and Asia

Iron deposits of Finland, Sweden, Norway, Russia, and India, and
vandi ferous shales in Russia and Sweden contain very large quantities
of | ow grade vanadi um bearing rock. M nor production fromthe western
European nations is derived in part fromeither steel-plant slags or red
muds produced in the extraction of al um numby the Bayer process.

Finland is the only maj or European producer of vanadi um

Titaniferous Magnetite Deposits of Finland

The average ore at Otanmaki, Finland, contains about 35 percent
magnetite, about 28 percent ilnenite, and about 0.46 percent V205, which
is associated with the magnetite (page 28). Representing a very large
resource of vanadi um the reserves have been estimated to be approxi-
mately 50 million tons of titaniferous magnetite containing about 230, 000
short tons of V20; .

Sedi ment ary Deposits of Western Europe

Under normal conditions vanadi umresources in sedimentary deposits
of Western Europe probably are not significant. However, France, West
Ger many, Belgium Netherlands, Luxemburg, and Italy derive a part of
their vanadi umsupplies fromeither steel-plant slags or red muds produced
inthe extraction of al um na by the Bayer process.

Vanadat e Deposits of Spain

Spani sh ores supplied the vanadi umfromwhi ch Kent Smith produced
the first button of ferrovanadiumO00 Although at one tinme a large pro-
portion of the world s supply came fromnear Zafra, Spain, production
never was large. Ore ninerals, vanadinite and descloizite, were found
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in the oxidized portion of |ead veins that cut vanadiumrich clays.
tia resources are snal |l .

Vanadi um Deposits of Russia

Al t hough little is known of Russian vanadi umdeposits, the resources
of vanadi um may be extremely large. Shinkin Ol mentions two general
types of deposits—a roscoelite type and vanadi um contai ning iron deposits.

The Kara-Tau vanadiummnica ore-body in Turkestan is reported
to be of great size. It has been traced for 25 to 30 kiloneters, and its
thickness ranges from 10 to 15 neters. Metanorphi sm of sedimentary
beds has resulted in thin bands of roscoelite alternating with bands of
flint. '

A titaniferous magnetite deposit at Kusa in the Uals, associated
with met amor phosed gabbro intrusives is reported to contain an average
of 0.35to0 0.50 percent vanadi um 12.5 to 14.2 percent Ti 02, and 46.2 to
54.4 percent iron. A simlar deposit at Pervoural'sk, also in the Uals,
contains 0.2 percent V20.-, with 2 percent Ti 02, and 17.9 percent iron.
Bot h deposits are reported to contain about 50,000 tons V20s.

Very large vanadi umresources also are reported at the Kerch iron
mne in the WUkraine. The vanadi um content of the ore is about 0.07
percent, but the enormous size of the deposit, according to Shinkin,
indicates a total of about 2 nillion tons of V203.

Titaniferous Magnetite Deposits of India

Titaniferous magnetite deposits of India near the southern border of
the Dhal bhum subdi vi sion of Si nghbhumand extending into Mayur bhanj ;
near Nuasahi in Keonjhar; andin Qissa north of Godasahi, Nlgiri, and
in the Keonj har district are reported to contain 0.5 to 3 percent V20 .
These deposits, 85 02 93 associ ated wi t h basi ¢ and ultra-basi ¢ rocks, represent
moder at e to | arge vanadi umresour ces.

Beach Sands of Japan

During World War 11 an undisclosed amount of vanadi um was
produced from beach sands of Japan which had been derived from the
breakdown of titaniferous magnetite deposits.

Africa

Vanadate ores of South-West Africa and Northern Rhodesia have
been inportant sources of vanadium Vanadi umnow is being recovered
fromthe potentially i nportant titaniferous magnetite deposits in the Union
of South Africa.

Titani ferous Magnetite Deposits of the Union of South Africa
I'n the Bushvel d Conpl ex, Transvaal, Uni on of South Africa, a 3-foot

Pot en-
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band with a unitorm conposition of 1.25 percent V20.-, has been estimted
by Schwellnus and WIlense34 to contain a possible 1 nillion tons of
V20,> One property in the Conplex has been reported:ir' to have an
estimated reserve of 25,000 tons of V20.-,. These undoubtedly are con-
servative estinates.

Vanadi um bearing titaniferous magnetite resources of the Union of
South Africa are very large.

Vanadat e Deposits of Union of South Africa (Transvaal)

M nor occurrences of vanadinite and descloizite have been found
in oxidized zones associated with deposits of lead in the Union of South
Africa, but the potential resources appear to be very snall.3*

Vanadat e Deposits of South-West Africa

Al though the 1960 production of 1,500 short tons of recoverable
V203 is the highest recorded from the vanadate deposits of the Qtavi
Mount ai ns, South-West Africa (page 55), resources are considered to
be only noderat e.

Vanadat e Deposits of Northern Rhodesia

From 1922 to 1955, Northern Rhodesia supplied about 5 percent
of the world's vanadium Wth the gradual depletion of the oxidized ores
of Broken HIl (page 56), and the devel oping inportance of other
sources of vanadium Northern Rhodesia' s production has been of less

inportance to the world s reserve picture. Potential resources are only
moder at e.

Cceani a

Iron deposits of Australia and titaniferous magnetite beach sands of
New Zeal and represent large to very large potential resources of vana-

USES
Mar ket s

The ultimate user of nost vanadi umproducts is either the steel or
chem cal industries. Apartial list of uses of vanadi umare given on pages
66 to 74. The maj or producers and purchasers of vanadi umores are inte-
grated conpanies in that they not only extract the vanadi um from its
ores, but they also prepare the vanadi umfor use by the ultimate con-
sumer whi ch may be as the pure el enent, an oxide, an aloy additive with
iron, al um num titanium chrom um etc. The small number of purchasers
of intermediate vanadi um products in the United Sates must be con-
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sidered somewhat of a deterrent to the relatively small, independent
pr oducer.

Several essential factors influence the vanadi um market."4 In recent
years, the amount of vanadi umused in a ton of steel has been increasing.
A factor that distinguishes the vanadi um market fromone simlar to the
copper market is that very little vanadiumis recovered as scrap. Upon
renel ting, the vanadi um goes into the slag and does not return to the
industry. Alsoin its use as a catalyst much of the vanadi umis |ost.

O utnost inportance in the present and projected vanadi um markets
is the potential availability of an alnost unlimted industrial supply of
vanadi um Under present econonic and technol ogical conditions, certain
donestic and foreign resources are not economical, but with either an
increase in price or a change in technol ogy, other |arge vanadi um bearing
deposits coul d be brought into production.

The close chemical relationship of vanadium with molybdenum
columbium tantalum and tungsten could have an inportant bearing
on future vanadi um markets. In certain cases the presence of vanadi um
in alloys containing another el ement enhances the properties of the other
alloy material; also to a certain extent vanadiumis a satisfactory sub-
stitute for other alloying materials. This latter factor particularly is true
with regard to mol ybdenum Because vanadi um and mol ybdenum i npart
simlar qualities to steel, under suitable econom ¢ conditions vanadi um
could be an inportant substitute for mol ybdenumin the steel industry.

Applications
Current netallurgical and chemical application of vanadi umis based
on four primary chenical compounds produced during the nilling and
extraction of vanadi um bearing ores:
1. Vanadi umPent oxi de, Technical, Fused
This material is also referred to as "Fused Oxide" and "Fused
Black." Two grades of the fused oxide are being produced.
a. 88to 92 Percent V205
Thi s product is made by the fusion of an intermediate sodi um
hexavanadate (red cake) conmpound. Because this material
is formed by the fusion of an alkali sat, the principal con-
tamnant is sodium The sodium content of the fused oxide
is equivalent to approximately 8 percent Na20, with some
pot assi umal so present.
b. Plus 98 Percent V203 (LowA kal i)
This lowalkali fused oxide is produced by the deconposition
and fusion of ammonium meta- and poly-vanadate inter-
medi ate conpounds. This substance, marketed in the United
States since about 1958, is one of the newest and npst recent
vanadi um product s.
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2. Vanadi umPent oxi de, Technical, Air Dried
This product, commonly referred to as "red cake," is the dried
but unfused sodi um hexavanadate. Theoretically sodium hexa-
vanadate (Na2H2V0O1l7) contains 87.2 percent \20.-, but the
comerci al product usual ly has 83 to 86 percent \V20.-,.

3. Ammoni umMet avanadat e, Techni cal

This vanadi um conpound, usually referred to as "AMV," has
a mini mum grade specification of 99 percent NH4VO3. The
product is made by redissolving red cake in an akaline or am
moni acal solution and crystallizing the AMV by the addition of
excess ammoni um chloride. Ammoni um netavanadate can also
be produced via a solvent-extraction process using tertiary or
quarternary am ne liquid ion exchange reagents.

4. Vanadi umPent oxi de, Purified
The purified vanadi um pent oxi de has an equival ent V205 content
of about 99.6 percent. This compound is produced by cal cination
of ammoni um net avanadat e.

These vanadi um compounds are the basic raw materials used for
maki ng ferrovanadi um vanadi umnetal and nonferrous alloys, vanadi um
catal ysts, and the variety of vanadi um chenicals used in industry.

Ferrous Al oys

Vanadi umis introduced into the various types of alloy steels in the
formof ferrovanadium Between 80 and 90 percent of the donestic con-
sunption of vanadi umhas been used in steel making, mainly in the form
of ferrovanadium alloys. Table 8 shows four grades of ferrovanadi um
allovs currently availableinthe United Saes. 11"

TABLE 8
FERROVANADI UM ALLOYS
Iron- Foundry G ade Vanadi um 38t042 %
Slicon 7t011%
Car bon approx. 1. 0%
QG ade A (pen Heart h) Vanadi um 50to 55%
Slicon maxi mum 7. 5%
Car bon maxi mum 2. 0%
QG ade B (Quci bl e) Vanadi um 50to0 55%+ 70to 80%
Slicon maxi mum 2. 25%
Car bon maxi mum 0. 5%
Q ade C (Prinos) Vanadi um 50to0 55%+ 70 to 80%
Slicon maxi mum 1. 25%

Car bon maxi mum 0. 2%
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Almost all of the ferrovanadi um produced in the United States is

manuf actured by the electric-arc reduction of fused vanadi um pentoxi de.
Carbon, silicon, and al um numare used as reduci ng agents. The electric-
arc furnaces must be designed to produce conditions for an alnost in-
stant aneous reaction because hi gh tenperatures are necessary for the reduc-

tion of vanadi um and because the netal reoxidizes very easily at these
t enper at ures.

The al um nothermi ¢ method of producing ferrovanadium first used
in the American netal industry in 1907, is still practiced extensively in
many countries. Indirect information indicates that the lowal kali fused
vanadi um oxi de may have more advantage in the al um nothermc process
than it does in the electric-furnace method. Apparently vanadi um |osses
are minimzedif the lowalkali fused vanadi umoxide is used.

The two main reasons for using vanadium in steel are to control
and reduce grain size and to increase the tenperature stability of the
steel. Many of the desirable properties whi ch vanadi uminparts to steels
are associ ated with the uni que properties of the vanadi um carbides. Mer-
rill 9' states that vanadi umis thought to strengthen and harden steel by
providing a fine al nost subni croscopic dispersion of vanadi um carbi des.
W th proper vanadi um additions, a uniformfine-grain structure can be
obtained in large forgings even though they must be cooled slowy during
heat treatnent because of their size.

Nearly al tool steels contain vanadi um This preference for vanadi um
is based on the wear resistance, high hardness, and tenperature stability
of the vanadi umcarbides. The tendency for vanadi umcarbi des to coal esce
inthe 1000° to 1200 °F range i s consi derably less than for most other alloy
carbides. This desirable characteristic permits the use of higher working
tenperat ures because the tendency for softening is mnimzed.

Sprankl e °6 has listed the fol | owi ng maj or applications for vanadi umin
steels:

"1. Tool steels use large quantities of vanadiumfor grain-

size control for guaranteed depths of hardening and toughness
after heat treatnment. Vanadi umcontent inthe | owalloy type tool
steels ranges from0.10 percent to 1.0 percent, but generally is
0.20 percent to 0.40 percent V. The usual tool-steel classifi-
cation includes water hardening, hot-work, and special - purpose
grades. Such applications as hand tools, wrenches, punches.
chisel s, and hot wor k di e steels are typi cal exanpl es.

"2. High speed steels are another broad classification of
tool steels where larger quantities of vanadium are used for
hi ghest wear resistance, retention of cutting edge, and as a grain
growth inhibitor. Qiginally, the well-known 18-4-1 (18W 4Cr-
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V) and the 14-4-2 (14W4Cr-2V) were the nost popul ar types
for high speed cutting. Recently, the 6-6-4-2 (6W 6M-4Cr-
2V) has become nmost popular inthe United Sates. For increased
wear resistance, carbon and vanadi umare both increased to take
advantage of the formation of the extrenely hard vanadi um
carbi de.

"3. In the constructional alloy grades of steel, vanadiumis
used as an alloy addition to inprove mechanical properties.
Due to fine dispersion of undissolved carbide at normal quench
tenperatures, the lowalloy type of vanadi umsteels show greater
yield toultimate strength ratios. This, in many cases, is of the
order of 20,000 pounds per square inch higher in the vanadi um
cont ai ni ng steels.

"Anot her desirable feature is that the relative insolubility of
vanadi umcarbi de in quenched and tenpered steels allows hi gher
tenmpering tenperatures to attain the same strength level as their
nonvanadi um bearing counterparts. This quite unique property
of vanadi um results in considerable inmprovement in toughness
or ductility of steels.

"4. In high tenperature steels, the carbide stability of va-

nadi umcarbide at elevated tenperatures contributes to inproved
creep resistance. Chrom um mol ybdenum vanadi um types with
approximately 0.25 percent V are commonly used for high-
tenperature bolting steels. The broad classification may include
steels from0.2 percent to 0.5 percent carbon and 0.2 percent to
0.4 percent vanadium usually conmbined with other carbide-
formng elements such as molybdenum and chrom um These
steels, when suitably heat treated, show marked resistance to
movement or stretch upto 1,000 F.

"5. Cast steels show the same advantages w th vanadi um

additions as wrought products. In addition, the decrease on
dendritic growth in castings is an added advantage in the use of
vanadi um Vanadi um contents ordinarily range from 0.05 per-
cent to 0.20 percent, even up to as high as 0.50 percent vanadi um
usual Iy added with other alloying el enents. Typical steel-casting
conpositions are (1) 0.35 percent C 0.2 percent V, for |oco-
motive motor frames, heavy gear housings, etc.; (2) 15 per-
cent Mn, 0.1 percent V, for transportation equi pment; (3) 15
percent N-0.1 percent V, for heavy equipnent dies; and (4)
1.0 percent Mb-0.2 percent V, for large turbine castings.

"6. Vacuumnelted steels are becoming increasingly im
portant and require special preparation of ferro-alloys in the
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mel ting of extrenely high-quality steels. Although this devel op-
ment is in its infancy, the demand for special-purpose steels
for supersonic aircraft, mssiles, and atomnic energy requirements.
has inposed restrictions on inpurities and gas content of an
extrenely high order. Newtechniques of ferro-alloy manufacture.
including vacuum melting of vanadium netal of high purity,
are under way to meet this chal l enge."

Vanadi um Metal and Non-Ferrous All oys

Al'though Marden and Richl had succeeded in producing ductile
vanadiumnetal in 1929, not until 1950 was a method devel oped which
could produce pure vanadiumin massive formand in sufficient quanti-
ties for potential industrial or mlitary applications. This process de-
vel oped by McKechnie and Seybolt 9T is based on the cal cium reduction
of vanadi umpentoxide in the presence of iodine. The purified vanadi um
pentoxi de, calcium netal, and iodine are charged into a thickwalled
steel vessel. The reaction vessel is sealed, and the reaction is initiated by
the application of heat in an induction furnace. The reaction is rapid.
and within a few seconds a regulus or button of vanadi um has collected
in the bottomof the bomb. The button or regulus that is formed is not
suitable for fabrication and must be renelted in a consunabl e-el ectrode
vacuumarc furnace. The ingots from this renelting are used in the
fabrication of bars, plate, foil, or wire. Very high tenperatures and
pressures are reached during the short reaction period.

The iodine addition provides inmproved energy relationships over the
calciumchloride flux used by Marden and Rich and also pernmits a clean
separation between the molten vanadium netal and the slag that is
formed.

The vanadi umnetal that is produced by industrial nodifications of
the cal ciumiodide reduction technique has a mi ni mum chenical analysis
of about 99.7 percent V. Table 9 lists typical analyses of industrial
vanadi um netal .

The process devel oped by McKechni e and Seybolt was a major step
in transposing vanadi um netal fromessentially a |aboratory curiosity to
metal of highindustrial potential.

Merrill ' B' °8 Schaufus 10° Kinzel 101 and others have discussed the
details of vanadium fabrication. The general procedures of vanadium
fabrication include renelting, hot working, cold working, extrusion.
wel di ng, and machi ni ng.

Pure vanadi umnetal is very ductile and a 99-percent reduction by
cold rolling without annealing is possible. Hot working of the netal also
isnot difficult, but the metal surface nust be well protected during heating
by inert atmospheres or other means if surface contamination is to be
avoi ded. Vanadi um does not show any phase transformation during
heating or cooling, but the renelting and hot working requires protective
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TABLE 9

TYPI CAL COVMPOSI TI ONS OF | NDUSTRI AL
HI GH- PURI TY VANADI UM METAL

No. 19S Vanadium ... ...99.7%
Oxygen...............................0.10%
Ntrogen ... ... . .. 0.04%
Hydrogen ... ... .. .. . ~..0.008%
lron .. .. 0.04%
Carbon. ... ... .003 %

No. 2-° Vanadium ... ... .99.8t099.9%
oxygen.......... 0.05t00.12%
Ntrogen. ... ... .. .. .. ...002to0.04%
Hydrogen. . ... .. ..0.001to 0.004%
Carbon...................................0.03to0.07",

No. 3 -" Vanadium®99.7 to 99.8%

lron..................................010%
Carbon........................ 0.10%
Slicon. ... . 0.05%
Nckel....... ... . ... .. . ... ..0.005%
Chromum...... - ..0.01 %

at mospher es because the hot nmetal oxidizes rapidly when exposed to air.
The oxidation forms V20., which penetrates the surface as small fingers
whi ch f or mperpendi cul ar to the netal surface. This nonuniformoxidation
causes enbrittlement of the surface; the small fingers of V205 aso act
as stress risers and reduce the effective strength of the netal.

Vanadi um netal cold works well if the surface is free from con-
tamnation. If the surface of the netal is oxidized, specia machining
techniques are used to remove the surface layer before cold working.
Extrusion of vanadi umworks well at tenperatures under 1,000°F. This
procedure elinmnates the troubl esome heating step for hot working, and
“warm' extrusion followed by cold working appears to be an econoni cal
route for vanadi um fabrication. The ductile netal has a nmachinability
approxi mately equivalent to that of the nmore difficut stainless steds.
Vanadi umal so can be successfully wel ded i f precautions are taken to shield
the molten metal and adjacent zones from oxidizing conditions.

A list of the phvsical properties of vanadiummetal is given in
Tabl e 10.
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TABLE 10-"

Physical Properties of Vanadi um Metal

At om ¢ numrber 23
At omi ¢ wei ght 50. 95
Reported isotopes 46, 47, 48, 49, 50, 51, 52. 53.
Crystal structure (to 1550 + 10°C)

(2822°F) Body- cent ered cubic
Lattice constant 3,034
Density (g/cc) 6.11
Mel ting poi nt 1900° + 25°C (3452°F),

1919 + 2°C (3486°F)

Boi | i ng poi nt 3000°C (5432°F)

Vapor pressure (1393-1609°C) RIln p = 121.95 x 103T! —
(2539-2928°F) 5.123 x 10-4T + 36.29

R = gas constant (cal mobl deg"11
p = pressure i n at nospher e
In=1ogarithmto base e

T = absol ute tenperature ( ° K)

\oatility at nel ting point Very | ow
Speci fic heat (20-100°C) (68-212°F)

(cal/g) 0.120
Latent heat of fusion 4 kcal /nol e
Latent heat of vaporization 106 kcal / nol e

Enthal py (25°C (77°F) (kal/nole) 126
Entropy (25°C) (77°F) (cal/

nmol e/ °C) 7.05
Thermal conductivity (cal/sq cnl
:Clcm
100°C (212°F) 0.074
500 C (932° F) 0. 088

700 C (1292°F) 0. 084
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Physi cal Properties of Vanadi um Metal
(continued)

Electrical resistance (20°C) (68°F) 24.8
(m crohmcm

30.6 DC (87 F) 25.2
58.9°C (138°F) 27.4

Tenper at ur e coefficient of resistance
(m crohmcm ° C)

0-100°C (32-212°F) 0. 0034
0-200°C (32-392°F) 0. 0033

Thermal enf versus platinumcold
junction (0°C (32 F) (my)

100°C (212°F) 0.63

200°C (392° F) 1.56
400°C (752°F) 3.97
700°C (1292F) 9.26
900°C (1652°F) 13.97
1000°C (1832°F) 16. 71
Magneti ¢ susceptibility 14 x 10° (cgs)

Super conducti ve transition tenperature 5.13 K
Qoefficient of linear thermal expansion 9.7 —0.3 x 10"°/°Cx-ray
(20-270 C) (68-1328°F)

8.95 x 10-VoC dil at oneter
(200-1000 C) (392-1832°Fi

Thermal expansion ( in/in/°C)

23-100°C (73-212°F) 8.3

23-500°C (73-932GF) 9.6
23-900°C (73-1652°F) 10.4
23-1100°C (73-2012°F) 10.9
Recrystal lization tenperature 700- 800CC (1292-1472°F)
(for 70 %col d-rol l ed sheet)
Modul us of dasticity 18 to 19 x 10° psi

Shear nodul us 6.73 x 10° psi
Poi sson ratio 0.36

Thermal neutron-absorption cross
section (barns/atomn 4.98 + 0.02
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Vanadiumis al so being used as an al | oying agent in nonferrous
metals. Both the al um num and titanium netal industries use vanadium
as an alloying el enent, and several grades and types of master alloys are
bei ng produced for these industries. Vanadi um al um numalloys contai ning
from2.5 to 5 percent vanadi umare used as additives for the control of
thermal expansion, electrical resistivity, and grain size in both wought-
and cast-al um numnetal parts.

Master alloys for the production of special titanium netal alloys
are also available. These vanadi umalum num master alloys contain
bet ween 40 t o 85 percent vanadi um

Vanadi um Cat al ysts and Cheni cal Conpounds

Approxi mately five to six percent of the domestic vanadi um con-
sunption is applied directly in the formof various vanadi umconpounds.
Manuf acturing of oxidation catalysts for the chemical industry is the
largest single application of vanadium conpounds.03 The basic raw
materials for the production of these catalysts are ammoni um netavana-
date and purified vanadi um pentoxi de. Some vanadi um catalysts, such
as those used in the sulfuric acid industry, are compounded by manu-
facturers specializing in producing catalysts, but many of the catalysts
used in the organic chenicals industry are made by conpanies that use
them

The application of vanadi umcompounds as catalysts has been stud-
ied extensively. Cosman 1> has published a bibliography of over 300
references on vanadi um catalysts. These references were conpiled from
the chemcal abstracts and cover the years 1940 through 1954. Some of
the current applications of vanadium catalysts in the chenical industry
are as foll ows: 103
1) The manufacture of sulfuric acid
Oxi dation of benzene to mal ei ¢ anhydri de
Oxi dati on of napht hal ene to phthalic anhydri de
Oxi dati on of anthracene to ant hraqui none
Oxi dati on of chlorinated hydrocarbons to naleic or fumaric
acid
(6) Oxidationof acroleintoacrylic acid
(7) Oxidation of tolueneto xylene

(8) Oxidation of al kenyl and al kyl derivatives of pyradenein the
presence of ammoni a

(9) Oxidation of am no acids
(10) Oxidation of cycl ohexanol to adepic acid
(11) Oxidation of napthaleneto 1, 4, naptho qui none
(12) Ammoni a synthesis



74 METAL M NI NG BOARD

(13) Hydrogenation of CO
(14) Dehydration of organic acids to ketones
(15) Dehydrocyclization of paraffin to aromatics such as hexane
to benzene

(16) Dehydrogenation of butane to butenes

(17) Dehydrogenation of butenes to butadiene

(18) Oxidizingagent inthe formation of aniline dyes

(19) Catalyst in petrol eumcracking

The use of vanadium catalysts for conpleting the oxidation of
irritating and smog- produci ng hydrocarbons in autonobile exhaust fumes
is being studied. This application is probably one of the newest being
considered for vanadi umcatalysts, which are often viewed as key process
reagents.

Vanadi um compounds are used in a variety of other industrial
appl i cati ons.

Sodi um vanadate has proved to be a good corrosion inhibitor in
certain types of gas-scrubbing systens. The addition of NaV03 has been
quite effective in scrubbing systems where weak acids such as carbonic
acid are formed during the scrubbing operation.

Vanadi um has been used in ceramcs both as an actual conponent
of refractories and as a coloring material. Ceramcs conposed of Al 003
plus V203 have been used to produce electrical resistors sensitive to tem
perature changes.104 These thernostances have good shock resistance,
moder at e thermal expansion, and high thermal conductance.

Vanadi um has been used in the production of a wide variety of
ceram ¢ colors.104 Combinations of |ead oxide, zirconia, and vanadi um
salts produce yellow colors; and blue to bluish-green shades are made
by combining zirconia, silica, and vanadi um pentoxide. Oher yellow
col ors which have been used for glazes, underglazes, or body stains are
obtained by combining tin oxide and V205. A bright-red refractory
ceramc material is produced when V20.-, Se and Cd are combi ned.

Vanadi um added to glass produces a practically colorless glass that
cuts out nearly dl radiation in the ultraviolet range. Vanadi um bearing
glasses are being considered for use in containers to prevent the loss of
the vitamn content of fruit juices by action of ultraviolet or actinic rays.

Vanadi umcompounds have al so been used in phot ography, nedicine.
and as a dryi ng agent in paint manufacture.

The broad scope and wi de variety of applications illustrate the versa-
tility of vanadium and also indicate that new uses wll undoubtedly be
found for this conplex element. Colorado has very large resources of
vanadi um but to maintain its lead as the principal producer, the state
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must continue studies that will lead to reduction in mining and netal
lurgical costs.

COLORADO PROCESSI NG HI STORY

The history of nmining and nilling of vanadiumin Col orado coincides
closely with the state's production of radium and uranium Al though
some of the plants which processed the roscoelite-type ores produced only
vanadi um nost of the mlls have treated the carnotite-type ores because
the netallurgical and econom c aspects of processing these conplex ores
have been interdependent. The nining and nilling operations on the
carnotite and roscoelite ores have passed through a number of phases in
which the relative inportance of the vanadium uranium and radium
product s vari ed.

The first shipment of high-grade carnotite ore from the Col orado
pl ateau area was made in 1898, and during the next 10 to 12 years appar-
ently the objectives of the mi ning and mlling operations differed at tines.
The initiad mning and nilling installations were designed to produce
urani um and vanadium The uranium was purchased by manufacturers
of ceranics and glass where it was used as a coloring agent.103 The
Curies discovered radiumin 1898, and by the early 1900's some Col o-
rado hi gh-grade carnotite ores were shipped to France for radi um extrac-
tion. Most of the early Colorado mlling processes, however, were not
desi gned to recover radi um and the el ement passed on through the circuits.
The radium was principally associated with the sline portion of the
tailings. By 1911, some "radiumbearing sline" concentrates were being
shi pped. 106 Radi um production increased rapidy and the Encycl opaedia
Britanni ca states that between 1913 to 1923, the United Sates was the
| eading producer of radium Nearly al of the radi umbearing concen-
trates used for this production came fromthe Col orado Plateau area, and
during this period vanadi um and uranium were prinarily considered to
be by- product s.

After the high-grade deposits of pitchblende in the Belgian Congo
came into production in 1922, United Sates radi um production dropped
off rapidly, and vanadium again became the major product from the
mlling operations.

During the early part of 1942, the Army Corps of Engineers started
to produce uraniumfor the Manhattan project, and gradual |y vanadi um
again became a by-product of the Colorado Plateau mlling operations.

The vanadi umproduction fromthe Col orado nills has not been con-
tinuous, and several slunps in production have occurred. Ll ndoubtedlv.
the relative preference for the production of vanadium uranium and
radi umat individual nills may have varied fromthe over-all trends which
have been outlined in the preceding paragraphs. Types of ore, reagent
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availability, transportation, and many other factors have influenced the
flowsheets that have been used in both early-day and present mlling
operations.

Early Processes and Qperations

Ki mbal 107 has stated that the first shipnments of carnotite ore from
Col orado were sold to Charles Poulot in 1898. Poulot, a Frenchman who
had come to the United States to locate ores of rare metals, was particu-
larly looking for uraniumbearing naterials. In 1900 he joined with
F. Voilleque and constructed an experimental plant in the La Sal Creek
area of Western Montrose county.108 The experinents were successful.
and about 120 tons of concentrates were produced. In 1901 together with
M. James McBride, Poulot and Voilleque formed the Rare Metals M n-
ing and MIling Company, and near the present location of Sick Rock,
Col orado, built the first vanadi umuraniummll that was operated in the
Col orado Pl ateau area.

Lake and Lundqui st 10° have described the early vanadi um urani um
operation of the Col orado area, and Table 11 presents data they conpil ed
on the nilling operations of the Colorado P ateau. Several additional
plants not onthe original table are also listed.

The operations of the Rare Metals Mning and MIling Compam
plant are described in detail by Fleck and Hal dane. 108 A bl ock-type fl ow
sheet is shown in Figure 5. The vanadium and uranium values were
extracted by an acid-leach process. The ore was crushed by hand to about
a mnus-three-inch size and dry ground to pass a 40-mesh screen. The
ground ore was mxed with water and sulfuric acid, and the slurry was
stirred by hand with wooden paddles. The acid addition was about 50
pounds per ton of ore. The pregnant liquor plus the slims were decanted
and precipitated with sodium carbonate. The precipitate was allowed to
settle and then collected on a sand filter. The product was air dried and
sacked for shipment. Normally the product was yellow and contained
about 12 percent U 1Gs and slightly over 12 percent V205.

The Rare Metal s operations were transferred to the Western Refining
Company in 1903 and then to the Dolores Refining Company in 1904.
Bot h of these conpani es used the Haynes- Engl e carbonate-1each extraction
procedure. 108 110 Figure 6 shows a sinplified flowsheet of the Haynes-
Engl e process.

The ore was dry ground to minus-14 mesh and boiled with a 10-
percent solution of sodi umcarbonate. The uraniumand part of the vana-
di umwere precipitated by adding sodium hydroxide. This product con-
taining about 85 percent U>08 was filtered and dried. The vanadiumin
the filtrate was precipitated as a calcium vanadate by adding nilk of
lime. The barrenfiltrate was either discarded or recarbonated with carbon
di oxi de, andrecirculatedtothe | eachi ng operation.
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Figure 5—Rare Metals Mining and MIling Company MII
Mclntyre District 1900-1902

The American Rare Metals Company, the successor of the Dolores
Mining Company, used an acid-leach process which produced both a
urani um vanadi umproduct and a radi um slime concentrate. Figure 7 illus-
trates the flowsheet that was used. 109 16 Thefinelycrushed ore was | eached
with sulfuric acid. This |each dissolved much of the uranium, vanadium,
copper, and iron contained in the ore. The clear liquor was decanted
fromthe solids, and sulfur dioxide was added to reduce the vanadi um
and iron to the ferrous and vanadyl forms. Calciumsulfate was precipi-
tated by adding lime and this material was separated fromthe liquor by
decantation. The precipitation was conmpleted with additional |imestone.
and a concentrate containing approximtely 20 percent U30s and an
equival ent amount of V20j was obt ai ned.
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Figure 6 —Haynes-Engle Process

The radiumwas contained in the slimes fraction of the acid-|eached
residue. These slinmes were recovered by classification and air dried. A
product carrying as high as 100 nmilligrams of radiumper ton was pro-

duced.

The first salt-roast plant on the Col orado Plateau was built by the

Primos Chem cal Company at Newm re, Colorado. This plant which proc-
essed the roscoelite ores of the Placerville district operated intermttently
between 1910 and 1922. Figure 8 is aflowsheet showi ng the various steps

of the Primps operation. 109 106

The ore was mixed with salt and coarsely ground. The mixture was
then dried to about 1-percent noisture and reground to minus-20 mesh.
This ore-salt m xture was roasted for about three hours, and the calcine
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Figure 7 —American Rare Metals Company Fl owsheet
Ml ntyre Dstrict (Sick Rock) 1912

was |eached with water. The vanadi um which was converted to sodium
vanadat e during the roasting operation was readily soluble in water. The
sol utions were recovered fromthe | each slurry by filtration, and the vana-
dium was precipitated as an iron vanadate by the addition of ferrous
sulfate. The iron vanadate was filtered, dried, and packed for shipment
to Prinps, Pennsylvania, where it was reduced to ferrovanadi umby the
Col dschmi dt al um not hermi ¢ process.

Early accounts of the initial Prinmps operation indicate that partial
volatilization of the vanadi umduring the roasting operation was a prob-
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lem an effect that may have been caused by a conbination of reducing
conditions and an essentially dry atnmosphere in the roasters. Apparently,
however, the probl emmust have been solved after a relatively short period
of operation.

The Standard Chenical Company operated a 50-ton-per-day up-
grader at the site of the present Uravan plant. This operation which was
known as the Joe Junior MII operated intermttently from 1915 to 1923
and produced significant quantities of a concentrate containing about 4
percent U308 and 12 percent VOO3. A wet sand-slinme separation was used
to produce the concentrate, which was dried and shipped to the Standard
Chemi cal Co. plant in Pennsylvania where the uranium radium and va-
nadi umwer e separated i n a rather conpl ex process.

Devel opnents Between 1924 and 1940

After 1924 the vanadi um and urani umfl owsheets gradually became
mor e conpl ex. The circuits also were changed constantly, and many com
bi nations of the basic acid-leach, alkaline-leach, and salt-roast processes
wer e used. Fol lowing are some of the reasons given for rapidly changing
process net hods: 100

1. Varying demands over the years for vanadi um uranium and

radi umval ues.
. Tightening of specifications onfinal products.

Nor mal quest for i nproved recovery and | ower costs.

Const ant i npr ovenent of processing equi pnent .

W dely varying character of the vanadi um urani um ores of the
Col orado Pl at eau area.

As an exanpl e of the evolution of vanadi um processing, Lundquist and
Lake have given the follow ng account of changes which took place at
the North Continent M nes Company plant at Sick Rock, lorado.10i)

"The first North Continent plant was built in 1934 and the
process, as shownin Figure 9, was patterned after the operations
of the Shattuck Chemical Company in Denver. This conpany-
was treating carnotite ore on a linmted scal e by use of a patented
"acid cure' process, which was devel oped by J. S. Potter, Man-
ager of the company. The North Continent M nes Company was
formed by the W A. Baehr organization of Chicago, which also
control | ed the Shattuck Cheni cal operations.

o s W

“I'nthe first fl owsheet, the ground ore was m xed with con-
centrated sul phuric acid and water, and the m x allowed to cure
for about 24 hours in order to render soluble both the urani um
and vanadi umval ues.

"The cured mass was broken up, pul pedwithwater, andthen
classified by means of a counter-current classification-wash step.
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The insoluble radi umbearing slines and soluble vanadi um and
urani umval ues were removed in the overflow and the sand rake
product sent to waste. The radium concentrates were recovered
and washed inafilter press, then dried and shipped to the Shat-
tuck Chemical Company in Denver for final treatment. The
acid leach liquor was evaporated in lead-lined vessels and steam
jacketed kettles to near dryness. The solid residue was then
roasted in a reverberatory furnace at 1200° F. for conversion
of the vanadi umsul phate to iron vanadate. The soluble uranium
and al um numsats in the calcines were dissolved in water and

Dry Ore Preparation
H2S04 (concentrat e)
Acid Cure Digestion
* Water

Dlution and dassification Sands to Wast e

Radi um Sl'i me

Fltration Concentrate

Evaporation and Roast Step

-Vt er
Digestion and Fltration Iron Vanadat e Concentrate
Na2C03
Precipitation and Fltration Al umi na to Wast e
Precipitation and Fltration Sodi um Di uranate Concentrate

Fltrate to Waste

Figure 9 —North Continent M nes Company (Qrcuit 1)
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the insoluble iron vanadate separated and washed in a filter press.
The iron vanadate was dried and later converted to ferro-vana-
dium by the Alum na Exothermic process. A waste al um num
hydroxi des product was then precipitated fromthe filtrate by pH
adjustment with soda ash. Following the clarification of this
liquor, a lowgrade uranium concentrate was precipitated with
caustic soda. This product was converted to uranyl acetate or
uranyl nitrate by dissolving in the corresponding acid and crys-
tallizing the urani umsalts.

"The second modification of the acid cure process practiced

at Sick Rock included a vanadic acid precipitation step for vana-
di umrecovery, as shown in Figure 10. Inthis step, the vanadic
acid was precipitated by proper pH adjustnment of the boiling
solution after the addition of an oxidizing agent. The vanadic
acid was fused into the commercial vanadium product. The
urani umbearing filtrae was partially neutralized with soda ash
to produce a ferric sul phate whi ch was filtered off and di scarded.
The filtrate was neutralized with caustic soda and a | ow grade
urani umprecipitated. This product was further refined by redi-
gesting in sodium carbonate solution and evaporating to crys-
tallize a sodi umuranyl carbonate salt.

"A mgjor change was again made in the flowsheet in 1941
by adoption of a conbination sat roast, water |each, and acid
| each process, as shown in Figure 11. In this conbination of
steps, part of the vanadi umwas extracted in the water |each cir-
cuit, while additional vanadium and al of the uranium was
recovered in the acid leach circuit. The two liquors obtained
were clarified and combi ned to produce a vanadic acid sat after
oxi dation and hydrolysis. The red cake was fused for shipment.
The uraniumbearing filtrate was treated with soda ash for pre-
cipitation of a waste al umi na cake, and the urani umwas recov-
ered by precipitationfromthe filtrate with the addition of caustic

soda. "

A good deposit of the roscoelite vanadiumore was di scovered near

Rfle, Colorado, in 1909. Devel opment of this deposit was started in 1921.
and in 1924 a mll was built at Rfle, Colorado, to process the ore. In
1926 the property was sold to the Union Carbide Corporation and was
operated by the United States Vanadi um Company, a subsidiary of the
parent corporation. The mll was shut down in 1932, but was reactivated

in 1942.

The Rifle mll was the second salt-roasting operation in Col orado.
and the flowsheet was simlar to that of the Primos Chem cal Company
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Figure 10 —North Continent M nes Company (Qrcuit 2)

except that the vanadi umwas precipitated as a sodi um hexavanadate red
cake rather than as an iron vanadate. The initia flowsheet is shown in
Figure 12.

The ore was crushed and dry-ground to about mnus-14 nmesh and

subsequently roasted with about 7 to 8 percent by weight of salt (NaCl).
The roasted cal cines were percolation | eached with water, and the | eached
residue was sluiced to a tailings pond. The vanadi umval ues were recov-
ered fromthe pregnant liquor by the sodi um hexavanadate precipitation
procedure. Sulfuric acid was added, and the solutions were heated. After
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Figure 11 —North Continent Mines Company (Crcuit 3)

several hours of heating and gentle agitation, the precipitation was com
plete, and the vanadi um was concentrated into small spheroidal red-cake
particles. This material was filtered, washed, and fused to forma product
suitable for the manufacture of ferrovanadium The fused oxide was
shipped to Niagara Falls, New York, and other eastern plants of the
parent corporation for the ferrovanadi umconversion.

The operations of the Standard Chenical Conpany at Uravan, Colo-

rado, were purchased by the Uni on Carbide Corporation; in 1936 a salt-
roasting flowsheet sinilar to the Rfle circuit was placed in operation. In
1939 an acid-leach step was added for the extraction of uranium and
additional vanadium The regular salt-roast tailings were treated in this
circuit.109 In 1946 a somewhat sinmilar circuit was added to the Rfle
operation.

The original salt-roast plant at Naturita, Colorado, built by the Rare
Metals Company about 1930, was not operated until 1939 when the Vana-
di um Corporation of America purchased the plant and rebuilt it.111 The
plant site, three mles fromthe town site of Naturita, was chosen because
it offered a good combi nation of ore, water, and coal supplies.
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Figure 12 —Rfle Plant Fl owsheet (About 1926)

The flowsheet, very sinmlar to that of the Rfle mll (Figure 12), is
described in detail by Kent.111

The ore was crushed to minus 1%inches in a jaw crusher, dried, and
ground to mnus-14 mesh in arod nmll. A six-percent-by-weight salt addi-
tion was made, and the ore was roasted in a multiple-hearth roaster. The
ternminal roasting tenperature was approxinately- 1600°F. The hot cal-
cines were quenched into water and |eached in percolation tanks. A red
cake was precipitated fromthe pregnant water-leach liquor by the addition
of sulfuric acid and heat. As in the Rfle operation, enough acid was
added to produce an acidity between 2.5 to 3.0 pH. Thefilteredand
washed red-cake product was either dried or fused before shipnent.
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Devel opments During World War 11

Two significant events took place during the early 1940's, one of
whi ch was to have a pronounced and prol onged effect upon the vanadi um
industry of Col orado. The first of these devel opments was the construction
of two new vanadium nills located at Durango, Colorado, and Monti -
cello, Utah, respectively. The war effort had increased the demand for
vanadium and in 1941 the U S. Government financed the construction
of these nills through its agent, the Metal s Reserve Company. The second
and nmost inportant event was the advent of the nuclear-energy program
in 1942-1943 when the Army Corps of Engineers started recovering
uranium from the Uravan tailings for the Manhattan Project. Wthin
arelatively fewyears, urani umwas destined to become the maj or product
from the Colorado operations, and vanadium was again reduced to a
by- product status.

The new sal t-roast vanadiumm|ls which were constructed at Durango
and Mnticello had flowsheets sinmlar to the earlier Rfle and Naturita
operations. The Durango mll was built and operated by the United Sates
Vanadi um Company. The plant site had fornerly been occupied by a
lead-zinc snelter which was converted to vanadi um production within
66 days after construction was started in early 1942. n-

The Monticello nmill was designed and operated by the Vanadi um

Corporation of America. The nill, a conpletely new plant, was placed
on streamin August 1942. Theflowsheet was a slight nodification of the
Naturita flowsheet. Pyrite was added to counteract the undesirabl e roast-
ing effect produced by the "high" |ime ores of the area; an al kal i ne-sodi um
carbonate |each solution was used in place of the neutral water-Ieach
liquors that had been used in previous circuits. The M ning World Maga-
zine 113 gives the following brief description of the Mnticello flowsheet:

"The carnotite oreis m xedwithironpyrite (3 percent addition), crushed,
dried to 3 percent noisture, ground to m nus 10-nmesh, m xed with ordi-
nary salt, roasted, and leached with a soda ash solution. The vanadi um
isprecipitated fromthe solution by addition of sulfuric acid, the precipi-
tate is washed, partially dried, fused into a cake, and shipped for con-
version to ferro-vanadiumfor use in making steel alloys." A noderately
detailed process flowsheet and description are also presented in the article.

The Durango and Mnticello operations were tenporarily shut down
in 1946.
Ot her salt-roast vanadi um plants also operating during this period

were the Gateway Alloys nill at Gateway, Col orado, (1941 to 1943) and
the Bl anding M nes Company nill at Blanding, Utah, (1940 to 1943).

By 1943 the Army Corps of Engineers was operating |eaching plants
for the recovery of uraniumfromthe salt-roast tailings of the Uravan
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and Durango vanadi um circuits. U anium vanadi um concentrate produced
at each of the plants was shipped to Grand Junction, Col orado, for addi-
tional refining. The refinery flowsheet (Figure 13) has been described
by Lake and Lundqui st. 109

The salt-roast tailings were |leached with about a 3 to 5-percent sul-
furic acid solution in percolation |each tanks. The urani umand vanadi um
val ues whi ch went into solution were recovered as a "green sludge." This
sludge was precipitated by adding NaXOo or NaOH to the acid-leach
liquors after the vanadi um had been reduced to the quadrivalent state
with netallic iron. The "sludge" was filtered, dried, and shipped to the
Grand Junction refinery, which was located on the site of the present U S
At omi ¢ Energy Commi ssion compound at Grand Junction; the operation
was basically a soda-ash roast process. The dried sludge was m xed with
sodi um carbonate and roasted at about 750°C in a Skinner miltiple-
hearth furnace. The vanadi um was converted to sodium vanadate and
was recovered fromthe calcines by water leaching. An al um na-cake pre-
cipitation step was used to decrease the phosphorous content of the water-
leach liquors, and a red-cake product was then precipitated by the normal
sulfuric acid procedure. The uranium remained in the water-|eached
residue, and this product was dried and shipped to eastern plants for
addi tional purification.

Devel opments After 1946

During the postwar period between 1946 and 1948, dl of the vana-
diumnills were shut down with the exception of the plants at Rfle and
Naturita. In 1948 the U. S. Atom c Energy Conmi ssion inaugurated a
new domestic urani umproduction program which reactivated many of
the ol der plants. W th the newurani umore processing pl ants constructed, 26
urani um and urani umvanadium nills are now in operation; of these
six are produci ng vanadi um Flowsheets for the four vanadi um producing
plants located in Col orado are described on pages 102 to 119. The other
two uraniumvanadi um plants are the M nes Devel opment Inc. mll at
Edgemont, South Dakota, and the Kerr-MCGee Gl Industries operation
at Shiprock, New Mexico. Postwar devel opments in the extractive metal -
lurgy of vanadi umare described on pages 90 to 102.

RECENT PROCESSI NG DEVELOPMENTS

The extraction and recovery of vanadium fromits ores is a good
exanpl e of the practical and enpirical processing technology preceding
the theoretical understanding of the process chenistry. Even today many
of the reactions which have been used for years in the processing oper-
ations are not quantified. The salt-roasting procedure has been practiced
in Col orado since about 1910, but one of the fewif not the onh known
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Figure 13 —Tailings Treatment Plant, Manhattan Project

discussion of the kinetics of this reaction was presented recently by
Dresher. 114 The ionization and reaction mechani smof the red-cake precipi-
tation technique is not definite. Several theories on the ionization of
vanadium in acidic solutions have been proposed, but the differences
bet ween the hypotheses apparently have not been resol ved.

Virtually every article and publication on vanadi um processing and
vanadi umcheni stry comments on the conpl ex and seemi ngly unpredictable
behavior of vanadium in both acidic and alkaline solutions. Probably
a significant percentage of the apparently erratic reactions observed and
reported have been due to the unrecognized effects of other elements and
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conpl exes. The operators of vanadi um producing mlls have |earned that
al nost trace amounts of other el ements can have a pronounced effect upon
the behavior of the mlling circuits. Plants such as those operating in
Col orado whi ch process ores frommany different mning operations find
that a single new ore can introduce unexpected changes in process re-
actions. Problems and circuit bottlenecks which come and go often before
a rational explanation can be devel oped have been an intrinsic part of
vanadi um recovery operations.

Previous sections of this report have shown that nearly al donestic
vanadi um production has been fromthe Colorado Plateau area. A sub-
stantial share of the balance of current world vanadi um production is
derived fromthe vanadi um bearing titaniferous magnetite iron ores being
m ned and processed in Finland and South Africa. The lead and zinc
vanadat es of Northern Rhodesia are al so an inportant source of vanadi um

Vanadi umis now bei ng recovered as a byproduct frommanufacturing
el emental phosphorus; extracting vanadi um from certain crude oils is
al so receiving some study.

The processing devel opments which have occurred during the past
10 to 15 years are discussed in the fol | owi ng paragraphs.

Processing Col orado Pl ateau Deposits

Col orado vanadi umproduction has come fromecarnotite and roscoelite
deposits, but during the past 10 years, essentially al production has been
fromthe carnotite-type ores. Although urani umhas been the maj or product
during the period, vanadi umprocessing has been affected by the extensive
research and devel opment programs on urani um recovery. The processing
techniques or operations which have been adopted by the uranium
vanadi um processing nills can be classified in the following three cate-
gories:

1. Extraction or solubilization of vanadium

2. Urani um vanadi um separations

3. Recovery of vanadium from solution and product purification.

Al t hough these are not conpl etely clean-cut distinctions, the classifications
can serve as a basis for exam ning process devel opnents.

Extraction or Solubilization of Vanadi um

The salt-roast and acid-leach processes are currently being used to
bring vanadiuminto solution. The basic steps being followed are quite
simlar to those of the earliest operations, but inproved equi pment and
control s have increased processing efficiency. Flowsheets of current plant
practice in Col orado are presented on pages 102 to 119.

Salt Roasting. The classical salt-roasting procedure consists of mixing
the ground ore with salt and roasting the mxture for 60 to 90 m nutes
at about 850°C. W th proper roaster control, between 70 and 80 percent
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of the vanadiumin the ore is converted to water-sol uble conpounds.
This soluble vanadi umis quickly taken into solution when the hot cal-
cines drop into the quenching or cooling-leaching operations that follow
the roasting step. After the soluble vanadi umvalues are removed during
the water-|eaching operation, the uraniumand some additional vanadi um
are recovered by acid | eaching.

During the past 10 years the primary enphasis has been on uranium
production, and the conditions of the roasting operation have often been
a comprom se between those that are optimumfor urani umextraction and
conditions that favor the vanadi umconversion.

A number of different vanadiumbearing nminerals are present in
carnotite-type ores; thus a variety of conpl ex reactions undoubtedly occur
during the roast. Recently, however, Dresher has denonstrated the im
portance of two reactions which occur during the formation of water-
sol uble sodi umvanadate compounds by the salt-roast process.114 Both
reactions involve the oxidation of sodiumchloride. In one reaction the
oxidation is by water vapor and in the other by oxygen. The over-all
reactions can be presented as fol | ows:

2Na0l + V203 + H20 -> Na20 « V20s + 2HCL (1)
2NaCl + V205 + 1/202 -» Na20 « V20, + d2 (2)

Dresher's findings show that the first reaction is the nore predoninant
of the two. The rate-controlling step for this reaction is apparently the

deconposition of a water-NaCl species at the gas-solid interface. The

rate of oxidation of sodiumchloride by oxygen is dependent upon the

diffusional process which carries the oxygen from the gas-solid inter-

face to the reactive site. Experimental studies and actual nilling ex-

perience have indicated that a variety of operating variables must be

considered to assure a successful salt-roasting conversion. These process

variabl es include such things as ore constituents, grind, reagent additions,

roasting tenperature, roasting time, and roasting at nosphere.

The limestone or cal ciumcarbonate content of the ore is one of the
gangue constituents which can markedly affect the salt-roast reaction.
Cal ciumcompounds can react with the vanadi um bearing nineralsto form
cal cium vanadates insoluble in water. Carnotite ores (at 15 percent
VOO5) containing less than 3 percent CaC03 are the nost desirabl e roaster
feeds. If thelime (CaC03) content exceeds 6 percent, the formation of the
cal ci um vanadate becomes excessive, and the water-leach extraction of
vanadi um drops bel ow 60 percent. Some data and operating experience
have indicated that ratio of CaC08 to V205 is also a variable. As the
vanadi umgrade of the roaster feed increases, the permssible |ime con-
tent of the ore can also increase. Some carnotite ore concentrates contain-
ing 4 percent or more V205 have been successfully roasted even though
the CaC03 content was greater than 6 percent. Burwell115 has stated that
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a variety of other calcium conpounds can formduring the roasting reac-
tions and that the conpositions depend upon the ratio of the constituents
inthe oretogether with roasting conditions. Some of the reaction products
mentioned include calcium silicate, calcium iron silicate, and conpl ex
cal ci umiron-magnesi um al umi num silicates. The formation of the com
plex cal ciumiron silicates apparently represses the formation of the water-
i nsol ubl e cal ci umvanadates, and iron pyrites have been used as a roaster-
feed additive to promote this favorable equilibrium113 Pretreatnent of
"high lime" ores with sulfuric acid or sulfuric-hydrochloric acid com
binations have been used. The objective of these preroast operations is
either to convert the CaC03 to the less reactive CaS04 or to dissolve
partially and remove the linme as soluble CaC 2.

Q her ore conponents —phosphorus, arsenic, and nol ybdenum —

can principally affect the separation and precipitation of vanadium
whereas organic materials can produce an undesirable reducing at-
mosphere in the roaster. An efficient salt-roast conversion may be ob-
tained by grinding the ore fine enough to give a reasonable degree of
liberation. The vanadi umvalues in the carnotite ores are associated with
the cementing material s between the silica grains of the sandstone matrix.
For most Col orado ores a minus-14-mesh grind wll expose the vanadi um
mneral s. Other vanadi um bearing ores such as the titaniferous magnetites
must be ground much finer before efficient roasting reactions are possible.
u«29 117 jf tre sajt an(j ore are we]j blenclec[ before entering the roaster,
a mnus-10-mesh salt can be used: The salt-roast conversion is probably
a solid-liquid-gas reaction; Dresher 114 has shown that the reaction rate
nearly doubl es when the roasting tenperature reaches the melting point of
sodiumchloride (800°C). If the reaction mechani smwas not dependent
upon the uniform reagent distribution provided by the nmolten NaCL, a
finely pulverized salt woul d probably be necessary.

The standard rule of thunmb for salt additions to roast operation has

called for an addition of 6 percent sat plus an additional 1 percent of
salt for every percent of vanadi umpresent in the ore. Experinmental and
operating experience has shown that for optimumextractions, the residual
NaCl content of the roaster cal cines shoul d be about 1 to 2 percent. If the
residual NaCl is less, the vanadi umextractions can usually be inproved
by increasing the salt addition. Ot her roasting reagents such as sodium
carbonate and sodium sulfate have been used. The principal application
of sodi um carbonate has been for roasting vanadi um bearing precipitates
and other high-grade or |ow silica materials. Sodiumchloride is a more
selective and desirable roasting reagent for silicious ores. Sodium car-
bonate reacts with silica to formsoluble sodi umsilicate compounds whi ch
conplicate subsequent separations and precipitations. Sodium sulfate is
also an effective roasting reagent, but econom c considerations have
favored the use of sodiumchloride in the Col orado Plateau operations.
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The roasting tinme and tenperature are inportant process variables.

The optimum conditions for individual ores do vary, but nost carnotite-
type ores respond to roasting tenperatures between 820° and 850 °C. The
permssible tenperature variation is often small, and tenperature control
within aplus or m nus 5°Crange woul d be very desirable. At tenperatures
much above 850°C, the vanadi um extraction usually decreases. The exact
mechani smof this loss, referred to as the "silica tie up," has not been
identified; but a silica-vanadi um association is indicated because much of
the vanadi um can be recovered during laboratory tests by leaching with
dilute hydrofluoric acid. Equivalent strengths of sulfuric or hydrochloric
acid do not extract this vanadium

In general, the higher roasting tenperatures al so adversely affect
the urani um extractions which can be obtained during the acid-Ieaching
operation on the roaster calcine. Although the uranium ninerals are not
converted to water-soluble compounds during the salt roast, the com
position of the uraniumbearing compounds is altered. Probably some
formof sodi umor potassiumuranate i s produced. Evidence of a change is
indicated by the greatly increased acid-leach extraction rates of the
uraniumin salt-roasted cal cines over that obtained on the same ore before
roasting.

The optimumretention time at roasting tenperature is normally be-
tween 60 to 90 minutes. The initial reaction rates of the salt-roast reaction
are relatively fast: Dresher's data 114 show that at least one of the major
reactions is approxi mately first order. Probably over 70 percent of total
conversion is conpleted within the first 20 minutes at roasting tenpera-
ture, but because the reactionis concentration dependent, the rate decreases
quite rapidly.

The reduced extractions associated with either excessive roasting tine
or tenperature are also referred to as loss caused by "over roasting."
The sensitivity of ores to over roasting varies, but in general the oxidized
ores are somewhat less sensitive than the more reduced ores in which at
least part of the uraniumand vanadi umare in the |ower-valence states.

The vanadi ummust be in the pentaval ent state before the salt-roasting
reaction can occur. If the ore feed contains mnerals inwhich the vanadi um
is present in the trivalent or quadrivalent state, the minerals must be
oxi di zed before water-sol uble vanadi umcan form Good roast conversions
are assured by mintaining an oxidizing atmosphere in the roaster. |f
reducing environment is present wthin the roaster, the pentavalent
vanadi umwll be reduced, and the production of water-soluble vanadi um
compounds wll be very low Probably the principal cause of reducing
at mospheres during salt roasting is the presence of organic material in
the ore feed. Even these materials can be roasted, however, if sufficient
contact and retention tinme are allowed for essentially conplete oxidation
before roasting tenperatures are reached.
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Aci d Leaching. The acid-|each recovery of vanadi umwas practiced
inanumber of early Colorado nills, but nost of the vanadi um produc-
tion in Col orado has been fromsalt-roasting operations. During the past
year several U S. plants have started producing vanadi umvia an acid-
I eaching route. This revival of vanadi um recovery by acid |eaching has
been a byproduct of the devel opments on acid-leach recovery procedures
for uranium Most of the uraniumrecovery operations are based on acid-
leach circuits, and some of the ores contain appreciable amounts of
vanadi um

In general, the vanadi um content of the Col orado Plateau ores is
mor e refractory to acid | eaching than is the urani umfraction. Arelatively
mld acid leach which wll dissolve 90 to 95 percent of the uranium
values wll solubilize only 30 to 35 percent of the vanadiumin the ore.
Much of the vanadi um content of the carnotite ores is associated with
clay minerals which are not readily attacked by acid solutions. However,
the possibility of increasing vanadi um extraction in the acid-Ieaching
circuits has been of interest to the uraniumindustry. The vanadiumis
brought into solution by increasing the acidic strength of the |eaching
liquors by raising |eaching tenperature and, in some cases, by adopting
longer extraction times. |f severe enough conditions are used, essentially
conpl ete acid-leach recoveries of vanadi umare technically feasible, but
econom ¢ factors such as reagent costs and capital investment limt the
practical recoveries that can be realized for any given ore supply.

Anot her factor whi ch has hel ped to revive the interest in acid recovery
of vanadiumis the devel opment of ion exchange and sol vent-extraction
techni ques that can separate urani umand vanadi um in acidic solutions.
Simlar procedures have also been devel oped that can recover vanadi um
from acid solutions. Four uraniumvanadium nmlls are using solvent-
extraction techniques for the recovery of vanadi um

Ur ani um Vanadi um Separ at i ons

Separation of urani umand vanadi um has been one of the principal
probl ens of the Col orado vanadi umindustry. Until the installation of the
first urani umion-exchange plants in the early 1950's and the construction
of the initia solvent-extraction circuits in about 1957, the uranium
vanadi um separations had been based either on roasting and fusion reac-
tions or on rather touchy chemcal-precipitation operations.

The salt-roasting procedure has provi ded an econonical technique for
bul k separation of vanadi umfromurani um undoubtedly one of the rea-
sons why this procedure has remained in use for many years. The cheni cal
separation of uraniumand vanadiumin acidic solutions is difficut and
relatively expensive. The flowsheets given in pages 75 to 90 describe
some of the procedures that have been used.

Bot h the ion-exchange and sol vent-extraction separation for uranium
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and vanadi um were devel oped by research programs sponsored by the

U S. Atom c Energy Commi ssion and its predecessors. Many of the gov-
ernment reports that have been published on both the ion-exchange and
sol vent-extractions procedures are cataloged in the Nuclear Science Ab-
stracts.

The ion-exchange and sol vent-extraction separations are based on the
ability of the organic compounds of the am ne and organophosphorous
fanmlies to exchange urani umions selectively fromsolution.

The i on-exchange resins used in the urani umindustry are classified as
anionic resins. The active exchange site is a quarternary am ne structure
capabl e of selectively exchanging the uranyl sulfate anionic conplex away
from quadrivalent vanadi um cations. The am ne reagents used for the
sol vent-extraction procedures are liquid anionic ion-exchange reagents
whi ch function sinlarly to the solid ion-exchange resins.

The organophosphoric acid solvent-extraction reagents are cationic
exchangers. The uranyl cations exchange with the hydrogen of the or-
ganophosphori ¢ acid.

The uraniumions held on the exchange sites of the resins or solvent-
extraction reagents are eluted or stripped fromthe reagent with sol utions
of various inorganic compounds. Acidified chloride, nitrate, and sulfate
solutions are used to elute or strip uraniumfromthe ion exchange resins
and the amne-type liquid-ion-exchange reagents. Sodium carbonate is
used to strip the uraniumvalues fromthe organophosphoric acid-extrac-
tion reagent.

A description of the function and application of ion exchange and
sol vent extraction in several current urani um vanadi umflowsheets is given
on pages 102 to 119.

Recovery of Vanadium from Sol ution and
Product Purification

The uraniumfree solutions produced by the salt-roast operations are
slightly basic; whereas the uraniumbarren effluent or raffinate fromthe
i on-exchange and sol vent-extraction separations is acidic. The procedures
used for recovering vanadium from the acid liquors are more conplex
than those used to recover vanadi umfromneutral or basic solutions.

Recovery of Vanadi umfromAcidic Solutions. The sol vent-extraction
or |iquid-ion-exchange techniques for recovering vanadi um from acidic
solutions have probably been among the npst significant devel opments
in vanadi umprocessing during the last 10 years. This inprovement was
an ancillary result of investigations on uranium recovery. In general,
under proper conditions the reagents used for uranium extraction can be
made to function as ion-exchange agents for vanadium Much of the early
wor k on the solvent extraction of vanadium was carried out at the Oak
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Ri dge National Laboratories between 1953 and 1955. The results of this
wor k have been published by the Atom ¢ Energy Commi ssion in progress
and topical reports. Some of the nost significant data on vanadi um
extraction have been presented in ORNL 1903,ns ORNL 1964,110 ORNL
1970,120 and ORNL 2820.121

Al'though the organophosphorous and the amne-type reagents can
be used for vanadi um extraction, the D-2-ethyl hexyl phosphoric acid
( DEPHA) reagent nowis the nost widely used.

The current practice of vanadiumsolvent extraction with DEHPA
invol ves first adjusting the pH of the uraniumbarren liquors to about 2.0
and determining that the iron is in the ferrous state. The adjusted sol u-
tions are then extracted with an organic liquid containing approxi mately
15 parts DEHPA and 85 parts kerosene or simlar diluent. Usually four or
five stages of countercurrent extraction are used. The "l oaded" solvent is
stripped with a 5 to 15-percent H2S04 solution, and the stripped sol vent
is recycled to the extraction or loading circuit. Because the acid strip
does not remove al of the elenents which can be exchanged by the
sol vent, part of the recirculating solvent is stripped with a sodi umcarbon-
ate solution. This "clean up" treatment conpletely regenerates the re-
agent and prevents loss of |oading efficiency. The product or strip |iquor
is an acidic solution of quadrivalent vanadiumions which usually also
contains some iron and phosphorus. A description of several vanadium
sol vent-extraction operations is presented on pages 102 to 119.

Experiments have shown that the amine-type Iiquid-ion-exchange
reagents can be used in acidic and basic solutions.1-- 12" As nentioned
previously, these reagents are anionic exchangers; therefore, the vana-
dium nust be in the pentavalent state before the exchange can occur.
Several plants are either using or considering using the anine-type re-
agents for vanadi umextraction.

Vanadium is aso being recovered from uraniumbarren acid solu-
tions by a conbination of precipitation and roasting procedures. The
solutions are precipitated, and the vanadi umbearing solid that is recov-
ered is roasted with sodi um carbonate. The vanadium is converted to
sodi um net avanadate which is subsequently recovered into an alkaline-
leach liquor. A standard red-cake product is precipitated from this
sol ution.

Recovery of Vanadi umfrom Neutral or Basic Solutions. The vana-
di um bearing solutions from the salt-roast operations are either neutral
or slightly basic. The red-cake precipitation technique is used to recover
the vanadi um from these solutions; the over-all reaction can be repre-
sented as fol | ows: -"

6NaVO: 1 + 2H2S04 -> Na2H2V,; 017 +2Na2 S04

Sodi um Sodi um
Met avanadat e Hexavanadat e
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This sinplified equation does not indicate the conplexity of reactions
that occur. The solution chemistry of pentavalent vanadium in acidic
solutions is probably one of the least defined facts of inorganic chemstry.
Neverthel ess, this reaction has been the basis for vanadi umrecovery from
water-leach liquors for many years, and the precipitation procedure has
devel oped as an art.

Many nodi fications of the procedure have been practiced, but in

general the technique involves adding sulfuric acid to a water |each
vanadi um liquor containing about 15 g/1 of V20r, and heating this sol u-
tion to about 80° to 90° C. The optimumpH for precipitation is usually
between 2.5 to 3.0; "Congo Red" indicator paper has been used for many
years to indicate the proper acidity for the reaction. The precipitation
isusually made inwoodentanks fitted with sl owspeed sweep agitators. The
precipitation rate is relatively slow. from1 to 6 hours are often needed
to conplete the precipitation. In many ways the red-cake formation ap-
pears to resembl e a pol ynerization reaction. Some of the variables which
apparently can influence the precipitation include the follow ng:

1. Vanadi umgrade of the feed sol ution

Met hod of addi ng the sulfuric acid

The heating met hod and rate

The precipitation tenperature

The size of the tank

The type, position, and speed of the agitation

The presence of "seed particles" of red-cake from previous
bat ches

N o oA e

The red-cake precipitate is a sodi um hexavanadate salt; the col or

of the smal| spherical particles which formranges froman orange-red tone
to a brown-red shade. The theoretical vanadi umcontent of sodi um hexa-
vanadate i s equivalent to 87.2 percent \20.-,, and the comrerci al red-cake
products produced by the above procedure contain 83 to 86 percent V20-,.
The filterability of a properly precipitated red-cake is very good.

Recent studies have shown that quaternary ammonium chloride com
pounds can be used to solvent extract vanadi umfromneutral or alkaline
solutions. Several different types of stripping solutions can be used, and
the production of high-purity vanadi um compounds directly from these
stripliquorsis technically feasible.

Purification of Vanadi um Compounds. Before about 1958, the 88
to 92-percent-V20-, "fused oxide" product produced directly fromred-cake
was the standard commercial item During the past two or three years.
several producers have marketed plus-98-percent-\20,-, fused-oxide prod-
ucts. Details of production methods for these high-grade materials have
not been published, but in general the procedures involve either:
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1. The deconposition and fusion of amoni um netavanadate or
ammoni um pol y-vanadate compounds produced by redissolving red-cake
and maki ng a second precipitation; or

2. the partial precipitation of the product liquors from vanadi um
extraction circuits usingthe DEHPAreagent; or

3. the precipitation of the strip solutions from anine-sol vent-extrac-
tion operations.

The rapid pace of process developments in the uranium industry
during the past 10 years has affected the vanadi umindustry of Col orado.
The uranium and vanadium mlls were thefirst metallurgical industries
able to apply ion-exchange and solvent extraction separations. These in-
dustries have also fostered the devel opment and inprovement of acid-
resistant processing equi pment. The procedures and equi pment devel oped
for the urani umand vanadi um flowsheets wll undoubtedly be applied in
ot her segnents of the netal |l urgical industries.

Recovery fromlron Ores

The vanadi um bearing titaniferous magnetite ores, one of the |argest
potential sources of vanadi um are being processed for vanadi umrecovery
at an operation in Finland (Ctanmaki) and at Wtbank, South Africa.

The primary purpose of the Otanmaki operation was to produce an
iron-ore concentrate. Mneral-dressing techniques were used to separate
the ore into magnetite and ilnenite fractions. Most of the vanadiumis
carried with the magnetite concentrate, and the vanadi umcontent of this
material isequival ent toabout 1 percent V20-,.

The plant started vanadi um production in June 1956.1-;! The initid
production rate was approxi mately 1,000,000 pounds of V20-, per year:
the present annual output is about 2,000,000 pounds of \20.-,.113

The magnetite concentrate is dried, m xed with sodiumsulfate, and
the mxture is finely ground in a dry-grinding circuit. The mixture is
then pelletized to form about 1-inch-diameter balls which are fed to a
vertical-shaft furnace. This furnace, apparently a nodification of the
units used to sinter iron-ore pellets, is specialy designed to provide the
proper conditions for the roasting reaction. The roasting tenperature is
about 1200°C.

The pelletized calcine is |eached with hot water, and after washing,
the pellets are marketed as a high-grade iron-ore sinter. The pregnant
water-leach liquors contain over 25 grams per liter of V20-, and a red-
cake is precipitated by adding sulfuric acid. Although Merenm esl"' has
indicated that the initia vanadiumis purified before fusion, he has not
specified the procedure. The fina product has an analysis of 90 to 92
percent V200 and about 2.0 percent Na20.

At Wthbank, South Africa, the Mnerals Engineering Company is
recovering vanadium from selected high-grade titaniferous magnetite
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ores 115 having a vanadiumcontent of about 1.5 percent V203. The vana-
di umval ues are recovered by the salt-roast process. Miltiple-hearth roast-

ers are used at this plant, and the roaster feed is a mxture of m nus-60-

mesh ore and salt. The sat addition is equivalent to about 8 to 10 percent

of the ore weight. The roasting tenperature, naintained for about one

hour, is800°C.

The vanadium is leached from the calcines with water and later
precipitated as ammoni um metavanadate by adding ammoni um chloride.
This product is deconposed and fused to forma very high-grade fused-
oxide material. Aunique feature of the Wtbank operation is the recovery
of NH4C1 and NaCl fromthe waste liquors of the vanadiumprecipitation
operations. This procedure was adopted because fuel is relatively cheap
inthe area and reagent costs are high. The NaCl and NH4Cl, recovered by
evaporation and crystallization, are reused in the roasting and precipita-
tion operations.

During emergencies created by war vanadium has been recovered
fromslags formed during the snelting of vanadiumbearing iron ores.
Most of the vanadium collects in the nolten pig iron, and when this
material is blownin an acid converter, the vanadi umis transferred to the
slag. This slagis then cool ed, crushed, and salt roasted. Nearly al of the
German and Swedi sh vanadi um production during World War Il was
obt ai ned by this met hod.

In the U.S. a considerable amount of experinental work has been
done on the recovery of vanadi um from donestic deposits of the titan
iferous magnetites. The deposits are not being worked for vanadium
recovery, although magnetite and ilmenite concentrates are being produced
at the Tahawas, New York, operations of the National Lead Company.
The U. S. Bureau of M nes has published several reports on various process
devel opment studi es.

Recovery of Vanadi um from Ct her Sources

Between 1941 and 1954 the Anaconda Company produced about
150 tons per year of V205 fromits phosphoric acid and phosphate-fertilizer
operations in Idaho. An inpure phosphato vanadic acid was precipitated
fromthe phosphoric acid solutions, and the vanadi umin this product was
separated fromthe alumina, iron, and phosphate contaninants by several
stages of purification. Part of the phosphate was removed by treating the
precipitate with sodium carbonate and cal cium chloride. The phosphate
precipitated as cal ci um phosphate and the vanadi umremained in solution
as sodi umvanadate. The phosphate remaining in solution was removed
by a carefully controlled |ine treatment which precipitated the phosphate
as dical ci um phosphate. A standard sodi um hexavanadate red cake was
then precipitated by the addition of sulfuric acid.

In recent years a new source of vanadium has developed as a
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byproduct of the Western el emental - phosphorus industry. The western
phosphate ores, containing from0.1 to 1.0 percent V20,-, are reduced to
el emental phosphorus in an electric furnace to produce a slag containing
an equivalent of 7 to 10 percent V20-,. The M neral s Engi neering Company
i s processing these phosphi de slags for vanadi umrecovery at a new plant
near Salt Lake Gty, Utah. Although details of the processing technique
have not been published, it is understood that the flowsheet consists of a
modi fied sat roast followed by solvent extraction of the subsequent |each
I'iquors.

Since 1930, vanadi um has been produced as a byproduct from the
| ead-zinc operations at Broken HIl in Northern Rhodesia. The vanadi um
whi ch occurs as descloizite and vanadinite is concentrated by gravity and
flotation met hods. 87 124 At least part of the product is purified by chenical
processi ng, and both physical concentrates and chemcally refined products
have been shi pped.

The vanadi umdeposits at M nas Ragra, Peru, produced a significant
percentage of the total world vanadi um supply. Most of the vanadi um
production fromthis m ne, discovered in 1905 and operated till 1955, was
derived fromvanadi um sulfides and vanadi um bearing organic naterials.
The ores were salt roasted, and a type of red-cake was precipitated from
the | each |iquors.

The possibility of recovering appreciable amounts of vanadi um dur-
ing refining some crude oils has been consi dered.

CURRENT DQOVESTI C VANADI UM PRCDUCTI ON
FLOWSHEETS

Vanadi umis being extracted fromdonestic U S. ores at seven nilling
operations:

Col orado MIls

(1) dCimx Llranium Company Grand Junction, Col orado
I 2) Union Carbide Nucl ear Company Rfle, Colorado

(3) Union Carbide Nucl ear Company Uravan, Col orado

(4) Vanadi umCorporation of America Dur ango, Col orado

Qher MIls

(5) Kerr-MGee Gl Industries Shi prock, New Mexico
(61 Mneral s Engi neering Company St Lake Gty, Utah

(71 Mnes Devel opment Company Edgermont, South Dakota

Process descriptions and flowsheets for the current Col orado vanadi um
producing nmlls are presented in the follow ng paragraphs together with
brief descriptions of the operationsin other states.

Vanadi um processing in Colorado is a blend of milling and chenical
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production procedures and problens. Many of the current techniques

are sinmlar to those of the heavy chenical industries; whereas the ma-
terials-handling problenms and variable feed materials are more character-
istic of mlling operations on other ores. Each step of the process is
dependent upon the feed material; if the ore changes, the process nust
be nodified to accommdate this change. Hence the philosophy of plant
operation and the actual physical arrangement nust remain quite flexible.
Optimzing a given facet of the operation is more difficut than doing an
equivalent job in a chemical plant where the feed materials are relatively
uni form

In some industries, the reagent costs are a major item whereas in
others, labor costs are more significant. In the Colorado vanadi um in-
dustry, the ore costs are a significant portion of the total, but on the basis
of the available information it is difficut to single out any other specific
expense item For evaluating the desirability of a process change, al cost
factors including capital, |abor, and reagents must be considered, along
with the benefits of increased recovery or product purity.

Colorado M11s

The four Colorado vanadi um producing mlls account for approxi-
mately 80 percent of the current domestic vanadi um output. The flow
sheets of these nills represent a cross section of modern vanadium
production technology. The classical techniques of sat roasting and
chem cal separations together with some of the nmost recent devel opnents
in acid | eaching and solvent extraction are practiced in these nmlls.

The descriptions of the individual mll flowsheets are as follows:

PROCESS DESCRI PTI ON AND FLOWSHEET
(Aug. 11, 1961)

Qinmax Mi|
Qperator: Qinmax U ani um Conpany
Unit of American Metal Clinmax, Inc.
Locati on: Grand Junction, Col orado
Rated Pl ant Capacity: 330 TPD
Products: Fused Vanadi um Oxi de
Yel | ow- Cake Urani um Product
Process: Extraction: Salt Roast-\Water Leach Acid Leach

Urani um Vanadi um Separation: Solvent Extrac-
tion on Acid Liquors

Vanadi um Recovery:
1. Red-cake precipitation and fusion

The current salt-roast acid-leach solvent-extraction process now in
use at the Climx Uranium Company plant was adopted in 1956. Before
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1956, the urani umvanadi um separation on the acid-Ieach Iiquors was
based on a uranyl phosphate precipitation technique.

The salt-roasting flowsheet is a nodification of the classical sat
roasting practice. Only the slime fraction of the ore, however, passes
through the roasters. A sand-slinme separation is made on the ore pul p, and
the uranium and vanadi um values are recovered from the sand fraction
by acid leaching. These acid-leach liquors are precipitated by neutral-
ization in a two-stage conditioning circuit, and the precipitate is com
bined with the sline fraction of the ore and fed to salt-roast operation.

The cal cines after roasting are water |eached to dissolve the vanadi um
that is converted to sodi umvanadate by the roasting reaction. The con-
ditioning and deslimng circuits serve to interlock the salt roast and acid-
| each operations, and al recovered vanadiumis obtained via the water-
| eaching operation. A vanadium red-cake, precipitated from these water-
leach liquors, is then fused and flaked.

The water-leach calcines are acid | eached, and the uraniumis recov-
ered from the acid-leach liquors by solvent extraction. The vanadi um
values in the solvent-extraction raffinate are precipitated in the condition-
ing circuit and recirculated to the sat roast.

A schematic flowsheet of the process is shown in Figure 14. (See
fol d-out sheet.)

Recei ving, Crushing, Sanpling, and Ginding

The run of mne ore received at the Climax MII| is reduced to a nom -
nal mnus-1VA-inch size inthe primary crusher. This material is fed to the
three-stage sanpling plant. The crushed-ore and sanple-plant rejects are
stored in bins.

The minus-1'/"-inch ore is fed to a wet-rod mll circuit that produces
a nom nal 14-nesh-size product. The rod-mll circuit is closed with a
classifier.

Condi tioning and Deslining

The coiiditicmng-deslinmng circuit has at least a six-fold integrated

obj ecti ve:

1. To desline the rod-mll product and route only the sline fraction
to the roast, thereby reducing the tonnage to the one available
roaster and effectively increasing overall plant capacity.

2. To recover the uraniumand vanadi umvalues fromthe sand-|each
operation and concentrate these values into a precipitate which
wll report with the original ore-slime fraction to the salt roast.

3. To recover and recirculate the vanadi um values in the sol vent-
extractionraffinate to the salt roast.

4. To recover the uranium and vanadi um values collected during
the scrubbi ng of the roaster off gases.
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5. To use the acid consuming characteristics of the ore as part of
the neutralization requirements for the various acid streans that
are neutralized in the conditioning circuit.

6. To convert the cal ciumcarbonate in the ore to cal cium sul phate.

The ninus-14-nmesh rod-mi |l product enters the first stage of the con-
ditioning section where it is mxed with the acidic liquor from the sand
| each, the roaster scrubber acid, and the raffinate from the uranium
sol vent-extraction circuit. This acidity is partially neutralized by the ore.
and the effluent fromthe primry conditioning operation has an approxi-
mate pH of 1.5 to 2.0. The neutralization and precipitation is conpleted
by adding ammonia in the second conditioning stage. The fina condi-
tioning effluent has a pH of 6.5t0 7.

The finely divided precipitated values and the slines are separated
fromthe sand fraction on hydraulic classifiers at about 200-mesh size.
The slimes are thickened and subsequently filtered on disc-type filters.
The barren thickener overflow and filtrate are sent to waste. The pl us-200-
mesh sand fraction is pumped to percol ation |each tanks.

Sands Leachi ng

After the sands are bedded into the percolation tanks, a hot 10
percent HaSOj leaching solution is down percolated through the bed.
Sodi umchlorate is used to increase vanadi um recovery.

The acidic liquor from the |eaching and washing operations is re-
circulated to the conditioning circuit, and the solids residue is pumped to
the tailings ponds.

Salt Roast-Water Leach

The salt-roast operation at the Cimax MII is made on a pelletized
feed. The slines filter cake fromthe disc filters is pugged with NaCl and
fed to arotary dryer. The sat addition is equivalent to approxi mately 13
percent of the dry weight of the slimes. Part of the dryer discharge is
recirculated to the pug nill. The recirculation helps to agglonerate the
slinmes, and the dryer product is a pelletized material with a :'x-inch
average particle size.

The pelletized feed retains its form through the roasting operation.
and after the pellets are cooled or quenched they are ground to about
m nus-65-mesh in a ball mll. Both a Baker cooler and a wet-quench
system are used to cool the calcines which discharge from the roaster
at about 800°C.

The leached calcines are washed in a conbination thickener-filter
circuit, and the vanadi um pregnant water-leach liquor is pumped to red-
cake precipitation.
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Cal cine Acid Leach

The washed water-leach calcine is acid | eached for urani um recovery
and some additional vanadi umextraction. The circuit mi ght be classed as
a high density hot acid | each fl owsheet.

The water-leach calcine filter cake with a minimum of dilution
liquor, is fed to the agitation |each tanks and concentrated sulfuric acid
is added. The pulp density in these agitators is at least 60 percent solids.
The heat of dilution of the sulfuric acid that is added maintains an above
anmbi ent |eaching tenperature. The acid-leached calcines are washed in a
three-stage drumfilter circuit. The filtrate whi ch contains the acid-sol uble
urani umand vanadi umis pumped to the solvent-extraction circuit.

Urani um Sol vent Extraction

The uraniumis separated fromthe vanadi umin the acid-leach Iiquors
by a solvent extraction with di-2-ethyl hexyl phosphoric acid. Five |oading
stages are used, and the uraniumis stripped fromthe | oaded solvent with
a 10 percent sodi umcarbonate solution in a three-stage circuit.

The uraniumis precipitated fromthe |oaded carbonate liquor by a
two-stage procedure. First the carbonate is neutralized or "destroyed" by
adding sulfuric acid and heating the liquor. The ternminal acidity is in
the 3.0 to 3.5 pHrange. A sodiumuranate yellow cake is then precipitated
by the addition of ammonia. If the carbonate ions are not conpletely
destroyed during the acidification, the yellowcake precipitation with
ammoni a wll not be conplete.

The yellowcake is filtered, washed and dried. The filtrate and washes
are recycled to the slines thickener to recover any urani umsolids that may
i nadvertently pass through the filter medi a.

The uraniumbarren raffinate from the solvent-extraction operation
contains the vanadi umthat was taken into solution during the acid |each
of the roaster calcines. This solution is recycled to the conditioning-de-
slimng circuit where the vanadiumis precipitated and concentrated into
the salt-roast feed.

Vanadi um Preci pitation

A sodium hexavanadate red cake is precipitated from the water-
leach liquors by the standard technique. Sulfuric acid is added to main-
tain a pH of 3.0 and the solution tenmperature is held above 80°C. The
granular red cake that forms is filtered and washed on filter-bottom
tanks. The washed red cake is fused, and as the nolten oxide flows from
the furnace, it isflaked on achilled casting drum The fused oxi de product
of approximately 88 percent V20-, is packed into steel drums for ship-
ment .
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PROCESS DESCRI PTI ON AND FLOASHEET
(Sept. 8, 1961)

Operator: Union Carbide Nucl ear Conpany

Locat i on: Uravan, Col orado
Rated Pl ant Capacity : 1000 tons per day
Product s: 1. Fused Vanadi um (plus 98 percent V.Q-,)
2. Urani umyel | ow cake
Process: Extraction: Hot-Acid Leach
Ur ani um Vanadi um Separation: Col um lon Ex-
change

Vanadi um Recovery:

1. "Ferric Vanadate" precipitation on lon
exchange urani umbarren |iquor

2. Akaline roast or leach of the ferric
vanadat e

3. Red-cake precipitation of liquors from
roastingcircuit

4. Purification of red cake and fusion of the
pr oduct

The Uravan plant, |ocated 90 miles southwest of Grand Junction.

Col orado, is the only Col orado vanadi ummnll currently operating which
does not use the sat-roast process. A "hot-acid |eaching" treatnent is
used to extract the vanadi umfromthe carnotite-type sandstone ores be-
ing processed at this plant. Both urani umand vanadi um are taken into
solution during the leaching operation, and a subsequent columm ion
exchange procedure is used to make a separation of these two el enents.

The uraniumis |oaded on to the resin, and the vanadi um passes on
through the colums. The uraniumis eluted fromthe resin with an

acidified brine and processed to produce a yellowcake urani um product

whi chis soldtothe At oni ¢ Energy Commi ssi on.

The vanadiumis recovered fromthe urani umbarren ion exchange
effluent by a series of operations which include a "ferric vanadate" pre-
cipitation followed by akaline roasting or |eaching and precipitation of
a red-cake vanadi umproduct. The red cake is redissolved, purified bv a
second precipitation, and fused to produce the standard conmercial vana-
di um "fused oxide" product. The Uravan "fused oxi de" can be classed
as a high-grade (+98 percent VoQ-,), lowakali product.

A schematic process flowsheet of the Uravan operation is shown in
Fi gure 15.
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Recei ving, Sanpling, Crushing, and Ginding

The Uravan plant receives ore fromover 100 m ning operations; the
receiving and sanpling sections are designed to handle a wide variet>
of truckload and lot sizes. The run of mine ore is crushed to a mnus-2-
inch size and sanpled. A three-stage bucket-chain sanple systemis used
with intermediate crushing after the primary, secondary, and tertiar)
sanpling operations. The sanpling procedures for urani um bearing ores
are specified by AEC contract regulations, and as with dl other uranium
processing nills, the sanmple plant is designed to meet these requirenents.

The nminus-2-inch ore which leaves the sanpling plant is stored in
bins and subsequently ground to a nom nal minus-14-mesh product in
two Aerofall MIIs. These mlls are autogenous dry-grinding units in which
the finished product is removed fromthe mll by a controlled draft system
The finished product which is recovered fromthe air stream by an air-
classification systemis stored in bins and then fed to the | eaching circuit.

Leaching

The dual purpose of the leaching circuit is to extract the uranium
and vanadi um values from the ore and to provide a pregnant solution
with an acid concentration suitable for the subsequent ion-exchange
separati ons.

The process used is a nodi fication of the two-stage | eaching principle
inwhich the pregnant solution is taken fromthe first stage. Leach liquors
fromthe strongly acidic secondary stage are contacted with unl eached ore
inthe primary digestion stage. The alkaline constituents of the ore react
with the strongly acidic secondary digestion liquors, and a |iquor which
approaches the 15 pH acidity required for efficient ion exchange is
produced. If the alkaline content of the ore is not sufficient to achi eve the
required neutralization, a second "acidity adjustment' is made with high-
l'inme ores or |imestone.

St eam and submer ged conbustion heating are used to heat the pulp
to increase vanadi umextraction. Substantial uraniumextractions are pos-
sible at ambient tenperatures, but some of the vanadium mnerals are
mor e refractory; consequently increased time, acidity, and tenperature
are necessary to raise the vanadi um extraction above 40 percent. The
leaching-circuit tenperatures are maintained in the proxinmty of 80°C.
and the nom nal pulp retention tinme is in excess of 16 hours. After |each-
ing, the pregnant solutionis separated fromthe solids in an eight-thickener
CCD washing circuit. The underflow fromeach of these 60-foot-diameter
thickeners is controlled by a nuclear density gauge which is coupled with
a variabl e-speed centrifugal pump.

lon Exchange and Uranium Product Precipitation

The uraniumand vanadi umin the pregnant liquors are separated by
an ion-exchange operation. An anionic exchange resin is used in a stand-
ard- col um ion-exchange circuit.

The liquors fromthe leach circuit are stored in large wooden tanks
where the final pH adjustment is made, and any pentavalent vanadi um
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ions in solution are reduced to the quadrivalent state with sul fur dioxide.
The quadrivalent vanadiumwll not load on the anionic resins used in
the col ums.

A five-colum systemis used at the Uravan plant. The urani umwhich
is loaded on to the resin as an uranyl sulfate conplex is eluted with an
acidified brine solution. This pregnant brine solution is precipitated with
ammoni a, and the yel |l owcake product is then filtered in plate and frame
presses and dried in a multiple-hearth dryer.

The vanadi um ions pass on through the ion-exchange colum and
are recovered in the subsequent vanadi um processing circuits.

Vanadi um Recovery

The vanadium is recovered from the ion-exchange uraniumbarren
liquor by oxidizing the vanadium to the pentavalent state with sodium
chlorate and then precipitating the vanadi umas a "ferric vanadate." The
ferric vanadate forms when the pH is raised with an alkaline reagent and
the solution is heated. The ferric vanadate, probably a nixture of at
least several pentaval ent vanadi um compounds, is then filtered, m xed
with soda ash, and roasted in a multiple-hearth furnace. The calcine is
quenched into an alkaline circuit where the vanadi um goes into sol ution.
The inpurities, such as iron, remain in the residue. The soluble val ues
are washed fromthis residue in a thickener circuit. The ferric vanadate
also can be treated in an alternate alkaline-leach circuit.

Vanadi um Precipitation

The clarified liquor fromthe roasting or alkaline leach circuits is
routed to the vanadi umprecipitation circuits. This vanadi umcan be pre-
cipitated as a sodi umhexavanadate (red cake) by the standard technique
of adding sulfuric acid and heating to about 80° to 85°C. Enough acid is
added to reach the isoelectric point which isinthe range of 25to 2.8 pH.
The small floes which form agglonmerate into small spheroidal particles
whi ch filter readily. Nutsche filters are used to separate the red-cake solids
fromthe mot her liquor, and the cake is also washed in these filter-bottom
t anks.

This red cake is purified by redissolving it and reprecipitating a
second vanadi um product. This material is again collected and washed
on the Nutsche filters and then dried and fused in a mltiple-hearth
furnace. The molten product is flaked on a chilled casting wheel and
packaged in steel drums for shipment.

The second-stage precipitation remves nost of the alkali present in
the initia red cake, and the fina fused product is a lowalkali naterial
of approximtely 98 percent V>0.>
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PROCESS DESCRI PTI ON AND FLOWSHEET
(Sept. 8, 1961)
RfleMI|

Qper at or : Uni on Car bi de Nucl ear Conpany
Locat i on: Rfle, ol orado
Rated P ant Gapacity: 1000tpd (for Rfle Conpl ex)
Product s: Fused Vanadi um i de (plus 98 percent V2QrJ
Ammoni um Met avanadate ( AMV)
Ur ani um Yel | ow Cake Product
Process: Extraction: Salt Roast and Acid Leach
U ani um Vanadi um Separati on: DEHPA Sol vent
Extraction
J' anadi um Recovery:
1 Red-cake precipitation on water-leach li-
quors.
2. DEHPA sovent extraction on acid-leach
l'iquors.
3. Rrification of red-cake products by AMV
crystallization process.
4. AMVcdcination and fusion.

The Rifle MII is part of what has been designated the "Rifle Cc
pl ex" operation, a conplex of netallurgical operations intidly consisting
of upgrading plants at Sick Rock, Gol orado, and G een Rver, Wah, and
thefinishingplant at Rfle, Gol orado. The G een R ver upgrader suspended
operations early in 1960. The physical -chemical upgrading plant at Sick
Rock processes ores tributary to the plant, and operates wth approxi-
mately a4 to 1 ratio of concentration. The concentrates are shipped to
Rfle by specia hopper-bottomtrucks. The Rfle plant is a conbi ned sdt-
roast acid-leach operation. The concentrates and "hi gh" vanadi um ores
are sdt roasted; the "l ow' vanadium ores are processed for urani um
recovery inthe "Drect-Aci d-Leach” circut.

The calcines fromsat-roast operation are water |eached to recover
the vanadi umthat has been converted to sodi umvanadate by the sdt-
roast reaction. The washed tailings fromthe water-leach section are acid
leached to extract the urani umand the nonwater so uble vanadi um The
residues fromthe Drect-Acid-Leach circuit and the acidleach operation
on the sat-roest calcine are washed in an e ght-stage thickener circut.

The urani um vanadi umseparation is nade on the acid-leach liquors
in a sovent-extraction circuit which uses di-2-ethyl hexyl phosphoric
(DEHPA) acid as the extraction reagent. Vanadi um is subsequently-
recovered fromthe uraniumbarren raffinate in a second sol vent-extrac-
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tion section. The sane reagent (DEHPA) is used in both solvent-extrac-
tion sections, and the selectivity i s based on pH control and reagent con-
centration. The uranium pregnant sodiumcarbonate liquors from the
stripping units of the uraniumextraction section are precipitated with
caustic. The yellowcake product is dried in a miltiple-hearth dryer and
packaged for shipment to the Atom ¢ Energy Comm ssion. A sulfuric acid
solution is used to strip the loaded solvent in the vanadi um sol vent ex-
traction circuit. The vanadi umis recovered fromthis relatively hi gh-grade
vanadi um bearing liquor either by a red-cake precipitation procedure or
by a routing of the liquor back into the salt-roast circuit. A sodium
hexavanadate red cake is precipitated fromthe water-leach liquors which
are produced in the salt-roast circuit. The red cake is redissolved in
an ammoni acal solution, and a "crude" ammoni um netavanadate ( AMV)
iscrystallized fromthese liquors. The AMVis then calcined and fused to
forma pl us- 98- percent-\V2Qr, vanadi umproduct .

The 1000-ton-per-day rated capacity of the Rfle conmplex is based
on the total rawore feed to both the Rfle and Sick Rock plants. The
distribution of the over-all feed rate between the two plants is quite
flexible, but normally about 50 to 60 percent of the total tonnage is fed
to the Sick Rock upgrader.

A schematic flowsheet of the Rfle operation is shown in Figure 16.

Sanpling, Receiving, Crushing, and Ginding

Both run-of-mine ore and Sick Rock concentrates are received at
the Rfle plant. The primary crushing and sanpling plant for run-of-mne
ore is essentially the same as the installation at Uravan. The primary
crusher reduces the ore to a mnus-2-inch size, and a three-stage bucket
sanpler with internediate crushing stages is used to cut the sanple.
The tertiary sanple fraction is passed through a rolls crusher, and the
fina sanpleiscut withaVezinsplitter.

The nminus-2-inch product fromthe primary jaw crusher is stored
inasurge binandthen fed to an Aerofall grinding mll. The product from
this autogenous dry-grinding unit is a nom nal mnus-14-mesh material.
The Aerofall mll is fittedwitha direct gas-fired heater; thus sinultaneous
drying and grinding are possible. High-vanadi umand | ow vanadi um ores
canpai gned separately through the mll are stored in individual bins.

The Sick Rock concentrates are delivered to the Rfle plant in speci-
ally designed hopper-bottom tractor-trailer units. The trucks discharge
into a screw feeder-bucket elevator system which carries the concentrates
to the storage bins. Because the concentrates tend to bridge in the bins
a nodi fied two-level table feeder is used to provide a controlled feed rate
fromthe bins.

Salt Roasting

The salt-roasting operation is carried out in a rotary kiln on a pel-

letized feed. The roast calcine is quenched and ground to at least m nus-
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14 mesh. The ground cal cines are | eached and washed in a combination
thi ckener-filter circuit.

Because the uniformty of the feed rate to the kiln is an inportant
operating variable, the feed rates of the various feed streans are carefully
control led. Salt, concentrates, and m nus- 14-mesh ore are fed to a pelletiz-
ingunit to aggl onerate the mxture and to provide a kiln feed with nini-
m zed dusting characteristics. Either water or a stream of the pregnant
strip liquor from the vanadi umsol vent-extraction circuit is used as the
agglomeration liquid. A saucer-type pelletizer is used.

The feed rate to the kiln is dependent upon the type of material being
fed to the kiln. The retention time in the kiln varies fromabout 4 hours
to 6 hours, and the maxi mum bed tenperature is near the classica 820°
to 850 C range for vanadiumsalt-roast operations. The off gases from
the kiln pass through a dry dust collecting unit, and then the residual
dust and hydrochloric acid generated by the salt-roast reaction are
removed by a venturi-type wet scrubber. The dilute acid is clarified in a
thi ckener and used in the Direct-Acid-Leaching circuit.

The pelletized cal cines which discharge fromthe kiln are quenched
into a water circuit and ground in a sem-open circuit-classifier ball-nll
conbi nation. The rapid |eaching reaction obviates the need of |eaching
tanks. The leached calcines are washed in a circuit consisting of two
thickeners and a stage of vacuum drum filters.

The vanadi um pregnant water-leach liquor which contains about
15 grams of VoO5 per liter is pumped to storage tanks near the vanadi um
preci pitation section.

Acid Leaching Grcuits

The Rfle plant has two leaching circuits. One circuit, the Direct
Acid Leach, treats the uranium ores which contain relatively |ow con-
centrations of vanadium The second circuit, a two-stage |eaching opera-
tion, handl es the water-|eached roast cal cine and also provides part of the
neutralization required to obtain the opti mumacidity for the subsequent
sol vent -extraction separation of urani um

Ores passing through the direct-acid-leach circuit are |eached for at
least 10 to 12 hours. The pulps in this circuit may be heated by steam
sparging. As mentioned previously, the HC1 recovered in the kiln scrub-
bers is used in the Direct-Acid-Leach circuit.

As is shown in the flowsheet, the washed water-|eached calcines are
contacted inthe primary digestion stage with the strong acid sol utions from
the Direct Acid Leach and the Secondary Digestion. The purpose of this
| each contact is to partly neutralize the acidity of the leach liquors and to
produce a liquor with a pH of about 1.0. This acidity is near the optimum
for the subsequent solvent-extraction operation. At the Rfle plant this
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primary digestion is known as the "acid kill" (AK) step. A liquor-solids
separation on the pulp fromthe A K contact is made in a thickener and
the overflowis pumped to storage tanks near the sol vent-extraction section.

The pulps from the Direct-Acid-Leach circuit and the calcine-acid
leach circuit combine, and the solids are washed in an eight-unit thickener
circuit. Nuclear density gauges which control variable-speed centrifugal
pumps are used to control the thickener underfl ows.

Urani um Sol vent Extraction

The separation of the urani umand vanadi umin the acid-leach |iquors
is made with a solvent-extraction operation. A 0.1 nmolar solution of di-2-
ethyl hexyl phosphoric acid ( DEHPA) in kerosene is the recirculating
liquid ion-exchange reagent used. A sodium carbonate solution is used
tostrip the urani umfromthe | oaded sol vent.

Bef ore the actual extraction operation, thefinal acidity adjustnent is
made to approximately 1.0 pH, and the oxidation-reduction potential is
adj usted with powdered ironto assure that al of theironisin the ferrous-
ion state. Ferric ion will load on the solvent and reduce extraction effi-
ciency andtend to contani nate the final urani umproduct.

The pregnant urani um bearing solvent is stripped with a sodi um car-
bonate sol ution, and after clarification a yellow cake is precipitated by the
addition of caustic. The precipitate is filtered, washed, dried, and packed
in barrels for shipment to the Atom ¢ Energy Commi ssi on.

Vanadi um Sol vent Extraction

The raffinate or uraniumbarren liquor from the uranium sol vent
extraction section is processed through a second sol vent-extraction opera-
tion to recover the vanadium in this acid solution. The same DEHPA
reagent is used for this recovery, but the reagent concentration is ap-
proximately 0.4 mol ar. Al'so, the pHof the acid liquor is adjusted to near
2.0toincrease the extraction coefficient of this solvent for vanadi um

The vanadiumis stripped fromthe pregnant solvent with a 12- to
15-percent sulfuric acid solution. This vanadi um product liquor can either
be oxi di zed and processed into a red cake or recirculated to the pelletizing
operation on the salt-roast kiln feed. The salt-roast operation converts the
vanadi umto a water-soluble form and the vanadi umis recovered into the
water-1each |iquors.

The acid-stripping operation does not conpletely remove iron and
other contaninants fromthe solvent, and part of the solvent is passed
through a clean-up or regeneration stage where the contaninants are re-
moved. If not renoved, the contaninants soon build up in the recircul ating
solvent and vanadi umextraction drops off rapidly.

Vanadi um Precipitation
The final vanadi umproducts are produced by a conbination of red-
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cake precipitation and anmmoni um et avanadate crystallization techniques.

The water-leach liquors fromthe salt-roasting operation are heated
and acidified to precipitate a standard sodi um hexavanadate red cake,
which is filtered and washed on filter-bottom tanks.

As mentioned previously, a red cake can also be made from the
acidic strip solutions produced in the vanadi umsol vent-extraction circuit.
Because the vanadiumin these liquors is in the quadrivalent state, the
vanadi umnust be oxidized to the pentaval ent state before a red cake can
be precipitated. This oxidation can be acconplished by adding sodium
chlorate and heating the liquor to approximately 50°C. The oxidized
liquors are neutralized to 2.0- to 2.5-pH range with soda ash and heat ed.
The red cake is filtered and washed on the Nutsche filters.

After the filtration and washing are conpleted, the red cake is
redi ssol ved i n an anmoni acal solution and the residual solids are separated
fromthe liquor by decantation and filtration. The "crude" ammoni um
met avanadate is crystallized from these polished liquors by adding am
moni umchl oride and cooling the solutions. The crystalline AMVis filtered
on vacuumpan filters and subsequently cal cined and fused in a miltiple-
hearth furnace. The fused vanadi um pentoxide is flaked on a chilled
casting wheel and packaged in steel drums for shipnent.

A high-purity ammoni umnetavanadate is also produced at the Rfle
Plant. This material can be formed either by special selection and handling
of the liquors from the red-cake dissolution or by retreatment of the
"crude" AMV. The high-purity AMV is air dried and packaged in fiber-
board drums.

PROCESS DESCRIPTION AND FLOWSHEET
(Aug. 11, 1961)

Durango MII
Qperator: Vanadi um Corporation of Anmerica
Locati on: Dur ango, Col orado
Rated Plant Capacity: 500 tons per day
Product s: Fused Vanadi umOxi de (90 percent V205 approxi -
mat el y)
Dried Red Cake
Urani um Oxi de
Process: Extraction: Salt Roast-Carbonate Leach-Acid

Leach
Urani um Vanadi um Leach Separation: Synthetic-
carnotite precipitation plus a soda-ash fusion
of the synthetic carnotite.
Vanadi um Recovery:
1. Red-cake precipitation
2. Drying or fusion of the red cake
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The Durango M1l (initially converted froma |ead-zinc snelter oper-
ation to vanadi umproduction in 1941) uses the salt-roast soda-ash-|each
process. Urani um vanadi um ores and concentrates are mxed with sat
and roasted. The calcines are quenched into a sodi um carbonate |iquor.
The uranium and part of the vanadium are recovered as a synthetic-
carnotite yellow cake. This precipitate forms when the alkalinity of the
oxidized liquor is reduced with sulfuric acid and the solution is heated.
The urani um vanadi um separation on this yellowcake product is made
by fusing the material with a soda ash-sawdust m xture and water |eaching
the resulting melt after it is cooled. The vanadi umis taken into sol ution,
and the urani umremains as a water-insol ubl e oxi de compound, UnOs-

The vanadi um bearing liquors are processed using standard red cake
precipitation procedures. The red cake is either fused or dried before
mar ket i ng.

A schematic process flowsheet of the Durango operation is shown in
Figure 17. (See fol d-out sheet.)

Crushing, Sanpling and Ginding

Ore and concentrate fromthe upgrader at Monument Valley, Arizona,
are processed at the Durango Plant. The upgrader is operated by the
Vanadi umCor poration of Anerica.

Ores received at the Durango M1 are put through the primary crusher
and then sanmpled according to A.E.C. contract requirenments. Ores con-
taining more than about 5 percent noisture are dried before the sub-
sequent dry-grinding operation. The crushed ore is ground to a nom nal
14-meshgrindindry-rodmll circuits.

The dried concentrate fromthe upgrader is trucked to the Durango
plant and is stored in either stockpiles or bins.

Salt Roasting —Carbonate Leach

The Durango nill has six miltiple-hearth roasters. Ore and concen-
trates are roasted separately. The sat addition to the ore is equivalent to
about 5 percent of the ore wei ght; approxi mately a 14-percenl salt addition
is made to concentrates. The top bed tenperature in the roasters is about
840°C.

The off-gases fromthe roasters which contain both entrained dust
and HC1 are passed through a wet scrubber. The scrubbing liquor is re-
circulated through the scrubber to build up acid concentration. A solids-
liquid separation is made within the scrubber system and the clarified
liquor is pumped to the acid-leaching circuit. The solids slurry effluent
fromthe scrubbing unit is neutralized with soda ash, and the solids are
recirculated to the roasting operation. The liquor which is filtered from
the neutralized slurry is pumped to the carbonate-1eaching circuit.

The salt-roasted ore calcines are quenched into an alkaline |each
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liquor held at about a pH of 11 by the addition of soda ash. The quench
slurry is pumped to percolation |each tanks where the solids are |eached
and washed before being pumped to the carbonate tails ponds.

The salt-roasted concentrate calcines are also quenched into an alka-
iine-leach liquor. After partial dewatering the concentrate calcines are
washed on a series of three drum filters. The discharge fromthe third
filtration-washing stage is pumped to the tailings ponds.

Urani umand vanadi um are taken into solution during the carbonate
leaching of the calcines. The uraniumvanadi um product liquors from
both the percolation and filtration washing circuits are routed to the
synthetic carnotite precipitation section.

Ur ani um Vanadi um Separati on and U ani um Recovery

The urani um vanadi umseparati on used at the Durango mll is based
on a conbi nation of precipitation, fusion, and |eaching techniques.

The uraniumis precipitated from the carbonate-leach liquors as a
synthetic carnotite "yellow cake." This yellow cake, a sodium uranyl
vanadate, forms when the pH of the hot carbonate liquors is adjusted to
about an 8 pH with sulfuric acid. The carbonate strip liquors from the
sol vent-extraction circuit are also processed in this yellow cake precipita-
tioncircuit.

After filtration and washing, the yellowcake is m xed with soda ash,
sodi umsul fate, sawdust, and fuel oil. This mixtureis chargedinto a snall
reverberatory furnace and fused. The nelt is tapped into cooling pans
and subsequently broken into small chunks before being charged to a
I eaching tank. The vanadiumis converted to a water-soluble compound
during the fusion, and the urani umforns the equival ent of a U308 oxi de.
The soluble vanadi umis washed fromthe uranium oxide product by a
combi nation of decantation and filtration steps. The final urani umproduct
whi ch has an anal ysis of greater than 80 percent U308 is dried and packed
for shi pment.

Aci d Leachi ng- Sol vent Extraction

The tailings fromthe carbonate | eaches on the roaster cal cines contain
residual urani umand vanadi umthat are quite readily soluble in dilute acid
solutions. The tailings are reclaimed fromthe carbonate tails ponds and
leached with a combination of scrubber acid and HOSO4 in percolation
| each t anks.

The pregnant urani um vanadi um product liquors fromthe acid |each
are oxidized with KMn04 and sol vent extracted with a conbi nation organo-
phosphat e-ami ne extractant. The uranium and vanadi um are coextracted
by this reagent combination which contains approxi mtely 2 percent by
vol ume of di-2 ethylhexyl phosphoric acid and 6 percent by vol ume of
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trifatty amne. A kerosene carrier or diluent is used.

The wuranium and vanadium are co-stripped from the pregnant
solvent with a sodium carbonate solution. After clarification the strip
liquor is pumped to the synthetic-carnotite precipitation section.

In this plant, solvent extraction is not used as a urani um vanadi um
separation technique, but it functions as a method for recovering uranium
and vanadi umfromacidic liquors and concentrating themin a carbonate
liquor amenable to the synthetic-carnotite precipitation scheme.

Vanadi um Precipitation
The vanadiumin the filtrates fromthe synthetis-carnotite precipita-

tion is recovered as a normal sodi um hexavanadate red cake. When the
clarified liquors are heated and acidified with sulfuric acid, the granul ar
red-cake precipitate forms. This product is filtered and washed on Nut sche-
type filters. An ammoni um sulfate solution, used for part of the washing
cycle, represses redissolution of the red cake and also can help to reduce
the alkali content of the red cake by displacenent of the sodium with
ammoni a ions.

The red cake is either fused in batch nelting furnaces or dried
without fusion. The fused and flaked oxide contains 88 to 90 percent

VoOr,

OGher MIls
The vanadi um produced at the Shiprock and Edgemont nills is a

byproduct of the uraniumextraction operations at these plants. Both
mlls use acid-leaching circuits. The urani um vanadi umseparation is made
by solvent extraction at Shiprock and by a conbination ion-exchange
sol vent-extraction met hod at Edgemont .
Burwel | n" has given the follow ng description of these operations:
"At the Shiprock plant of the Kerr-MGee Uranium Com
pany, the sulfuric acid tail liquors fromuraniumextraction con-
taining vanadiumin the reduced valency (VO4) are |oaded on
an organic solvent at apHof 1to 2. The organic is then stripped
with 5 pet sulfuric acid. The strong acid strip liquor is then
stripped of its vanadium by heat and oxidation, yielding va-
nadic acid, HvVOd, or acid red cake. As the acid strip |iquor
contains iron and phosphorus, the recovery of vanadium
oxide is carried on at a high acidity which results in the phos-
phorus and the largest part of the iron remaining in the acid
raffinate. This is fed into the uraniumleach circuit carrying the
unprecipitated VO ;. Aportion of the \V>0.-, then recycles through
the urani umleach circuit.
Asimlar circuit isin operation at Edgemont, South Dakot a.
at the plant of Susquehanna-Western, Inc."

The Mneral s Engi neering Company operation at Salt Like dty. U ah.
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is the first comercial installation designed specifically to recover va-
nadi um from the ferrophosphorus slags produced during the manufac-
ture of elenental phosphorus. These slags which are primarily iron-
phosphi de compounds contain the equivalent of 7 to 10 percent V*\Q-,. The
slag is ground, m xed with salt, and roasted in a mltiple-hearth roaster.
The vanadium is taken into solution in a water-leaching circuit and is
recovered fromthe liquor via an am ne SXcircuit as AMV. This product is
subsequently decomposed and fused to form a high-grade oxide product.
Thi s newflowsheet uses some of the very latest technol ogy devel oped in the
vanadi um processi ng industry.

METALLURG CAL PROBLEMS AND RESEARCH
REQUI REMENTS OF THE | NDUSTRY

It isnot uncommon for a Col orado urani um vanadi umml| to receive
its ore supply from25 or more different mning operations. The mn-
eral ogi cal composition of the ores can vary considerably, and these dif-
ferences are probably the mai n source of netallurgical or chemical prob-
lems inthe Colorado nills. Visits at the various mlling operations did not
disclose any specific netallurgical problemcommon to al of the plants.
Each m!l has difficulties whi ch appear to be associated with the flowsheet
and ore supply for that particular operation. The netallurgical character-
istics of the ore froma single m ne can change considerably during the
life of the operations. For example some of the highly oxidized carnotite-
type ores are considerably easier to sat roast than the more reduced
material s produced fromthe deeper levels of the same m ne.

The processing conditions used in the Col orado vanadi um operations
sometimes are a conprom se among conflicting objectives. Laboratory
and plant experience have shown that the opti mum processing conditions
can vary considerably for individual ores. The best roasting tenperature
and retention time for an oxidized ore may be substantially different than
for a less oxidized ore fromthe same general area. An ore-blending pro-
gramcan help to smoot h out operating variations, but this technique does
have both cost and metallurgical limtations. The amount of rehandling
that is econonical ly possible is of course linmted, and the conposition of
the blend can have positive and negative effects. A blend containing a
good roasting ore and another material with only a noderate roasting
amenability can at times show a better roast conversion than woul d be
predicted by the wei ghted average response of the individual conponents.
It isalsotrue, however, that some bl ends such as those containi ng organi c
material s can show a very poor roast anenability even though some of the
conponents are good salt-roast ores.
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Much of the technol ogy of vanadi um processing has devel oped as an

art. In many ways the enpirical approach has been highly devel oped, but
future processing i nprovenments wll probably depend upon a better under-
standi ng of vanadi umchenistry.

Basi ¢ Research
There are at least two primary reasons why the chemstry of vana-
diumis among the least quantified facets of inorganic chemstry:

1. Thedifficut and conpl ex behavi or of vanadi um

2. The relatively small size of the vanadi um industry which lints
the amount of money available for basic research.

The lack of adequate identification criteria for vanadi umcompounds and
ionic associations in acidic solutions has been a disadvantage to the va-
nadi umindustry. For exanple, the amount of data on the x-ray diffraction
properties and infrared adsorption characteristics of vanadi umcompounds
islimted. X-ray diffraction index data and infrared spectra on vanadi um
compounds coul d be hel pful for future process inprovenents. O her types
of physical and chenical data apparently are also unavailable for many
vanadi um conpounds.

Appl i ed Research

The probl ems and process-inprovenent studies of vanadiummlling
operations are uni que to each plant. Thus, industry feels that this type of
applied research is an individual requirenment and responsibility of each
operation.

Some types of applied research such as devel opment of inproved
anal ytical procedures and product devel opment studies coul d be beneficial
to the entire industry. The available analytical methods have served the
industry well, but as extractions have i nproved and product grades have
increased, the lint of accuracy on the analytical determnations becomes
more critical. Asinany process industry, fast, accurate, analytical methods
that can be used for plant control tests are valuable. Applied research on
new uses for vanadi umwoul d also be inportant to the industry because
currently 80 to 90 percent of the output is used in the production of steel.
A wi der range of markets for vanadi umwoul d stabilize the present vana-
diummlling industry and would also be an encouragement for future
grow h.
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A SELECTED ANNOTATED BI BLI OGRAPHY OF
VANADI UM PROCESSI NG

The references in this bibliography are arranged in reverse chrono-
logical order under each of the follow ng classifications or sections:

Section
1.00 M neral Dressing
2.00 Roasting Processes

3.00 Aci d Leaching

4.00 Aci d Puggi ng and Baki ng
5.00 Al kaline Leaching

6. 00 lon Exchange

7.00 Sol vent Extraction

8.00 Vanadi um Precipitation

9.00 General Vanadi um Chemistry
10. 00 Metal and Alloy Production
11. 00 Chem cal and Ceram ¢ Uses

12.00 General Information and Hstory
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SELECTED ANNOTATED BI BLI OGRAPHY OF
VANADI UM PROCESSI NG

Section 1.00 —M neral Dressing

1.01 Process for Concentrating Carnotite.
Dunn & Bradl ey
U S. Pat. 2,562,024, Feb. 24, 1951
An attrition process is described

1.02 Ore Scrubbing Apparatus
A J. Winig
U S. Pat. 2,493,049, Jan. 30, 1950

1.03 Concentration of Vanadium Ores by Attrition Followed by Froth
Fotation.

A J. Winig
U S. Pat. 2,464,313, March 15, 1949

1.04 Unusual Metallurgy.
M ningWorld, vol. 6, no. 9, Sept. 1944, pp. 23-27

The 1944 operations of the gravity concentration, flotation.
and chemcal processing circuits for vanadi um recovery at
the Mammoth &. Anthony nill near Tiger. Arizona, are
described in consi derabl e detail.

1.05 Dry Concentration of Carnotite Ores.
Rees, Dunn, and Sproul
U S Pat. 2,175,484, Cct. 10, 1939
Ecj ui prent for dry grinding and scrubbing is described.

1.06 Process for Concentrating Oxidized Ores by Means of Froth Flotation.
G Qitzeit
U S. Pat. 2,125,631, Aug. 2, 1938
1.07 Concentration Met hod
R G Gsborne
U S. Pat. 2,136,726, Nov. 15, 1938
Adry attrition process i s described.
1.08 Recovering Zinc and Vanadi um at the Rhodesian Broken Hll Plant.
T. R Pickard
Eng. &M n. J., vol. 136, no. 10, Cct. 1935, pp. 489-493.
A process flowsheet and description of the gravity concentra-
tion and chenical processing of the descloizite and vanadinite
mneral s of the Broken H Il deposit is presented.
1.09 Vanadi umRecovery at Broken HII.
Eng. &M n. J, vol. 131, no. 6, March 23, 1931, pp. 259.
This article gives a description of Fe-Zn vanadate precipita-
tion process which was in use at Broken HII during 1931.

1.10 Method of Concentration of Ores.
0 J. Adams
U S. Pat. 1,070,313, Aug. 12, 1913.
A conbination physical -chemcal upgrading process is de-
scri bed.
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Section 2.00 —Roasting Processes

2.01

A Mechani sm Study ol the Formation of Sodium Vanadate Conpounds
Under the Conditions of the Salt Roast Process.
W H. Dresner
Al ME Preprint 61B48, Feb. 1961

Cal cination of Vanadium Slags in a Fluidized Bed.
S otvenski and Pot apov
Sal., no. 4, 1960, pp. 327-329
From English Abstracts of Selected Articles fromthe Soviet Bloc
and Mai nl and Chi na Journal s, Feb. 1961
A description of laboratory studies of a fluid bed sat roast on
a slag containing 9.4 percent \A0.-,.

Studies on the Extraction of Vanadi um Pentoxide from Vanadi um Bear -
ing Titaniferous Magnetite Ores of Bihard and Oressa (India).
Roy and Bhat nager
N. M L. Technical Journal, May 1960, pp. 27-31

A salt-roast-vater-leach process i s described.

Process for Extracting Vanadi um Val ues from Ores, Slags, Concen-
trates and the Like.
Dunn, Mayer, O Brien
U.S. Pat. 2.822,240, Feb. 4, 1958
A roast process using sat plus an active phosphorous com
pound is descri bed.

Titani ferous Magnetite Treatnent.
T. P. Canpbell
U.S. Pat. 2,417,101, Nov. 11, 1957
An alkali roasting process is described.

Salt Roast, Hot Water Leach, and H'.SQ Precipitation for Recnery
of V2O, (at Otanmaki).
Martti Merenni es
M n. Wrld, vol. 19, no. 4, April 1957, pp. 55
M. Merenmes gives a description of the high tenperature
Na2S04 roast process used to extract vanadium from the
magnetite concentrates at Ot anmaki, Finland.

Vanadi um Salt Roasting Studies.
Al an Stanl ey
ACCO-51, 1954

Tristage Crystallization Process for Uilizing Western Ferrophosphorus.
Banni ng, Anabl e, and Rasnussen
J. of Metal's, March 1953, p. 425
The article gives a description of the roasting and subsequent
separations processes for vanadi um recovery from the vana-
diferous Western USA phosphat e ores.
Soda Sinter Process lor Treating Low Grade Titaniferous Ores.

MacM | | an, Heindl, and Conl ey
U S.B.M R 4912. 1952
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2.10 Treatment of Titaniferous Magnetite Ores fromlron Muntain, Wo-
m ng.
Bach, Chundgren, and Paterson
U.S.B.M Rl 4902, 1952
An al kaline roast process is descri bed.

2.11 Recovery of Vanadium from Titaniferous Magnetite.

Col e and Breitenstein
J. of Metals, vol. 3, no. 12, Dec. 1951, pp. 1133-1137

This article describes the I aboratory and pilot-plant work on
the recovery of vanadi umfromthe Tahawas, New York, mag-
netites.

2.12 Process of Recovering Vanadi um from Wstern Phosphat es.
Banni ng and Rassnussen
U S.B.M R 4822, 1951
The process is a conbination of beneficiation, snelting, roast-
ing, and leaching operations. Both phosphorus and vanadi um
are recovered.
2.13 Proposed Process for the Treatment of Low Grade Titaniferous Ores.
MacM | | an, Di nneu, and Conl ey
U.S.B.M Rl 4638, 1950
Laboratory tests on sintering with carbon and soda ash to
produce netallic iron and sol ubl e titanates are discussed.

2.14 The Recovery of Uranium and Vanadi um from Low Urani um Process
Preci pitates.
G. W d evenger
M TG 238, 1950

2:15 Studies of Recovery Process for Western Uranium Bearing Ores.
Part |. A Qitical Exam nation of the Salt-Roast, Acid-Leach Proc-
ess for Western Urani umQres.
Saine and Brown
Y- 499, 1949

2.16 Treatnment of Idaho-Woning Vanadiferous Shales.
Ravitz, N chol son, and Chi ndgrew
Al ME Tech. Publication, No. 2178, June 1947
A salt-roast process on shales containing 1 percent VoOs and
2 or 3 percent Po03is described.

2.17 Process of Treating Iron Ores Containing Chroniumand Rel ated
Oxi des.
D. Gardner
U S. Pat. 2,409,428, Cct. 15, 1946
Aroasting process using Ca( OH) 2 is described.

2.18 Recovery of Vanadi um from Vanadi um Bearing Materials.
L. G Jenness
U S. Pat. 2,270,444, Jan. 20, 1942
A roasting process to increase vanadium extraction during
subsequent chlorination or acid |eaching is described.
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2.19 Recovery of Vanadium from Vanadi um Bearing Materials.
L. C Jenness
U.S. Pat. 2,270,444, Jan. 20, 1942
A process consisting of fusion and roasting followed by |each-
ingor chlorinationis described.

2.20 Extraction of Vanadi um Val ues from Vanadi um Bearing Materials.
Robert son. Dunn, and Sproul
U.S. Pat. 2.257,978, Cct. 7, 1941
An oxi di zi ng-roast, water-|each, acid-leach process is described.

2.21 Process for Recovering Vanadi um and Uraniumfrom Ores.
H. D. Brown
U S. Pat. 2,217,665, Cct. 15, 1940

Aroasting process is descri bed.

2.22 Extracting Val ues from Conplex Ores of Vanadiumand Urani um
H. McCor mack
U.S. Pat. 2.176,609, Cct. 17, 1939

An ammoni um sulfate roasting process is described.

2.23 Process of Extracting Vanadi um from Vanadi um Bearing Silicate*.
B. Mayer
U.S. Pat. 2,183,027, Dec. 12, 1939

An oxi di zi ng-roast - aci d-1 each process for slags is described.

2.24 Treatment of Titaniumand Iron Containing Materials.
B. D. Saklatwalla
U.S. Pat. 1,845,342, Feb. 16, 1932

Achlorination process i s described.

2.25 Recovery of Vanadium from Ores or Conmpounds.
B. D. Saklatwalla
U S Pat. 1,779.856, Cct. 28, 1930

Achlorination process is described.

2.26 Vanadiumin Iron Ores and Its Extraction.
R VonSet h
Eng. &M n. J., vol. 120, no. 2, Jul'y 1925, pp. 51-55
A description of a salt roast process for slags produced when
a bl ast-furnace product is bl own in an acid converter.

2.27 Treatment of Vanadium Ores.
M. J. Udy
U.S. Pat. 1.513,200, Cct. 25, 1922
A fusion process using an alkali plus a sul fur-bearing ma-
terial as reagentsis descri bed.

2.28 Method of Treating Conplex Carnotite Ores.
Danforth, Sanuel s, Martersteck

U.S. Pat. 1,126,182, Jan. 26, 1915
Aroasting process is described.
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2.29 Process of Producing Copper, Lead or Iron Vanadate from Vanadifer-
ous Ores.

W F. Bleecker

U S Pat. 1,015.469, Jan. 23, 1912
A salt-roasting process followed by water leaching and acid
leaching i s described. The vanadi umval ues are recovered from
the water-leach or acid-leach solutions as iron. |ead, or copper
vanadat es.

Section 3.00 —Acid Leaching

3.01 Process Devel opnent Studies for Lukachukai Ores.
D. C. McLean
ACCO- 64, 1955
A roasting and |eaching process for the recovery of uranium
and vanadium is described. lon exchange is used for the
urani um vanadi um separati on.

3.02 Nonaqueous Extractive Methods for Western Uranium Ores.
Ewi ng, Pobereskin. Kinball, and Bearse
BM - 271, 1953
Studies on the HC -nethanol |eaching process are descri bed.
3.03 Sudies of Recovery Processes for Western Uranium Bearing Ores.
Part Il —Drect Acid Leaching of Western Urani um Ores
Saine and Brown
Y-499, Cct. 1949
3.04 Process for Removing Lime fromQOres.
Hatherel | and Garbutt
U S. Pat. 2,369,345, Feb. 13, 1945
Aleach with CaCl 2 plus HC1 is discussed.
3.05 Process for the Recovery of Uranium and Vanadi um from Carnotite
Ores.
H Feck.
U S. Pat.'2,199, 696, May 7, 1940
An aci d-1 eachi ng process is descri bed.
3.06 Method of Treating Vanadi um Ores.
G A Hatherell
U S. Pat. 2.197,241, April 16, 1940
An aci d-1 eaching process i s descri bed.

3.07 Process of Treating Ores.
J. S Potter
U.S. Pat. 2,180,692, Nov. 21, 1939
An aci d-| eachi ng process is descri bed.

3.08 Process of Wrking Oes of Vanadi umand Urani um
U.S. Pat. 2,176,610, Cct. 17, 1939
An aci d-1 eachi ng process i s descri bed.

3.09 Notes on Extraction and Recovery of Radium Vanadium and Uranium
fromCarnotite.
H. A. Doer ner
U S.B.M RI 2873, 1928
Anitric acid-1each procedure is described.
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3.10 Process for Extracting VanadiumfromlIts Ores.
Koeni g
U.S. Pat. 986,180, Sept. 21, 1910
An aci di c-pressure | each et hod i s descri bed.

Section 4.00 —Acid Puggi ng and Baki ng

4.01 The Techni que of Acid Pugging and Curing of Ores.
D. C. McClean
TI D-5156, 1953

4.02 Process of Obtaining Uaniumand Vanadi umfrom Their Ores.
Nye and Denorest
U S Pat. 2,173,523, Sept. 19, 1939
An acid-cure process using dilute acids is described.

Section 5.00 —Al kal i ne Leaching

5.01 Method for Treating Vanadi umand Urani um Ores and the Like.
B. Burwel |
U S. Pat. 2,630,369
An a kal i ne-1each process is descri bed.

5.02 Metal lurgical Process.
R F. Meyer
U S. Pat. 2,086,570, July 13, 1937
A"caustic cure" process is described.

5.03 Process for the Extraction of U aniumand Vanadi umfrom Certain
Oes.
W F. Bl eecker
U S. Pat. 1,438,357
An al kal i ne-1each process is descri bed.

5.04 The Extraction of Vanadiumfrom Carnotite and Vanadiferous Sand-
stone Concentrat es.
S. Fischer
Met. &Chem Eng., vol. 10, Aug. 1912, pp. 469-471
A caustic-cure process i s descri bed.

5.05 Process of Treating Ores.
Haynes and Engl e
U.S. Pat. 808,839, Mar ch20, 1905
An a kaline-leach process using NaOH to precipitate the ura-
niumand CaOto precipitate the vanadi umis described.

Section 6.00 —Ion Exchange

6. 01 Anionic Exchange Behavior of the Vanadium (1V) Thiocyanate Com
plex. Separation of Vanadi umfromAl um num
J. S. AfricanChem Inst., vol. 13. 1960, pp. 82-88

6.02 Separation of Uraniumand Vanadiumwith the Aid of Anion Resins.
Morachevsky and Cor deyera
Vest ni k Leni ngrad Univ., no. 10, 1957, pp. 148-151
Transl ated fromRef erat Zhur. Met., no. 3. 1958
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6. 03 Devel opnent of an |on-Exchange Process for the Recovery of Vanadium
McLean, Hllis, and E senhauer
ACCO- 63, 1954
Adescription of an ion-exchange process for vanadi umis given.
Both colum and RI.P. data are presented.
6.04 Recovery of Vanadi umby Ion Exchange.
Abrams and |zzo
ACCO- 53, July 1954
6.05 The Hectrolytic Recovery of Uranium and Vanadi um from Carbonat e
Leach Liquors.
J. Saunders
RMO- 2525, 1953
Met hods for obtaining uranium and vanadi um from carbonate
I each liquors by ion-exchange are descri bed.
6.06 The Exchange of Vanadi um (I1) and Vanadi um (I11) lons in Perchloric
and Sulfuric Acid Sol utions.
King and Garner
J. Am. Chem Soc, no. 74, July 1952, pp. 3709- 3710
6.07 The Kinetics of the Vanadium (111)—Vanadium (1V) Exchange Reac-
tionin Aqueous Perchloric Acid Sol utions.
Furman and Garner
J. Am. Chem Soc, no. 74, Jul'y 1952, pp. 2333-2337
6.08 Urani umRecovery fromMscel | aneous Materials.
R H Bailes
Dow- 40, Dec. 1950
| on-exchange recovery of uraniumand vanadi umis described.

Section 7.00 —Sol vent Extraction

7.01 Liquid Ion-Exchange- Vanadi um
General MIIs Inc.
CGeneral MIlsInc. Publication CDS-3-60, 1960
The solvent extraction of vanadium with high nolecul ar
wei ght, water insoluble, quaternary ammoni um chloride com
pounds is descri bed.
7.02 Solvent Extraction of Vanadium (and Uranium from Acid Liquors
with D -(2-ethyl hexyl) Phosphoric Acid.
Crouseet. a.
ORNL- 2820, 1959
7.03 Raw Materials Process Testing Progress Report of Flot Plant Section
of Jan. 1955.
ORNL- 1970, 1956
Ami ne SX of vanadium fromacidic liquors is described.
7.04 Solvent Extraction of Uranium (and Vanadium) from Acid Liquors
wi th Trial kyl phosphene Oxi des.
Bl ake, Brown, and Col eman
ORNL- 1964, Aug. 1955
7.05 The Extraction and Recovery of Uranium (and Vanadi um from Acid
Liquors with Di - (2-ethyl hexyl ) Phosphoric Acids.
Bl ake, Brown, and Col eman
ORNL- 1903, May 1955
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7.06 The Recovery of Uraniumand Vanadi um from Carnotite Ores by Sol v-
ent Extraction.
R H Bailes
Dow- 93, 1953
An investigation of the recovery of uranium and vanadi um
acid slurries with dioctyl phosphoric acid is reported.

Section 8.00 —Vanadi um Preci pitation
8.01 Research and Devel opment Quarterly Report for July-Sept. 1960.

El dorado M ning and Refining Ltd.
NP- 9396, 1960
An outline is presented of various approaches to the problem
of vanadi umrenoval fromBeaverlodge sol ution and precipitate.
8.02 Process for Recovery of Urani umand Vanadi um from Carbonate Sol u-
tions by Reduction-Precipitation.
Hlis and Lindbl om
U.S. Pat. 2,807,518, Sept. 1957
Sodi umamal gami s used as the reduci ng agent .

8.03 Precipitation of Uraniumand Vanadi um from Carbonate Leach Liquors
Usi ng Sodi um Amal gam
Di xon, H. E.
W n-16, Sept. 20, 1955
8.04 The Lead Vanadate Precipitation Method for the Recovery of Vanadi um
from Carbonate Leach Sol utions.
Qifford and Huggins
RMO- 2619, June 1955

8.05 Hectrolysis of Carbonate Leach Sol utions.
Huggi ns, Carlson, Schwi en
RMO- 2611, Cct. 1955
A summary of batch studies performed on the electrolytic re-
duction and precipitation of uranium and vanadium in car-
bonat e sol utions i s present ed.
8.06 Summary and Cost Estimates Using Hectrolytic Reduction in Selected
Fl owsheet s.
Huggi ns and Carl son
RMO- 2613, April 1954
8.07 Dow Progress Report—Dec. 1953.
Bailes, R H.
Dow- 109, Dec. 1953
Sudies of the recovery of uranium and vanadium from | each
sol utions of carnotite ores are present ed.
8.08 Precipitation of Vanadi umfromAqueous Vanadate Solutions bv Reduc-
tion with Hydrogen.
OBrienet a.
Can. M n. &Met. Bull., vol. 46, no. 499, Nov. 1953
8.09 The Hectrolytic Recovery of Uranium and Vanadi um from Carbonate
Leach Liquors by Means of |on Exchange Menbr anes.
Saunders, Jean
RMO- 2525, 1953
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8.10 A Preliminary Econom ¢ Analysis of the Sodi um Amal gam Process.
M Cl ai ne and Mohan
RMO- 2609, 1952

8:11 Electrolysis of Carbonate Leach Sol utions.
Huggi ns, J. C
RMO- 2607, July 1952

8.12 The El ectrol ytic Recovery of Uranium and Vanadi um from Car bonat e
Leach Liquors by Means of |on Exchange Menbr anes.
RMO- 2519

8.13 Electrolytic Recovery of Uraniumand Vanadiumfrom Cimax Leach
Li quors.
Kirk, Paul F.
RMO- 2512, 1952

8. 14 Vanadi um Recovery from Chromate Liquors.
Perrenet a.
| &EChem, vol. 44, no. 2, Feb. 1952, pp. 401-404.
The process is based on the relative solubilities of |ead sulfate.
lead chromate, and |ead vanadate in an 8.5-pH sol ution.
8.15 Process of Precipitating Hydrous Vanadi um Pent oxi de.
Dunn, Wl | ace, and Mayer
U.S. Pat. 2,551,733, May8, 1951
A two-step precipitation process for producing high-grade red
cakeis reported.
8.16 Sudies of Recovery Processes for Western Uranium Bearing COes.
Part | X, Precipitation of Yellow Cake and of Low Level Vanadium
AECD- 3223 or Y-663, Nov. 1950

8.17 Sudies of Recovery Processes for Wéstern Uranium Bearing Ores.
Part 111, The Recovery of Uranium and Vanadi um from Acid Leach
Li quors of Carnotite Ores.
Col eman, C. F.
Y-500, Nov. 1949

8.18 Studies of Recovery Processes for Western Uranium Bearing Ores.
Part VI. Precipitation of Vanadi umRed Cake.
Seel ey and Col eman
Y-503, Cct. 1949

8.19 Precipitation of Red Cake from Low Vanadi um Acid Sul fate Leach
Li quors.

Hollis and McCl ean

ACCO- 45, 1945
A process is described for precipitating the vanadi umas ferric
vanadate, followed by caustic |eaching of the precipitate and
repreci pitation as red- cake.

8.20 Vanadi umRecovery from Chronat es.

VanW rt and Aylies

U S. Pat. 2,357,988, 1944
Aprecipitation procedure i s described.
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8.21 Beneficiation of Vanadi um Conpounds.
Frick, F. A
U S. Pat. 2,357,466, Sept. 5, 1944
Conversion of sodi um hexavanadate to ammoni um hexavana-
dateis described.
8.22 Recovery of Vanadi um
Nel son, J. J.
U S. Pat. 2,357,488, Sept. 5, 1944
A nmethod of recovering vanadi um from phosphovanadic acid
sol utionsisreported.
8.23 xidized Fractional Precipitation Process on Unreduced Uravan Acid
Leach " A" Liquor.
Norton, L. K
AECD- 3760. May-June 1944

8.24 Process for Separating Vanadi um from Titani um
Jenness and Anni s
U.S. Pat. 2.230,538, Feb. 4, 1941
Precipitation of vanadium fromliquid Tid4 by means of an
organi c precipitant is described.

8.25 Recovery of Vanadi um
Freck and Woodman
U.S. Pat. 2,193,092, Mar ch 12, 1940
A miltistage precipitation process for recouping vanadi um
fromleach liquors containing greater than 5 g/1 of phosphor-
us i s descri bed.

8.26 Method of Treating Vanadium Ores and Sol utions.
Carpenter, A. H
U S. Pat. 1.531,541, March 31, 1925
Aprecipitation process is descri bed.

8.27 Process for Separating Vanadi um from Urani um
Bl eeker, W S.
U.S. Pat. 1,050, 796
A process for selective electrolytic precipitation ol vanadi um
inthe presence of urani umis reported.

Section 9.00 —General Vanadi um Chenistry

9.01 The Rel ationship Between Oxidation Reduction Potential and \ al ence
Sate of Iron, Vanadi umand Uraniumin Sulfuric Acid Leach Liquors.
Toohey and Kauf man
ACCO- 60, July 1954

9.02 Chenistry of Vanadium
Frank, AndrewlJ.
ACCO- 49
A summary of the non- AEC literature on vanadi um through
1952 is presented. A bibliography of 93 references is included.

9.03 Preparation of Vanadi um Mnoxi de.
Frandsen, M
J. Am. Chem Soc, no. 74, Cct. 20, 1952, pp. 5046
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9.04 A Contribution to the Study of lons of Quadri and Pentaval ent Vana-
dium
Ducret, L. P.
Ann. Chim (French), vol. 12, no. 6, Sept.-Cct. 1951, pp. 705-773
9.05 The Technical Chenistry of Vanadi um
Sakl atwal la, B. D.
J. of Ind. &Eng. Chem, vol. 14, no. 10, Cct. 1922, pp. 968
9.06 Notes on the Chenistry and Metal | urgy of Vanadi um
Bl eecker, W F.
Met. &Chem Eng., Part |, Dec. 1910, pp. 666-671
Part 11, April 1911, pp. 209-213
Part 111, Cct. 1911, pp. 499-505
A wide variety of observations on the chemstry of vanadium
are presented in Part |. Part |l discusses the analytical chem
istry of vanadium and Part Il presents data on the netal -
lurgy of vanadi umores.

Section 10.00 —Metal and Alloy Production

(Most of the references in this section were conpiled by Sidney J. Bragg,
Librarian, Vanadi um Corporation of America Research Center, Cam
bridge, Chio.)

10.01 Metal | otherm ¢ Reduction of Vanadi umhl ori des.

Bl ock, Brown, and Ferrante
U S.B.M Rl 5722, 1961
10.02 Ductile Vanadi um Techniques that Make Fabrication Easier.
Merrill, T. W
Vanadi umCorporation of Anerica, Iron Age, Feb. 1961, p. 110-12
10.03 A Study on Gontrolling Hi gh Tenperature xidation of Vanadi um Base
Al oys.
Klicker, J. D et d.
Crucibl e Seel Company of Anerica, Feb. 1961
10.04 Preparation of Hgh-Purity Vanadi um Metal by the |odide Refining
Process.
Carlson, Q N et d.
Instit. for Atonmic Research and Department of Chenmistry, |owa
Sate Whiversity, J. B ectrochem Soc, Jan. 1961, p. 88
10.05 Vanadi um
Eng. M ningJournal, Feb. 1961, p. 124
Hender son, B. R
10.06 Vanadi umButters Joints.
IronAge, vol. 186, no. 7, August 1960, p. 15
10.07 Vanadi um 1960.
| /ECReport, Ind. and Eng. Chem . vol. 52, Cct. 1960, p. 27A
10.08 Phase Di agramof the V-La System
Savitskiy, et a.
Gficeof Technical Services, JPRS: 4044, Sept. 1960
10.09 Vanadi um
Busch. P. M
M neral Facts and Probl ems, 1960, Bulletin 585, p. 921
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10. 10 Corrosion Behavior of H gh Purity Vanadi um
Schlain, D et a.
Corrosion, vol. 16, Feb. 1960, pp. 70t-72t
10.11 Hevated Tenperature Dynamic Mduli of Vanadium Titanium and
V-Ti Alloys.
HIl. W H et d.
Qfice of Technical Services, PB 171014, May 1960
10.12 Vanadi um-Manuf acture and Application of Vanadi um Products.
Merrill, T. W
Nt'| Western Mning & Energy Conf. of the Colorado M ning
Assoc, April 1960
10.13 Getting to Know Vanadi um Metal .
Uni on Carbi de Metal s Review, Fall, 1960

10. 14 Devel oprment of Vanadi um Base Alloys for Reactor Application. Part
| I —-Mechani cal Properties.
Van Thyne, R J.
Armour Research Foundation of Illinois Institute of Technol ogy.
1960

10.15 The Flow, Fracture, and Twinning of Commercially Pure Vanadium
Cough, W R et a.
Transactions Am. Soc. for Metal s, vol. 52, 1960
10.16 Dffuse Streaks in the Dffraction Pattern of Vanadi umSngle Qystals.
Sandor, E et a.
Acta Qrystal | ographi ca, vol. 13, Part 4, April 1960
10.17 Fused Salt Heetrorefining of Vanadi um
Qottoir and Baker
U S.B.M Rl 5630, 1960
10.18 Vanadi um Chrom umA | oy System
Carlson, 0. N et al.
U S.ABC Ames Laboratory, 1S 47, Nov. 1959
10.19 Some Properties of Vanadi umat Subatrmospheric Tenperatures.

Hren, J. A et a.
Lhiversity of Illinois, Gfice of Technical Service, PB 149-278, Sept.
1959
10.20 Phase Relationships in Selected Binary and Ternary Vanadi um Base
Alloy Systens.

Armour Research Foundati on
Quart. Progress Report No. 3, WADC, Jan. 1959
10.21 Melting and Fabrication of Ductile Vanadi umMetal .
Schaufus, H S.
H ectrochem cal Society 115th Meeting, Philadel phia, May 1959.
Paper No. 149, Vanadi umCorporation of Anerica
10.22 Vanadi umMetal with a Future.
Uni on Carbi de Metal s Revi ew, Spring, 1959
10.23 Carbides of El ements of the Fifth Group of the Periodic Tabl e Bonded
with Seel.
Epner, M et a.
Pl anseeberichte, Fur Pul vernetallurgie. Band 7, Nr. 3, Dec. 1959
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Report of the Applications Goup Panel on Vanadi um
National Acadeny of Sciences, National Research Council
Report MAB-154-M(1). Vol. Il. Panel Reports. Chap. V1. sec.
B, pp. 249-255. Cct. 15. 1959

Imestigation of the Brittle-Ductile Transition in Vanadi um
Loom s, B. A et a.
Al MMB Third Annual Metallurgical Society Conference, 1958.
Reactive Metal s, vol. 2, pp. 227-243

The Metal lurgy of Vanadi um
Rost oker, W
Armour Research Foundation, 1958. (John Wley and Sons |

El ectrorefining of Vanadium Chromum Zirconium and Haf ni um
Blue, D. D. et a.
Second U. N Internat'l Conf. Peaceful Uses of Atom c Energy.
Al Conf. 15/ P/ 698, June 1958

Oxygen- Cutting of Vanadi um
Coates, G
Nat ure, no. 4607, Feb. 1958, p. 479

Phase Rel ationships in Selected Binary and Ternary Vanadi um Base
Aloy Systens
Armour Resear ch Foundation
WADC Quart. Progress Report No. 1, Project No. B 148. Julv
1958

Brittle-Ductile Transition in Vanadi um
Looms, B. A et a.
U S. Atomic Energy Commission. March 1958. |SC 1037

Ther modynami ¢ Equilibria of Vanadiumin Aqueous Systems as Applied
tothe Interpretation of the Col orado P ateau Ore Deposits.

Evans, Jr., H T. et a.

Geochi ni ca et Cosmochi m ca Acta, vol. 15. 1958, pp. 131-149

Vanadi um
Mechani cal Engi neering, August 1958, p. 68

Ductile Vanadi um A New Engi neering Material .
Merrill, T. W
J. of Metal's, Sept. 1958, pp. 618-21
Vanadi umin Seels.
Sprankle, A F.
Met al Bulletin, Nov. 1958, pp. 103-5
Vanadi um Data Manual .
Francis, E L.
Lhited Ki ngdom Atomic Energy Authority. |1GR-R/ R-306. 1958
Appar at us for Flaking Mol ten Metal .
C. T. New and
U S. Pat. 2.830,248, Jan. 21, 1958
Selected Properties of Vanadi umAlloys for Reactor Application
Smith, K F. et a.
Argonne National Laboratory, 1957, Report ANL-5661



COLORADO VANADI UM 11

10. 38 Higher Vanadi um I nproves Hot Strength of Low Alloy Steel.
Shahi ni an, Paul et al.
Iron Age. vol. 180, August 1957

10. 39 Vanadi um Ef f| orescence and Its Control by the Use of Fluorspar.
Deadmore, D. L, et a.
Illinois Sate Geol ogi cal Survey, Report of Investigations 202. 1957

10. 40 The Production of H gh-Purity Vanadium Metal .
Foley, E et a.
Instn. of Mning and Metallurgy, (London) Paper No. 12. March
1956

10. 41 Processes for the Extraction of Vanadi um
Tyzack, C et a.
Instn. of M ning and Metallurgy, March 1956

10. 42 Electrical, Thernoelectric, Harness, and Corrosion Properties of Vana-
di um Base Al | oys.
Qeary, H J.
U S. Atomi c Energy Commi ssion, Sept. 1956

10. 43 Properties of Vanadi um Consolidated by Extrusion.
Lacy, C E et a.
Trans. Am. Soc. for Metal s, vol. 48, 1956, p. 579

10. 44 The Mechanical Properties of Vanadi um Base Alloys.
Rost oker, W et a.
Trans. Am. Soc. for Metal s, vol. 48, 1956, p. 560

10. 45 (oservations on the Mechanical Properties of Hydrogenated Vanadi um
Roberts. B. W et al.
Al.ME Trans., vol. 206, 1956, pp. 1213-15

10.46 The Metallic Reduction of Vanadi um Oxides.
Denni s and Adonson
Qul cheth Labs, A E A (England) RDB(c) /TN 117, 1955

10. 47 Exploration of Vanadi um Base Al l oys
Rost oker, W et al.
Armour Research Foundation, WADC Technical Report 52-14.5.
Part 3, Jan. 1955
10.48 Research on Vanadi umMetal .
Rost oker, W et al.
WADC Technical Report 52-145, Part 4, Project No. B605. Au°.
1955
10.49 Vanadi um
A F. G Cadenhead
Can. Metals, vol. 18, no. 2, Feb. 1955, pp. 22-24
10. 50 Vanadi um
H E Dunnet a.
Rar e Met al s Handbook, Chapter 27, 1954, p. 573
10.51 Mechani cal Properties of Hgh-Purity Vanadi um
Brown, C. M et a.
1954 Meeb9!-5( eCtrocheni cal Society< Rare Metal s Handbook.
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10. 52

10. 53

10. 54

10.55

10. 56

10. 57

10. 58

10.59

10. 60

10. 61

10. 62

10. 63

10. 64

10. 65

10. 66
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Ki | ogram Scal e Reduction of Vanadi um Pentoxide to Vanadi um Metal .
Beard, A P. et a.
vol. 101, 1954, p. 597

Conposi tion of Phases inthe Vanadi um Carbon System
Schonberg, N.
Act a Chi mi ca Scandanavi a, vol . 8, 1954, p. 624

A Survey of Vanadi umBinary Al oys.
Rost oker, W
Am. Soc. for Metal s, vol. 46, 1954, 1136

Fl ow and Fracture Characteristics of Anneal ed Tungst en.
Bechtold, J. H
Am. Soc. for Metals, vol. 46, 1954, p. 397

Vanadi umas Repl acement for Mol ybdenumin Low All oy Seels.
Qottrell, C L. M et a.
British Wl di ng Journal , Feb. 1954, pp. 82-85

The P ace for Vanadi um
Seel, 1954, pp. 128-130

The Relationship Between xidation Reduction Potential and Val ence
Sate of Iron. Vanadi umand Urani umin Sulfuric Acid Leach Liquors.
Toohey, J. G et d.
U. S. Atom c Energy Conmi ssion, July 1954
A Survey of Vanadi umBinary Systens.
Rost oker, W et al.
Trans. A S M, vol. 46, 1954, p. 1136
Expl oration of Vanadi um Base A | oys.
Rost oker, W et al.
WA D CTechni cal Report 52-145, Part 2, Nov. 1954

Expl oration of Vanadi um Base All oys.
Rost oker, W et al.
WAD C Techni cal Report 54-312, July 1954
Vanadi um Seels and Irons.
Vanadi um Cor poration of America
Reprinted, 1954

Preparation of Vanadi um Metal .
Long, J. R
|l owa Sate ol | ege, Journal of Science, vol. 27, 1953, p. 213

Effect of Tenperature on the Flow and Fracture Characteristics of
Mol ybdenum
Bechtold, J. H
Am. Inst, of Mning, Mtallurgical and Petrol eum Engi neers, vol.
197, 1953, p. 1469
Expl oration of Vanadi um Base All oys.
Rostoker, W et a.
Armour Research Foundation, WA.D.C. Tech. Report No. 52-145
Part |, July 1952
On The Separation of Chenically Pure Vanadi umfromthe Gas Phase.

Jantsch and Zemck
Mont ash Chem ( Ger man), no. 84, Dec. 1953, pp. 1119-1126
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10. 67 The Free Energy Diagram of the Vanadi um Oxygen System
Alen, N P. et a.
J. Hectrochenical Society, vol. 98, 1951, p. 417
10.68 Fracturing of Slicon Ferrite Qystals.
Tipper, C F et d.
Am. Soc. for Metal s, vol. 43, 1951, p. 906
10.69 A Study of O eavage Surfaces in Ferrite
Kier, E P.
Am. Soc. for Metals, vol. 43, 1951, p. 935
10.70 Preparation of Vanadi umMetal .
Lang and W1 hel m
| SC- 244, Aug. 1951
10.71 Vanadi umMetal A New Aticle of Commerce.
Kinzel, A. B.
Met al Progress, vol. 58, 1950, pp. 315-21
10.72 Preparation of Ductile Vanadi umby Cal ci um Reducti on.
McKechnie, R K
J. Hectrochen cal Society, vol. 97, 1950, p. 311
10.73 Ductile Vanadi umComes of Age.
Vst i nghouse Engr., no. 10, 175, July 1950

10.74 Thermal, Sructural, Hectrical, Magnetic and Qther Physical Proper-
ties of the Group V El enents: Tantalum Niobium (Col unbium and
Vanadi um

R chert, Esther, et al.
Gfice of Techni cal Services, PB 147 562, Nov. 1960
10.75 Vanadi umin Steel making, Present and Future.
Johnson, H. E.
Battelle Menorial Institute Report BM -JDS-136, Aug. 1948
10.76 Recovery of Vanadi umand Qther Alloys in the Acid Hectric Furnace.
Wyman, C.
B ec. Furnace Seel Proceedings, Al.ME, 1947

10.77 E nige Beobachtunge am System Mangan- Vanadi um

Cornelius, H et a.
Metal | wi ssenschatt. vol. 17, 1938, p. 977
10.78 HowVanadi umlnfluences Design Materials.
Dawe, C. N.
Machi ne Design, Cct. 1941
10.79 Vanadi umand Zirconi umas Ternary Conponents in Al um num Bronzes.
Panseri, C
Alluninio, vol. 5, 1936, p. 37
10.80 Ductile Vanadi um
VanAr kel , A B.
Metal wirtschaft, vol. 22, 1934, p. 4054
10.81 The Atomi ¢ Wi ght of Vanadi um
Scott, Arthur F et al.
JACS, vol. 52, 1930, p. 2638
10.82 Vanadi umand Some of Its Industrial Applications.
Al exander, Jer one
J. Soc. Chem Ind., vol. 48, Sept. 1929, pp. 1-13
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10. 83 Vanadi um
Marden, J. W et a.
Ind. Eng. Chem, vol. 19, no. 7, July 1927, p. 786

Section 11.00 —Chenical and Ceram c Uses

(Nearly all of the references in this section were conpiled by Sidney J.
Bragg, Librarian, Vanadi um Corporation of America Research Center,
Canbri dge, Chio.)

11.01 Vanadiumin Ceramcs and Q@ ass.

Cosman, C S.
Vancor umRevi ew, vol. XV, no. 1, 1960, pp. 9-13

11.02 Bibliography of Vanadi um Catal ysts.
Cosman, C S.
Vanadi umCor p. of Anerica Publication, 1960
A bi bl i ography of approximately 300 references, conpiled from
the chem cal abstracts from1940 t hrough 1954.

11. 03 Seni conducting Properties of Some Vanadi um @ asses.
Baynt on, Rawson, and Stanwori sh
J. of Bectrochemcal Society, vol. 104, no. 4, April 1957

11. 04 Vanadi um and Vanadi um Conpounds.
Vancor umRevi ew, Spring- Summer 1955

11.05 Vanadi um and Sonme of Its Industrial Applications.
J. Al exander
J. of Soc. of Chem Ind., Sept. 6and 13, 1929
Vol . XLVII'1, nos. 36 and 37, pp. 871-878 and 895- 901

A Color stabilization for conventional glazes.

11.06 Cccurrences of vanadiumin clays.
Hammer, A J.
Cerami c Age, April toNov. 1955
Vanadi umrepl acenent of al umi numin clay-mneral structures
i s di scussed. A conprehensive continued series.
11.07 Method of Providing a Ceranmi ¢ Base with a Coating of Blue Titania and
Aticle Produced thereby.
Qark, Glin H W
U S 2,715,593 August 16, 1955
Addition of vanadi umoxides is mentioned anong ot hers.

11.08 Studies on Vanadi um Oxi des: | Phase Anal ysis.
Ander son, George
ActaChem Scand., 1954, vol. 8, no. 9, pp. 1594- 1606
The book contains 17 references i n Engli sh.

11.09 X-Ray Studies on Vanadi umand Chrom um Oxides with Low Oxygen
Cont ent .
Schonberg, N1s
ActaChem Scand., 1954, vol. 8, no. 2, pp. 221-25
The book contai ns 12 references i n Engli sh.
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11.10 Crystallization of Quartz d ass.

11.11

11.12

11.13

11.14

11.15

11.16

11.17

Katnarskii. |. S. and Degtyareva, E V.
Dol dady Arad Nauk SSSR, 1953, vol. 91, no. 2, pp. 356-58
Studies were made under influence of cations of many com
pounds including vanadi um and anions including \Q...
Gol oration of @ ass by Radiation.
Kuan- Han Sun and Krei dl, Norbert J.
Qassind.. 1952. vol. 33, no. 10, pp. 511-14, 546
Ther mol umi ncscense is a much nore sensitive process than
coloration. Photosensitization involves reduction to the ele
mental state. The behaviors of Mn, Fe, V, Ce. and Ag are
cited as sanpl es.
Ql-Fring fromthe Vi ewpoi nt of the @ ass Manuf acturer.
Kruszewski, S. and Seddon, E.
J. Soc. @ ass Tech., 1951, vol. 35, no. 164, pp. 158- 76T
The presence of sulfur or vanadiumin the ol causes sonme
col oration of the glass being nel t ed.
Coating for Artistic Crystallized Stoneware.
Bartoli, Domeni co
Ind. Ceram e Slicati, 1951, vol. 6, no. 5, pp. 25-28
The oxides determning the quality of the surface are mainly
ZnOand Ti 02, but the anhydrides of W Mo, V, and U also are
good crystal lizers.
Col oured @ asses.
Veyl, W A,
Soc. of @ass Tech., 1951
Thi s book includes material published to the mddle of 1949.

H gh-Fire Undergl aze Colors: | General Consideration on Hgh-Fire
Yel | ow ol ors.
Kanekot o, Fujii and Ki nya, Sond.
Bull. Govt. Research Inst. Ceranics (Kyoto). 1950. vol. 4. no. 1.
pp. 37
Past studies on high-fire undergl aze colors are reviewed, and
possibilities of making new yellow colors containing V20.-,.
V03 among others are discussed. Twenty-four references are

cited.
Physi cal Properties of Q ass.
Stanworth, J. E
ford Uhiversity Press, London E. C 4, 1950, 219 pp.. 107
figures.

Part | deafs mainly with the structure of glasses as derived
from x-ray diffraction work and the investigation of density.
col or, fluorescence, andrefractivity.
Mechani sm of Col oration of G ass by Tetraval ent and Pentaval ent
Vanadi um
Rai saku, Kiydura; Shoichiro, Kawakubo; Yoshitake, Ito
J. Japan Ceram Assoc, vol. 57, 1949, pp. 29- 30
Ammoni ummet avanadat e 5 percent addedto glass K,0: CaO-
6Si 02. The V4V(V4t +V5+) ratio was estimated by cheni cal
analysis. MVisual color was yellowsh green and orange yel l ow
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11.18 Rare-Earth G asses; | Absorbing G asses.
Foex. M
Verreset refractaires, Aug. 1947, pp. 3-18.
Interesting color conbinations are obtained with vanadi um
tungsten, cobalt, and sel eni um

11.19 xidation and Reduction of G asses by Means of El ectrolysis.
Ri ndone, G E, et a.
Sate Coll ege, Pennsylvania, G ass Science Inc.
J. Am. Ceram Soc, vol. 30, 1947, pp. 314-19

11.20 Effect of Coloring Oxide Additions on the Spectral Transmission of a
Soda- Line-Silica d ass.
Bachman, Ceorge S.
Qass!Ind., vol. 28, no. 12, 1947, pp. 630- 34, 652.
The effects on ultra violet, visible and infra red transm ssions
of the addition of coloring oxides to a base glass sinlar to
most commerci al gl asses were investigated. The coloring oxides
of vanadi umamong others were added in three different propor-
tions. Vanadi umwas second best as absorber of ultraviolet.
11.21 Col ored G asses; the Col ours Produced by Vanadi um
Wyl, W A
J. Soc. G ass Tech., vol. 28, 1944, pp. 185-9
Vanadi um resenbles chromum in its oxidation-reduction
characteristics, its tendency to form anions and cations, and
the shape of its absorption spectrum Vanadium glasses can
be colorless, yellowto brown, green, or sometimes gray. In
extremely basic glasses melted under oxidizing conditions, a
colorless glass is obtained absorbing in the ultraviolet. Acid
glasses give rise to yellow sh-browns indicating pol yvanadate
formation. Normal green glasses of vanadi umcoloring are due
to vanadic ions. Wth sulfur as a reducing agent pure blue
glasses are obtained with vanadi umin the tetravalent state.
11.22 Optical Gass Hstory.

\WWheat, W N.
Optician, vol. 107, no. 277, p. 203-204, 1944, Cer. Abs., vol. 23,
no. 166

W cals attention to the little-recognized work on optical
glasses by W Vernon Harcourt from 1834 to 1860, described
in British Assn. Reports for 1871 by Stokes. In addition to
the usual gl assmaking oxides of the time, Harcourt enpl oyed
the oxi des of lithium barium strontium beryllium magnesium
al um num zinc, cadm um tin, lead, thallium bisnuth, anti-
mony, vanadi um etc., in conbination wth phosphates, borates,
fluorides, tungstates, molybdates, and titanates. Abbe and
Schott knew of this work, and Schott's new glasses owed much
to the inspiration of Harcourt's pioneer work.
11.23 Data on Chenicals for Ceramic Use.

Anon

National Research Council Bulletin No. 107, June 1943
Seventeen V salts and the netal are listed as colorants for
ceranic materials. The color obtained with each one is given.
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11.24 The Effect of Small Amounts of Certain Colouring Oxides on the Col our
of a Soda-Line-Silica d ass.
Preston, Eic
J. Soc. @ ass Tech., vol. 25, pp. 5-20, 1941
Vanadi umis one-fiftieth as effective as Cr; heating removed
tint.
11.25 Qasses colored with Neodym um Oxi de and Vanadi um Oxi de.
Ctyroky, V.
Qastech. Ber., vol. 18, pp. 1-7, 1940. C. A 34, 3455, 1940
The base glass had the followng conpn.: 67.0-69.5 percent
Si02. 11.6-12.4 percent CaO, 11.6-12.4 percent K20 and 4.0
4.3 percent Na20. The Nd203 and V>05, resp. were added as
follows to make the series of glasses studied: 6 percent +0.01
percent; 5 percent +0.2 percent; 4 percent + 0.4 percent; 3
percent + 0.6 percent; 2 percent + 0.8 percent; 1 percent +1
percent; 0.0 percent + 1.2 percent. Polished sanples 5x 10 x 20
mm. were studied photometrically over the range 4000- 7000A.
By using the av. spectral sensitivity of the eye according to
G bson, Tyndall and McNicholas (C. A 15, 2968). the trans-
mssion coeffs, were recalculated to give values representing
the effect on the eye for transnitted sunlight and light froma
tungsten | anp. These data are plotted against wave length for
both sunlight and the el ec | anp.
11.26 Reaction Between Metal s and Ml ten @ ass.
Badger, A. E. and Bard, B.
J. Am. Ceram Soc, vol. 23, pp. 326-8, 1940. C. A 35, 287, 1941
A series of melts of Na20-Ca0-Si02 glass cullet in contact
with various chem elements was made. The heat treatnent
was for 2 hr at about 1250°. Aatm of Hwas used to prevent
oxi dation. Various colors were produced by Cu, Ag, Au, Se,
C, and S and Zr. Black fog resulted fromnelts contg. Ba, Cr
or V. gray or black fogs with reddish zones, from nelts
contg. Mg. Ca, Ti, Mn, Si or Al. Afaint bluewith large reddish
zones was produced by Co. Only slight attack was shown by
Fe, Ni, Zn, Cd, Bi, Sn, Pb, Mo and W.
11.27 Effect of Conposition and Qther Factors on the Specific Refraction and
Di spersion of Q@ asses.
Young, John C. and Finn, Aifred N.
J. of Research of the Na, Bur. &., vol. 25, pp. 759-782, 1940
Vo03 is included in Table 2 —Specific Refraction Factors of
Some Oxi des as Cccurring in G asses and Qystals. The relation
to dispersion to specific refraction and to conposition is de-
vel oped.
11.28 Light-Sensitive Gass and Its Application for Utraviolet Measurenents.
Upton, Lee O
dassInd., vol. 21, pp. 109-12, 1940. C. A 34, 4242, 1940
Ce-V glasses are well suited to the measurement of ultraviol et
light over protracted periods, especially in the wave length
range of 3000-3800A. Phosphoric acid and boric acid have
a preventive effect on the photo-chem reaction between CeO,
and V205 whereas soda-l1ine glasses provide a satisfactory
base glass for this reaction.



148 METAL M NI NG BOARD

11.29 Vanadiumas a G ass Col orant.
Weyl, W A. and Pincus, A. G. and Badger, A. E.
J. Am. Ceram Soc, vol. 22, 374-7, 1939
Vanadi um as a glass colorant, acts much like C. Qdinarily
it leads to greentints which are due to the superposition of the
green of trivalent V and the yellow of pentavalent V. Large
excess of akali |eads to the formation of colorless vanadates.
Under special conditions, solarization may be used to devel op
the lavendar color of bivalent vanadium The effect of melting
conditions and changes in the base glass conposition on the
colors is di scussed.
11.30 Less Fanmiliar Elements in Ceranic Pignents.
Har bert, C J.
Ind. Eng. Chem, vol. 50, pp. 770-772, 1938
V salts, especially the metavanadates, are said to be gaining
ground as coloring agents in ceramic wares. A V-Sn oxide
produces a very stable yel |l owwhich is used as a glaze, under-
gl aze, overgl aze, or body stain.
11.31 Vanadiumin G ass.
Houseman, Charles W
Vanadi umCorp. of America, R &D. Report, Project P-35, Report
No. 1, March 27, 1936
11.32 The Physical Properties of @asses in Relation to Their Conposition.
The Transparency of Gass in the Utraviolet, \isible and Infra-Red
Range.
Anon
Vancor amRevi ew, vol . 2, pp. 11-12, 1931
Absorption of ultraviolet glass with V. Ce, Ti, Pb. or Sbin
decreasi ng order of activity are di scussed.
11.33 Vanadi umin Shatter-Proof Q ass.
Anon
Sientific American, vol. 144, 1931, p. 337
11.34 Title Unknown.
Frtiz-Schmdt, M ; Gehlhoff, G R; Thomas, N.
Z. Tech. Physik, vol. 11, 1930, pp. 289-326
Included are studies of spectrae absorption of vanadium
glasses. (See J. Soc. dass Tech., vol. 28, no. 128, 1944. p.

188).
11.35 Col ored Heat-Resisting G ass.
Taylor, W C.

U S 1,754,182 (April 8, 1930). VancoramReview, vol. 1. no. 4,
141, July 1930
The patent clains the production of a heat-resisting green
glass which shows high transmssion of green light and gen-
erally good absorption of other parts of the spectrum having
a coefficient of linear expansion of less than .0000048, con-
taining lithia, potash, and boric oxide, the ratio of boric oxide
tototal alkali beinglessthantwoto one.
A satisfactory green is produced by the addition of 1.4 percent
cupric oxide and .012 percent cobalt oxide to the base glass
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given above. Chromium or vanadi um may be substituted in
part for the cupric oxide.

11.36 The Rarer Metals in @ ass.
Anon
Vancor amRevi ew, vol. 1, no. 5, pp. 149- 152, Cct. 1930

The presence of vanadiumin glass tends to make it absorb
ultraviolet light. Aparticular application of this property isin
nonshatterable glass, as ordinary glass permts deterioration
of the celluloid cementing naterial. N ckel vanadate produces
shades of yellow green to deep violet, manganese vanadate
gives yel lowgreen to amber to wine red, cobalt vanadate gives
green to blue and copper vanadate gives yellow green to bl ue
green. The shades depend upon the type of glass and on
furnace condi tions.
11. 37 Cerani c Products.

Singer, F.

Fr. 645,726. C. A 23, 2006 (April 20, 1929). Vancoram Revi ew.

vol. 1, no. 2, p. 62 (Jan. 1930)
To prevent the aging of ceramc products, conpounds (Partic-
ularly the oxides) of Ce, Zr, G, Mn, P, Wor V are added
tothe usual constituents.

11.38 Color Gven to G ass by Vanadi um
Fuwa, Kitauzo
J. of Japanese Ceram Assoc, vol. 369, p. 236-240. See J. Soc.
@ ass Tech., vol. 28, 1944, pp. 187-8

The influence of the conposition of glass on the color im
parted by V205 was deternined. In general, the color resenbl es
that given by Cr203, and it is not influenced by the conposition
of the glass. An oxidizing agent causes a slight increase in
yellow. The color of vanadium glass may be due chiefly to
V203 which may be partially oxidized to V20.-, which may
be a yel | owcol orant in gl ass.

B. Qpacifiers.

11.39 V20- —OQpacified Wite Enanels.
Smail ey, A. K.; King, B. W ; Duckworth, W H.
J. Am. Ceram Soc, Aug. 1, 1957, pp. 253- 255

Wi t eness and opacity devel oped by addition of 3 to 8 percent
V205 to lead borosilicate enanels on glass and al umi numis
di scussed.

11. 40 Vanadate G asses.
Denton, E. P.; Rawson, H.; Stanworth, J. E.
Nature, May 29, 1954, vol. 173, no. 4413, pp. 1030-32. Ceram
Abs. 1955, 1781
Work on V?Or, tellurite glasses indicates that secondary gl ass-
iormng oxides as phosphorus pentoxide and others can be
used t o make opaque gl asses.
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11.41 Recent daze and Col or Devel opnents (Vanadi um Zirconium Yel | ows).
Bui. Am. Ceramic Soc, 1952, vol. 31, pp. 161-64.
Zi rconi um vanadi um stain wll increase the opacification. Low
cal cium base frit produces most favorable base for Zr-V yel-
lows and recently produced at Eastern tile plant firing at
cone 1.

11.42 Colored 3@ asses Pt. 5; Fluorescence and Sol arization of @ ass.
Wyl, W A
J. Soc. dass Tech.. val. 30, 1946, p. 139
Some crystalline nodifications of vanadates exhibit vyellow
fluorescence. Zinc vanadate is outstanding in its intensity.
Pentaval ent vanadi umis the carrier of fluorescence.

11.43 Yellow Fluorescent Material and Making the Same.
Veyl. W A
U S Pat. 2 322 265 —June 22, 1943
Qystalline nodifications of vanadates exhibit yellow fluores-
cence in glasses are di scussed.

11.41 Title Unknown.
Robl. R
Z. Angeu. Chem, vol. 39, 1926, p. 608- 611
Some vanadates possess a weak brownish fluorescence. (See
J. Soc. @ ass Tech., vol. 28, no. 128, 1944, p. 189).

C. Additives Abetting G assy Phase Formation.

11.45 Semiconducting Properties of Some Vanadate G asses.
Baynton, P. L.; Rawson, H.; Stanworth, J. E
J. Bl ectrochem Soc, vol. 104, no. 4, 1957, pp. 237-40

d asses have been made in systens BaO V20 ,-P200 and Na20-
BaO V20-,-P20r) with V20;; contents ranging between 50 and
87 mole percent. Al the glasses were very intensely col ored
and appeared black in any thickness other than that of very
thin filns, the color of these filns being dark green.

11.46 G ass Refractory Conposition.
U S. Pat. 2,748,007. Issued May 29, 1956.
Badger, Alfred E. and Sharp, Donal d E.
A glass contact refractory consisting essentially of from 30
to 45 percent al umi numoxide, 50 to 70 percent silicon oxide.

and from1 to 5 percent of an oxide of a netal selected from
the group consisting of chrom um and vanadi umis reported.

11. 47 Vanadate Q asses.
Denton, E. P.; Rawson, H.; Stanworth, J. E
Nature, 1954, vol. 173, no. 4413, p. 1030+
Prepn. and properties of a number of glasses based on
vanadi um pentoxi de V205-P205 system glasses contained as
much as 90 percent V20B are di scussed.
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11.48 Use of Rare xides for @ ass Coloring and Decol ori ng.
Herfurth, R
A as- Emai | - Ker ano- Techni k, 1952, vol. 3, no. 1 and 2, pp. 1-4
38-40
The necessity of basic research in this field of glass chemstry
and of careful studies by glass technol ogists before using rare
earths as decol oring agents is evident.

11.49 Studies of Some Special G asses Absorbing Utraviolet Rays and Trans-
mtting Visible Light.

Ctyroky, V.

Skl arskerozhl edy, vol. 23, 1947, pp. 97-114. Refer Ceram Absts.

1948, p. 33
Cerium and vanadium absorb ultraviolet rays best but are
somewhat greenish. Preferred combinations were 19 to 6.5
Ce20:! with0.5to0 2 percent V20.-.

11.50 Color and Sol arization of O asses Containing Conbinations of Coloring
Oxi des.
Gagin, L. V.; Bachman, G S.; Badger, A E
dasslind., vol. 27, 1946, pp. 500-1; 530-1
Chrom um oxidizes manganese but antinmony arsenic, iron.
copper and vanadi um reduce it. Antinmony vanadi um copper,
ceriumreduce hexaval ent chrom umto the green trivalent form

11.51 Colored G ass Fibers.
Schoenl aub, R A (Owens-Corning Fiberglas Corp.)
U S Pat. 2,394,493 —Feb. 5, 1946
A vitreous conposition of matter suitable in the production of
colored fibers by an attenuating process conmprising an akali-
free glass containing 10 to 20 percent vanadi um oxide V203.
Col ors obtained were henna, brown, mahogany and bl ack.

11.52 Some Cbservations on Sol arization and Regeneration.
Wyl, W A
J. Soc. @ass Tech.. vol. 30, no. 138, 1946, pp. 163-4.
Ce203 + V203 = 2Ce02 + 2VO reaction taking place in cerium
and vanadi um containing glasses, producing a striking change
fromgreento purpleis described.

11.53 Leadl ess and coloured Fitted G azes.
Parnel oe, C. W
Deram Ind., vol. 45, 1945, Nov., pp. 84-88
Sodi um uranate woul d produce yellow colors in glazes con-
taining a high content of sodi umand barium

D. Color Stabilizers for sewer pipe glazes.

11. 54 Vanadi um Mol ybdenum St ai ni ng on Bui | di ng Products.
St ahmann, John A.
Bulletin Am. Ceram Soc, 1955, vol. 34, pp. 138-144
Revi ew of causes of effluorescence describing testing met hods
Detail ed 4 page bibliography incl uded.
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11.55 Red G azes with Uranium
Jaeschke, A
Keram Z, 1949, vaol. 1, p. 57+
To produce V good red with U!0S, it was found that the glaze
shoul d be basic mainly PbO. Qther bases turn the glaze brown
or yellow (Brit. Ceram Abst. 49. no. 6, 1950, p. 230a).

11.56 The Cccurrence of Vanadiumin Ceranic Raw Materials and Ware and
Its BEfect Upon the Fusibility as Well as the Color and Formation of
Scumon a Pure Kaolin and a Brick d ay.

Kal | auner, 0. and Hruda, L.
Sprechsaal , 45, 333-5, 345-9(1922). C. A 17. 862
A large nunber of ninerals contain Vin small amounts, and
among these is clay. Seger pointed out that KVO3 often
causes a scumming and yellow discoloration on brick clays.
A study was made of the effect of V20- on fusion, discolora-
tion and scumming. V20-, in small anmounts does not affect
the fusibility of kaolin but in larger amounts acts as a strong
flux as i s shown bel ow.
Kaolin . ... . 100 99 95 90 80 60 40 20 0%
V.0, .. - 0 1 5 10 20 40 60 80 100%
Fusion cone .. 35 34 33 32 30 15 5a 08a 675°
The V20n causes a yel | ow discol oration when present in quan-
tities as low as 0.1 percent. This discoloration may be partly
reduced bv firing with a reducing kiln atm and by the ad-
dition of Ba or Ca conpounds as is shown below Al tests
were made on a mxture of 99 percent kaolin and 1 percent
V20-, and the amount (in mg.) of solution V20.-, after the
different treatments was used to conpare the different
et hods.

E. Constituent in porcelain enanel.

11.57 Effects of Vanadium Oxi de on the Adherence of Heat-Resisting Enamel
Applied on N ckel - Chrome Sainless Seel.

Tashiro, Hegum ; Sakka, Sum d; Teranishi, Hronori

J. Ceram Assoc. Japan, 1953, vol. 61, no. 689, pp. 537-40
By amll addition of 2 to 10 parts V20.” to 100 parts enanel
frit the adherence of the enamel was increased.

11.58 Title Unknown.

Every, Cecil E (TitaniumAloy Mg.)

Brit. Pat. 590,583, July 22, 1947
A ceramc electrical-resistance body with major ingredients
Ti 02 and V203 or several other oxides i s described. Ml ecul ar
proportions of Ti Qo to other oxides should not be greater than
20: 1.

F.  Ceneral reference.

11.59 Synposium on Devel opnents in Applied Chemistry. Some Sientific
and Techni cal Devel opnents in @ ass Technol ogy and Ceranics During
the Last Quarter Century.

Veyl, W A.
Pennsyl vani a Sate Col | ege, 1951
Twenty-t hree references are incl uded.
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11.60 G ass —A Handbook for Students and Techni ci ans.
D ckson, J. Howe, editor
Cheni cal Publishing Conpany, publisher —1951
Gol ors gi ven by various oxi des are not ed.

Section 12.00 —General Information and History

12.01 Extractive Metallurgy of Vanadi um
Burwel |, B.
J. of Metals, v.d. 13, no. 8. Aug. 1961, pp. 562- 566
12.02 Vanadi um
M ni ng Journal , Annual Revi ew1961, pp. 41
A summary of the current and potential uses of vanadiumis
gi ven.
12.03 Mneral Facts and Probl ens (Vanadi umSection).
Busch, P. M
U S B M, Bull. 585, 1960
Asunmmary of the occurrence, production, and uses of vanadi um
i'sgiven.
12.04 Report of the Raw Miterials G oup, Panel in Vanadium National
Academy of Sciences —National Research Council, Report MAB-154-

M91), vol. Il, Panel Reports, chap. 8, sec. A1l pp. 228-247, Cct. 1959
12.05 Atonic Age Metal Extraction.
Coffer, L. W

Chem Eng., vol. 65, no. 2, Jan. 27, 1958, pp. 107-122
12.06 If You're Planning UraniumExtraction, Take a Look at Today's Fl ow
sheet s.
Lenneman, W L.
Eng. &M J., Mning Qui de Book, M d June 1956
12.07 Finl and.
Mn. World, vol. 18, no. 5, April 1956, pp. 121
The Ot anmaki operationis revi ewed.

12.08 Hstory and Trends of Urani umPM ant Fl owsheet.
Lundqui st and Lake
M n. Cong. J., vol. 41, Nov. 1955
A history of uranium (and vanadium production on the
Col orado P at eau i s di scussed.

12.09 Maki ng Urani umat Mnticello.
Phi | i ppone, R L.
Chem Eng. Prog., vol. 51, June 1955, pp. 261- 265
The various procedures used at the Mnticello (Utah) nill
for processing of ores containing uranium and vanadiumis
di scussed.
12.10 Process Devel opment Sudies for Lukachukai Ores
McLean, D. C
ACCO- 65, April 1955
12.11 Rare Metal s Handbook —Vanadi um Chap. 32
Dunn, Edl und, Giffin
Rei nhol d Pub. Co., 2nd ed, 1961
C. A Hanpel. Hitor
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12.12 Materials for the Chemcal and Allied Industries
Johnstone, S J.
J. Wley & Sons, 1954
A chapter on the vanadi umindustry is included.

12.13 Proposed Fl owsheet for Recovery of Uranium and Vanadi um from
Tenple M. Ores.
Ehrleinger and Stephens
AECD- 3725, 1953
12.14 Vanadi um
IronAge, val. 170, no. 14, Cct. 9, 1952, pp. 285
This is a short article on vanadi um and vanadi um netal .

12.15 Iron-TitaniumM ne Sarts Up i n Finland.
Sigzelius, H
Eng. &M n. J, vol. 153, no. 5, May 1952, pp. 126-127
The devel opnent of the Ot anmaki operation is discussed.

12.16 Vandi um
Vivian, C. H.
Conpressed Air Mag., vol. 50, no. 10, Cct. 1945, pp. 260-264
A brief historical review of the operations of the Rfle M ne
and plant is presented.

12.17 Vanadi um Qperations at Mnticello, U ah.
M n. World, val. 6, no. 3, Mar ch 1944, pp. 17-21
The article gives a description of construction and operation
of the vanadi umnll at Mnticello, Utah, (1942-1944).

12.18 M na Ragra: A Historical Report on the Discovery and Devel opnent
of the Wrld' s Geatest Single Source of Vanadi um
Vancor amRevi ew, vol. 4, no. 4, 1945, pp. 36

12.19 Naturita —Then and Now.

Kent, F. F.

VancoramRev., vol. 4, no. 2, 1945, pp. 3-5
12.20 Vanadi um Sources and Beneficiation.

McLaren, D. C

M n. Mag(Lond), vol. 71, 1944, pp. 203-212

12.21 War Plant from Scrap Pile.
M n. Worl d, vol. 6, no. 4, April 1944, pp. 14-16
The construction of the Durango, Col orado, vanadium plant
in 1942 is discussed.

12.22 The Qccurrence and Production of Vanadi um
Argall, G 0., Jr.
Quarterly of the Col 0. School of M nes, vol. 38, no. 4, Cct. 1943

12.23 Smelting of Vanadium Bearing Titaniferous Sinter in an Experimental
Bl ast Furnace.
Wood, Joseph and Col e
US B M R 3679, 1943
12.24 Vanadi um
Hess, F. L.
US. B M IC6572, 1932
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12.25 Vanadiumin Iron Ores and Its Extraction.
Von Seth, R
Eng. &M n. J., vol. 120, no. 2, Jul'y 1925, pp. 51-56
12.26 Radi um Uranium and Vanadi um Deposits of South Western Col o.
Col 0. Sate Geol . Survey Bull. 16, 1921
12.27 Extraction and Recovery of Radium Uranium and Vanadi um from
Carnotite.
Par sons, Moor e, Lind, Schaef er
U S.B.M Bull. 104, 1915
12.28 A Prelimnary Report on Uranium Radium and Vanadi um
Moor e and Kithel
U S B M Bull. 70, 1913
12.29 Process for Treating Conmpl ex Radi umQres.
Radcliff, L.
U S Pat. 1,049,145, 1912
A sodi umsul fate fusion met hod i s di scussed.
12.30 Vanadi um
Col 0. Sate Bureau of M nes, Bien. Report, 1909-1910
12.31 Vanadi umand Urani um
Col 0. Sate Bureau of M nes, Bien. Report, 1907-1908
12.32 A Study of the Uraniumand Vanadi umBelts of Southern Col orado.
Fl eck, Her man, and Hal dane
Col 0. SateBur. of M nes, BienReport, 1905-1906
12.33 The Discovery of Carnotite.
Kinball, G
Eng. &M n. J., vol. 77, 1904, pp. 956



