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FOREWORD

The urgency and magnitude of the uranium resources program have provided an unequaled opportunity to
investigate the Colorado Plateau uranium ores. This volume summarizes the results of field and laboratory
studies concerned with the nature of the ores and the alteration processes affecting them. Thirty scientists have
contributed directly; they include specialists in structural geology, sedimentation, sedimentary petrology, ground-
water geology, mineralogy, nuclear geology, crystal chemistry, structural crystallography, physical chemistry,
and analytical chemistry. The studies are aimed at understanding the ores from these varied points of view.

With such a diversity of effort at work, speculation becomes more and more restricted by the empirical and
experimental facts that are developed. Thus the facts, combined with only modest speculation, have led the
writers of this volume to a number of important conclusions, not all new, but certainly better founded than here-
tofore, concerning the Plateau ores. Among the most important are: (1) the carnotite and similar ores that
have yielded the great bulk of the production up to now are the weathering products of a different sort of primary
ore; and (2) the primary ores are a lower valence assemblage, the predominant type consisting of vanadium clay
minerals together with uraninite, coffinite, and montroseite present in rocks containing organic remains chiefly
of wood. The geologic environment and the chemical course of the weathering process are now well understood
in general outline, although much detail is still lacking.

The data and conclusions presented should prove helpful in future exploration for uranium on the Plateau,
particularly in exploration at greater depth and in primary ores. For example, in districts in which abundant
vanadium is associated with uranium, the stratigraphic and structural controls, the size, and the tenor of primary
ore bodies should be comparable to the weathered ore bodies; where vanadium is scarce, the primary ore body
may be smaller but richer than its weathered counterpart.

In addition many of the data have direct application to other types of uranium deposits than those repre-
sented on the Colorado Plateau. The general patterns of the oxidation of uranium (and of vanadium) are suffi-
ciently determined so that they apply to any natural environment, although the details of structure and chemistry
may vary widely.

Perhaps the greatest value, in the long run, is the establishment of the nature and environment of the primary
ores. Knowing their habitat and their nature, we can speculate upon their origin: the source of the uranium
and associated elements, the nature and course of the fluids that carried them, and the environmental changes
that caused their precipitation. We are proceeding now to collect data that will give limits to our speculation.

EArL INGERSON
September 6, 1956 Chief, Geochemistry and Petrology Branch

C. A. ANDERSON
Chief, Mineral Deposits Branch
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GEOCHEMISTRY AND MINERALOGY OF THE COLORADO PLATEAU URANIUM ORES

Compiled by Roserr M. Garrers and EspEr S. Larsen 3d

INTRODUCTION

The uranium ores on the Colorado Plateau, which
covers parts of Colorado, Utah, Arizona, and New
Mexico, are the principal domestic source of uranium.
A very great effort has been devoted to unraveling the
geologic relations of the ores to the enclosing rocks,
and a great effort has gone into geochemical investiga-
tions of the ores.

Until very recently, most of the uranium came from
ores in which uranium was in its highest valence state—
U(VI), such as carnotite—and was commonly associ-
ated with minerals containing vanadium in its highest
valence state—V (V). These are the typical carnotite
ores. In the past few years, an increasingly large part
of the uranium has come from ores in which the ura-
nium is present in uraninite and coffinite; that is, the
uranium is in part at least in its lowest stable valence
state, U(IV), and the minerals accompanying it are
low-valence vanadium oxides or hydrated oxides,
pyrite, marcasite, and other base-metal sulfides. These
are the typical “black ores.” In recent years, too, the
carnotite-type ores have been found to grade down-
ward in a number of deposits, through a zone of min-
erals of intermediate valence state, into the typical
“black ores.” Many workers were convinced, on the
basis of the geologic relations in the field and the min-
eralogic character of the ores, that the “black ores”
were the primary materials from which the high-
valence (carnotite-type) ores were derived by oxida-
tion during weathering. This concept is now widely
accepted.

The studies reported here have been aimed at (1)
testing this oxidation concept, (2) developing a knowl-
edge of the stability relations of vanadium and uranium
minerals under varying conditions of pH and oxida-
tion-reduction potentials (Eh), and (3) defining the
nature and equilibrium conditions of the *“primary”
(low-valent) ores. The origin of the primary ores is
not specifically considered in these reports.

The parts that follow are summary reports of more
extensive studies, many of which are still in progress.
The first 5 parts present topical data of general appli-
cation to the Colorado Plateau deposits; parts 6

through 15 cover the results of theoretical, experimen-
tal, or empirical studies relating to the chemical and
physical nature of the ores and their oxidation; in parts
16 through 19 are described the geological relationships
between oxidized and unoxidized ore in several ore de-
posits on the Plateau; part 20 concerns the broad geo-
chemical relationships of vanadium and uranium
throughout the world. The final part summarizes con-
clusions and particularly emphasizes the salient prob-
lems requiring further study.

Part 1 contains no new or original data; it presents
a background for the work reported on and a brief sum-
mary of the geology of the Colorado Plateau to serve
as a setting for the parts that follow. No authorship
is given for “The Known and the Unknown,” which
represents the conclusions of a large number of collab-
orators, a good many of whom are not authors of parts
of this paper; it would be impossible to credit individ-
uals with most of the ideas presented.

Semiquantitative spectrographic data are presented
in several parts of this volume. Table 1 shows the
limits of sensitivity of the method for the elements
determined. These values are only approximate, as the

TaBLE 1.—Limits of sensitivity for elements determined by the
semiquantilative spectrographic method

Element Percent Element Percent Element Percent

0.003
.08
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data reported have been collected at two laboratories
over a period of years, during which the method has
been refined and modified.

The major part of the work represented by this publi-
cation was sponsored by the Division of Raw Materials
of the U. S. Atomic Energy Commission; smaller seg-
ments of the work were supported by the Division of
Research of the Atomic Energy Commission and by
the Geological Survey.

Many geologists of both the Atomic Energy Com-
mission (including their contractors) and the Geologi-
cal Survey have contributed ideas, materials, and
courtesies without which the studies reported herein
could not have been undertaken. Particular apprecia-
tion must be expressed to the staff of many of the
mines. Their continuing cooperation permitted many
and repeated mine examinations and extensive mineral
collecting.



Part 1.

GEOLOGIC SETTING OF THE COLORADO PLATEAU ORES

By Avice D. Weeks and R. M. GARRELS
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GEOLOGY OF THE URANIUM-ORE REGION

Many reports on the geomorphology, stratigraphy,
structure, and regional geology of the Colorado Plateau
or various parts of it are available. Extensive bibliog-
raphies are given in many of these reports (Fenne-
man, 1931; Gregory, 1917, and 1938; Gillully and
Reeside, 1928; Craig and others, 1955; Kelley, 1955a;
Hunt and others, 1953, and Hunt, 1956). Most of the
uranium deposits are in the east-central part of the
Colorado Plateau and, therefore, the description which
follows will be limited generally to a broad belt
trending northwestward through the “Four Corners”
area, the common corner of Colorado, Utah, Arizona,
and New Mexico, and extending from the San Rafael
Swell in Utah to the Grants district in New Mexico.

Figure 1 shows the general location of the uranium-
bearing region of the Colorado Plateau (the Colorado
Plateaus province of Fenneman) and its relation to
the principal physiographic divisions and structural
features of the Plateau. It also serves as a location
map for places or mines receiving significant mention
in the text; many place names used in the text are not

468652—59——2

shown, but they can be found on more detailed maps
such as those of Finch (1955) and Kelley (1955) and
on the geologic quadrangle maps?® recently published
by the U. S. Geological Survey. Other maps, including
photogeologic maps, are listed in Wallace and Smith
(1955).

TOPOGRAPHY AND CLIMATE

The uranium region occupies most of the Canyon
Lands, and a part of the Navajo and Datil sections of
the Colorado Plateaus province (Fenneman, 1931).
The Canyon Lands consist of young to mature
canyoned plateaus of high relief. The area is deeply
dissected by the Colorado River and its tributaries
which rise in the mountains bordering the plateaus.
Most of the Canyon Lands lie between 5,000 and 7,500

1 These include the following quadrangles of western Colorado : Gate-
way, Map GQ55 ; Pine Mountain, Map GQ60 ; Juanita Arch, Map GQ81;
Calamity Mesa, Map GQ61; Roc Creek, Map GQ83; Red Canyon, Map
GQ58; Atkinson Creek, Map GQ57; Paradox, Map GQ72; Davis Mesa,
Map GQT7I; Uravan, Map GQ78; Anderson Mesa, Map GQ77; Bull
Canyon, Map GQ33; Naturita N. W.,, Map GQG65; Horse Range Mesa,
Map GQ64; Hamm Canyon, Map GQ69; Gypsum Gap, Map GQ59;
Egnar, Map GQ68/; and Joe Davis Hill, Map GQ66.

3



GEOCHEMISTRY AND MINERALOGY, COLORADO PLATEAU URANIUM ORES

113° 111° 109° 107° 105°
q v g H T H TeLAYYE. .
: NE \ I S w E E(T W AT E-'_‘._._‘c AlR 8 o N | ateawy oLAs B
|| @°x gLoER °Acn:.,,,“| ___________ 1 i i -
H ) i i ; ' a
o | . PR f 3 [ HR
s S i Y oli ™ 1 i N G«
o M [ \ N \ ' « .
A= 2 2ot oave 1 | ) i -—|41
\ T 7 t .
- i £ ke | he? \ i
< ! 3 Salt Lake C ‘ 3 \ -
; I Isa ! fyackson) LARIMER i
W l s 1’0 \' ’)a \‘ nl -
H - o E L ' \ -, !
i » £ N it 4o
: s ! 5
..... Q. H 5 il i
: ) | i
w ,______ I . T
z H Eatintiahl ik - N | &
Tl ; -
a H !_ o
N .
W ! i
- > i - -
oo M ! 39°
] °
! e
ow |
Hemomocie o] Vo
e e e
z | [ e
z < o
° ,""'q"' """"" |cuS\‘:R| “
T “ANps ~ -2
e H [ Montwello i (’\ 2 ‘5:
e PRNGTEA I (N T I S St ik
SR, S oo i e
T N /“J U AN N wawosa:’ NG
B P Lo @54\ i . 2l
2! tmerfon. O X :uonv:zuu/ - if"'-
- QV | A i I)cosnLLA ;
“ ‘”! R Hute mts /! X i /
37—y = ~——— | /i \cOMEJIOSI . 37°
- N==—="
Carrizo Mts| San Ju }
. an
4 I Ship Rock
o .
i s AN Y]
{|{SECTION
!
|
Il
i T N
: < e Al
J i 1
! Hopl volcgnicl !
'l >¢Bﬂf‘n ; < i N B R i’ ee' i
! i : \*\  Albugueque |4 | .
. | o | O JoeruRLiLo r—gf ¢t A= G i3se
| N [
[} | . g
! ,; ! l] <
! \ < : 1 e
i <
| .
A N ——— L3
A A ] Lo
! i i LSS ISR
! )
j ) 3 I%""\ i !
: ~o < T B etk i N K
iV e 31 ' ,/""_// is o ¢ o R R O4  ,ncorN
} M Ja R c 0 lp A . 1 e | B [k
N e o oA P ilc A T AR O NI, i
' - e — - -5 _
Mines described in detail in this report s ow | ' Lo
- . . 1 .
1 Rifle 4 J.J. and Mineral-Joe <t b R ! i -
33% 2 Garfield 5 Peanut = 3 l | S1ERRA ! B ) 33°
8 Virgin 6 Happy Jack e 1 - " S
£ NP P |
S | R A N T ! L. | L <
B0 0 50 100 150 Miles RN !__, \ o : i
( YA ST TR S W 1 i L ) N Tt ; H | . oo
ol A l poja awna | o ero Y
) 1 ( Ll o T UL i _
113° 111“ 109° 107:’

mem 1. —Map showlng the physiographic sections of the C
features (largely after Kelley, 1955). -

olorado Plateaus province (after Fenneman, 1931) and the principal structural
Principa] places mentioned in the text are also shown.



GEOLOGIC SETTING OF THE COLORADO PLATEAU ORES 5

feet above sea level and little of the area is below 5,000
feet except the canyon bottoms. Stocks and laccolithic
mountains rise several thousand feet above the sur-
rounding plateaus and the highest point is in the LaSal
Mountains, more than 13,000 feet above sea level. The
climate is arid in the western and southern parts of
the Canyon Lands (about 5 inches average annual rain-
fall at Hanksville, Emery County, Utah) and the vege-
tation is mainly bunch grass, saltbush, cactus, and sage.
The higher mesas and plateaus receive more precipi-
tation and support a growth of pifion and juniper.
In the uranium region of western Colorado the average
annual precipitation ranges between approximately 11
inches at Paradox, Montrose County, and 16 inches at
Norwood, San Miguel County. The highest mountains
and plateaus have 20 inches or more average annual
precipitation and a forest cover of spruce, pine, or
aspen.

The northeastern part of Arizona and northwestern
part of New Mexico in the Navajo section of the
Colorado Plateaus province (Fenneman, 1931) is a
dry country not as deeply dissected as the Canyon
Lands because it has no large stream except the San
Juan River along the northern border of the Navajo
country. Bedrock consists mainly of sandstone and
shale strata having gentle dip. A few large volcanic
plugs and many small plugs and dikes intrude the
sedimentary rocks and are conspicuous in the topog-
raphy; buttes, mesas, and hogback ridges are also
common land forms.

The northern part of the Datil section in New Mexico
is characterized by extensive lava flows in addition to
the gently dipping sedimentary rocks.

The topography, climate, and vegetation of the
Henry Mountains region, Utah, are described by Hunt
and others (1953); that of the Navajo country and
the San Juan country by Gregory (1917 and 1938).

SEDIMENTARY ROCKS

The rocks of the Colorado Plateau, and particularly
the uranium ore region of the Plateau, are predomi-
nantly sedimentary, ranging in age from Precambrian
to Tertiary. Precambrian metamorphic rocks are ex-
posed along the Grand Canyon of the Colorado River,
in the Central portion of the Zuni uplift, in valleys erod-
ed in the Uncompahgre Plateau, and in the Black
Canyon of the Gunnison River. Sedimentary rocks of
Paleozoic age are exposed in the central part of the San
Rafael, Monument, Kaibab, Defiance, and Zuni uplifts
and in the salt anticline region (Wengerd and Strick-
land, 1954). Sedimentary rocks of Mesozoic age, the
chief host rocks of the uranium and vanadium deposits,
are exposed over large areas on the flanks of the uplifts
and on the structural platforms and in some of the

basins between uplifts (McKee, 1951 and 1954 ; Stokes,
1950 ; Baker, Dane, and Reeside, 1936 ; Craig and others,
1955; and Young, 1955). Tertiary sedimentary rocks
occur in considerable thickness in the San Juan, the
Uinta, and the Piceance basins (the last two are chiefly
outside the uranium region) and in lesser thickness in
the Chuska Mountains, capping an unconformity on
the Defiance monocline. The Mesozoic sedimentary
rocks (table 1) include strata of fluviatile, lacustrine,
eolian, volcanic, and marine origin and range from
conglomerate, through sandstone, siltstone, and shale
to limestone.

IGNEOUS ROCKS

Precambrian intrusive rocks are exposed in the Un-
compahgre uplift, in the Black Canyon of the Gunni-
son River, and along the Grand Canyon of the Colorado
River. In the central part of the Plateau are many
small areas of younger intrusives. These include the
stocks and laccoliths of the LaSal, Abajo, and Henry
Mountains in Utah, the Ute Mountains in Colorado,
and the Carrizo Mountains in Arizona. They are com-
posed mostly of diorite porphyry and range in com-
position from diorite to syenite (Gould, 1927; Hunt
and others, 1953 ; Waters, 1955, p. 715-716) ; the age is
probably early Tertiary. The Navajo country has many
volcanic plugs, dikes, diatremes, and lava-capped mesas
(Williams, 1936 ; Hack, 1942). Many of these are alka-
line basalts, including chiefly minette in the Monument
Valley and Shiprock areas and limburgite, monchiquite,
and other unusual rock types in the Hopi Buttes vol-
canic field, and are probably younger than the stocks
and laccoliths, Extensive Tertiary and Quaternary
lava flows occur chiefly in the areas outside the principal
uranium-producing districts, except those occurring
near ore in the Mount Taylor region of New Mexico
(Hunt, 1938).

STRUCTURE

The Colorado Plateau has about one-third of its total
area occupied by basins ranging in structural relief
from 700 to 14,000 feet, about one-fifth the area occupied
by uplifts ranging in structural relief from 500 to
5,000 feet, and nearly one-half the area is occupied by
platforms, benches, gently dipping slopes, saddles,
arches, sags (Kelley, 1955a). The strata of the Plateau
as a whole dip eastward and northeastward toward
the deep basins that were filled during the Tertiary.

The chief structural features of the uranium-produc-
ing area are the Uncompahgre Plateau on the north-
east of the salt anticline region (Dane, 1935 ; Cater and
McKay, 1955; and Stokes, 1948), and the broad up-
warps known as the San Rafael Swell, Circle Cliffs,
Monument, Defiance, and Zuni uplifts—each bordered
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TaBLE 1.—Generalized section of upper Paleozoic to lower Tertiary strata in southwestern Colorado and adjoining parts of Utah, Arizona,
' and New Mexico

System Group, formation, or member Thickness (feet) Character and distribution
Eocene ‘Wasatch formation 3,000+ | Varicolored shale, sandstone, and limestone; widespread.
Mesaverde group 1,0004= | Light-colored sandstone and gray shale; coal bearing; cliff forming; widespread.
Mancos shale 2, 000-5, 0600 QGray shale; forms valleys and steep slopes; widespread.
Cretaceous Dakota sandstone 50-200 QGray and brown sandstone and shale; mesa capping; widespread.
Burro Canyon formation 50-250 nght-c.olored conglomeratic sandstone and green and maroon mudstone; mesa
capping.
Brushy Basin shale member: varicolored shale (or mudstone), some sandstone
300-500 lenses; forms slopes; widespread.
Morrison formation Salt Wash sandstone member: light-colored sandstone and red mudstone; forms
200-400 3 R
cliffs and benches; widespread.
Summerville formation 50400 Red and gray shale, thin sandstone; forms slopes; thickens westward.
Jurassic Curtis formation 0-250 Glauc(?mtu'z sandstox}e, greenish §hale, gypsum,; present only in central Utah.
Todilto limestone in New Mexico.
Light-colored massive cliff-forming sandstone in Colorado and eastern Utah;
Entrada sandstone 80-1,000 thickens westward and becomes red earthy sandstone.
. Red earthy sandstone in Colorado and eastern Utah; thickens westward and
Carmel formation 0-600 becomes gray and red shale, limestone, and gypsum.
? Navajo sandstone 0-2, 000 ngh't colored massive sandstone; cliff forming; generally apsent in Colorado,
: thickens westward.
Jurassic(?)
. . A : "
Kayenta formation 0-300 Red §andstone, irregularly bedded; bench forming; absent in eastern part of
region.
‘Wingate sandstone 0-400 Red massive sandstone; cliff forming, absent in eastern part of region.
Chinle formation 100-500 Red shale and sandstone; forms slopes; widespread (called Doloresin Colorado).
Triassic : Light-colored conglomerati ndstone and shale; bench forming; absent in
Shinarump member 0-100 £i-colored. cong .era 1c S8 and suale; &
Colorado.
Moenkopi formation 0-1,000 Red-brown shale and sandstone; forms slopes; absent in eastern part of region.
. . A. Red and gray shale, arkose, and conglomerate; thickest in Colorado thougli
Permian Gutler and Rico formations 0-6, 000 absent in places; thins gradually westward.
2.
Hermosa formation Gray limestone, black shale, salt, dolomite, anhydrite, gypsumn; coarse clastic
Pennsylvanian (Paradox member) 0-10, 000 facies near Uncompahgre front in Colorado.
by a sharp monocline (Kelley, 1955b). Stocks and Isachsen, Mitchum, and Wood, 1955), but the major

laccolithic intrusions (the LaSal, Abajo, Ute, Carrizo,
La Plata, and Henry Mountains) dome the sediments
around them. These stocks and laccoliths all intrude
platform or basin areas and may have been controlled
by lines of weakness adjacent to sunken sedimentary
blocks. Kelley (1955a) notes the locations of these in-
trusives along three northwest lines parallel to the
strike of the salt anticlines, the Uncompahgre uplift,
and the lineaments of the Rocky Mountains.

GENERAL DESCRIPTION OF THE URANIUM DEPOSITS
STRATIGRAPHIC DISTRIBUTION

Uranium deposits have been recognized in nearly
all the sedimentary formations from Pennsylvanian to
Tertiary age in the Colorado Plateau (Finch, 1955;

uranium and vanadium production has come from strata
of Triassic age, especially the Shinarump member and
other beds in the lower part of the Chinle formation,
and from Jurassic rocks, particularly the Entrada sand-
stone, T'odilto limestone, and Morrison formation.
Although many occurrences of uranium were known
in Triassic formations in Utah long ago (Hess, 1914
and 1925; and Butler, Loughlin, and Heikes, 1920) the
chief production was from the Salt Wash member of
the Morrison formation in southwestern Colorado (Cof-
fin, 1921; Fischer, 1942) until after World War IIL.
During the period 1948-53 several large mines—the
Monument No. 2 mine, Apache County, Ariz.; the
Happy Jack and the MiVida mines, San Juan County;
and the Delta (Hidden Splendor) mine, Emery County,
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Utah—and many smaller mines were opened in Triassic
formations, Several large deposits have been found
recently in the Morrison formation in New Mexico, one
at the Jackpile mine in Valencia County and the others
in the Ambrosia Lake area, McKinley County. All
deposits in the Todilto limestone are in McKinley and
Valencia Counties, New Mex., and all have been found
since 1950. Deposits in the Entrada sandstone along
the west side of the San Juan Mountains, southwestern
Colorado, and in the Wingate(?) and Entrada sand-
stones near Rifle, Garfield County, Colo., are moderately
large, but they are low in uranium and valuable mainly
for their vanadium content.

In the Maybell-Lay area, Rio Blanco County, Colo.,
just north of the Colorado Plateau, deposits have been
recently found in the Browns Park formations of late
Tertiary age.

In some areas the principal deposits are restricted to
one favorable stratigraphic zone, sandstone lens, or
channel filling ; in other areas ore is found at more than
one horizon; in still others it crosses stratigraphic
boundaries at a low angle. In the Uravan and Gate-
way districts, Colo. (McKay, 1955), all the large
mines of the two districts are in the upper sandstone
lens of the Salt Wash member of the Morrison forma-
tion, but small mines have been developed in the lower
part of the Salt Wash member, or in the base of the
overlying Brushy Basin member of the Morrison for-
mation. In the Slick Rock district, San Miguel
County, Colo., ore is mined from more than one hori-
zon in the Salt Wash member, but almost all of it has
come from the uppermost sandstone. In the Big
Indian-Lisbon Valley area ore is mined from the Cut-
ler formation (Permian), the Chinle (Triassic), and
the Morrison (Jurassic). In the Grants-Laguna area
in New Mexico, ore is mined from the Todilto lime-
stone, the Morrison formation (chiefly Brushy Basin
member) of Jurassic age and the Dakota sandstone
(Cretaceous). At the Rifle vanadium mine, Garfield
County, Colo., the ore dips more steeply than the sedi-
mentary host rocks and crosses two formation bound-
aries.

DISTRIBUTION OF THE PRINCIPAL METALS

The relative abundance of uranium, vanadium, and
copper in the ores varies both geographically and
stratigraphically. More detailed information is given
in the parts that follow, particularly in Part 3; also
in Fischer (1955). In general, the Entrada sandstone
on the eastern margin of the Plateau has deposits of
vanadium with little uranium. The Morrison forma-
tion, particularly the Salt Wash member, has vana-
dium-uranium deposits with the V: U ratio commonly

between 5:1 and 10:1 in the Uravan mineral belt of
western Colorado. The vanadium-uranium ratio .is
slightly lower in the Green River and the Henry
Mountains districts in Utah, and is much lower toward
the south in New Mexico. The deposits in the Shina-
rump member and other parts of the Chinle formation
have a much wider range in composition than those in
the Entrada and Morrison formations. Vanadiferous
uranium deposits with a V:U ratio between 5:1 and
1:1 occur at Monument Valley, Ariz.; Big Indian
Valley, San Juan County, and Temple Mountain,
Emery County, Utah. Copper-uranium deposits oc-
cur in the White Canyon area on the west flank of
the Monument uplift in Utah, and uranium deposits
with traces of other metals in many mines of the San
Rafael Swell, Circle Cliffs uplift, Monument uplift,
and in the Interriver district north of Moab, Utah.
The Todilto limestone in the Grants-Laguna area of

‘New Mexico has uranium ore with the V:U ratio

about 1:2. Although traces of silver occur in several
districts the only commercial silver deposits in the
Plateau were those of the Silver Reef district, Wash-
ington County, Utah, where small amounts of uranium,
vanadium, and copper were associated with the silver;
and at the Cashin copper mine on LaSal Creek, Mont-
rose County, Colo., where little or no uranium or
vanadium is known. However, galena from the
Cashin mine contains abnormal amounts of radiogenic
lead and the lead is similar in isotopic composition to
that in galena samples from the uranium-vanadium
deposits.

CHARACTERISTICS OF THE ORE

The commonest type of host rock is the lenticular
sandstone and mudstone facies of fluviatile sediments.
Conglomerate, massive sandstone, limestone, and shale
also contain ore in some areas. Volcanic debris, now
largely altered to clay minerals, is associated with the
principal ore zones; it is abundant in certain zones in
the Chinle formation close above the basal Shinarump
member and in the Brushy Basin shale member above
the Salt Wash sandstone member of the Morrison for-
mation, and lesser amounts are present within the ore-
bearing sandstones. These relationships were studied
by Waters and Granger (1953) who suggested the pos-
sible bearing of the volcanic material on the origin
and precipitation of uranium.

The deposits are tabular, elongate, or podlike, in
general parallel to the bedding but commonly with
a gently undulant surface, or locally the ore boundary
crosses the bedding in steep curved surfaces referred to
as “rolls” by the miners. In length the ore bodies
range from a few feet to thousands of feet, and in
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thickness they range generally from a few inches to 10
or 15 feet, rarely more than 50 feét. The ore may
follow the bottom of a channel or sandstone lens or the
top of a lens or sedimentary structure (as in a petro-
leum trap) or may appear to “float” midway in a per-
meable layer. A single deposit may range in grade
from weakly mineralized rock below 0.10 percent U;Os
(the lower grade of ores at present purchased by the
Atomic Energy Commission) to strongly mineralized
massive or disseminated ore. Locally high-grade ore
consists of or is associated with richly mineralized
fossil wood fragments or logs. The logs may be 75
feet or more in length and contain small pockets of ore
with 50 percent U;Os. The ore boundary ranges from
a sharp distinct cutoff within a fraction of an inch to
a broad transition zone grading into rock below ore
grade. _

Guides to ore in the Uravan mineral belt are organic
matter, lenticular sandstone and mudstone strata, light-
brown sandstone and thick gray mudstone (altered
from red to gray) under the ore-bearing sandstone
(Fischer, 1950, and Weir, 1952). McKay (1955)
shows that coincidence of lenticularity, favorable color
of sandstone, and contlnuous gray mudstone underlying
the sandstone are necessary for large deposits; and that
lenticularity without the other charactenstlcs (or vice
versa,) is unfavorable in the Gateway-Uravan district
in Colorado. At the surface the favorable sandstone is
buff with scattered brown speckles and at depth it is
white or light gray with disseminated pyrite grains, in
contrast to the average red sandstone of the Salt Wash
member of the Morrison. Further description of the
Morrison stratigraphy and guides to carnotite deposits
in western Colorado are given by Craig and others
(1955).

In the Shinarump member and other basal sandstones
of the Chinle formation most of the uranium deposits
are found in channels cut into the underlying forma-
tions near irregular pinch outs of the formation (Finch,
1955). Carbonized wood fragments or logs, “altered”
gray mudstone, and lenticular sandstone and mudstone
in the channel filling indicate a favorable environment.
Copper and iron stain, altered clay, and alunite and
jarosite are common at the surface of the sulfide-rich
deposits. Those uranium deposits low in vanadium or
copper, and in sulfide minerals are more difficult to
prospect than are either vanadium-uranium or copper-
uranium deposits, because recognizable secondary min-
erals are sparse.

Ore minerals are typically fine grained and fill the
pore space of the sandstone, impregnate clay pellets and
fossil wood, or replace the cell walls of the wood. Com-
monly, interstitial clay has been replaced or recrystal-

lized and locally quartz grains have been corroded.
Some zones of sandstone have an overgrowth of silica
on the quartz grains that ranges from a thin coating
giving the grains a crystal outline to a complete filling
of the interstices with silica. Calcite is probably the
commonest cementing material in the sandstones ex-
cept near the salt anticlines where gypsum is locally
predominant.

Sedimentary control of mineralization is common,
and vein filling or fracture control is rare except in
mines such as the Cashin or Big Indian copper mines.
Secondary minerals coating joints should not be con-
fused with primary fracture control. There is no in-
dication. that the temperature during ore deposition
was significantly higher than that expected from the
normal geothermal gradient at a depth of several thou-

sand feet.
AGE OF THE DEPOSITS

Although many questions arise in making age deter-
minations of these uranium ores, the problem has been
approached from several angles, including a thorough
isotopic study of all the major types of ore and the as-
sociated lead minerals and study of the various aspects
of differential leaching or enrichment. These lines of
evidence indicate that the ores were deposited not
earlier than the Late Cretaceous or the early Tertiary
(Stieff, Girhard, and Stern, 1950; Stieff and Stern,
1952; Stieff, Stern, and Milkey, 1953). Oxidation of
ores above the zone of saturation has taken place
during Quaternary time (see Part 13), and those ores
that have remained below the zone of oxidation (satu-
rated with water) are still relatively unoxidized.

CONDITIONS AT THE TIME OF ORE DEPOSITION

Assuming that the deposits were formed in Late Cre-
taceous time, estimates of the approximate thickness of
cover of the ore zones were made, based on isopach maps
of the Mesozo1c formations (McKee, 1951, pls. 2 and
8). Although the thickness of the different formations
varies considerably across the broad expanse of the
uranium region the cover of the Shinarump member
and lower part of the Chinle formation was probably
6,500 to 10,000 feet thick, and the cover of the Salt
‘Wash member of the Morrison formation was probably
5,000 to 8,000 feet thick. Levorsen (1954, p. 401) gives
the average geothermal gradient in sedimentary rocks
as 1.11° C. per 100 feet, abnormally high gradients
about twice as great, and abnormally low gradients
about one-third the average. At a depth of 5,000 feet
the average temperature would be at 71° C with a pos-
sible range from 35° to 127° C, and at 10,000 feet depth
the average temperature Would be 127° C with a pos-
sible range from 53° to 238° C. -
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Another important condition at the time of deposi-
tion was the composition of the pore water in the
various formations. Although we cannot determine
specifically the composition in Late Cretaceous time, it
seems fairly certain however, that the composition of
the water differed considerably from one formation to
another, as has been demonstrated in an extensive study
of oil-field waters from Paleozoic and Mesozoic for-
mations in Wyoming (Crawford, 1940). The assem-
blage of lithologic types in the uranium region of the
Colorado Plateau includes limestones, dolomites, evapo-
rites interbedded with black shales, fluvial deposits,
volcanic ash, coal, and marine shales and sandstones.
Such a wide variety of environments of deposition sug-
gests a wide range in composition of formation waters.
The Paradox member of the Hermosa formation of
Pennsylvanian age contains salt, gypsum, anhydrite,
and pyritic black shale (Wengerd and Strickland,
1954), and recent wells drilled into this member in the
Boundary Butte oil field on the Arizona-Utah border
have found black sulfur water. Springs emerging from
an intrusive plug of evaporite and black shale strata of
the Paradox member at Onion Creek in T. 24 S, R.
24 E. between Fisher Valley and the Colorado River,
Grand County, Utah (Dane, 1935, pl. 1), are highly
saline and contain H,S gas that is effectively bleaching
the red color of shale pebbles along Onion Creek. In
other areas, H,S gas is associated typically with salt
intrusions (Dobbin, 1935, p. 1069), and with limestones,
such as the Madison limestone (Mississippian) of Wyo-
ming, and in large quantity with the Rundle limestone
in the Pincher Creek gas field in southwestern Alberta.

By Late Cretaceous time the volcanic ash in the
Chinle and Morrison formations was probably devitri-
fied and altered to bentonite. The waters in and near
the bentonitic beds may have contained sodium bicar-
bonate derived by base exchange as Crawford (1940)
postulated for the bentonitic beds in Cretaceous forma-
tions in Wyoming. Water bearing sodium bicarbonate
is an effective solvent and carrier of uranium. The
water in the fluvial deposits probably contained little,
if any, HoS gas and was less saline than that in the
typical marine deposits, which, in turn, was less saline
than the water in the evaporite series. :

During the Cretaceous period the waters of the
deeper founatmns probably reached equilibrium with
their environments, but as regional deformation began
in Late Cretaceous time this equilibrium was disturbed
by migration of oil and gas toward structural highs and
by displacement and movement of water. Reaction
would take place between clays and water of changing
salinity as water moved through a formation or espe-
cially along the borders of the Paradox salt intrusions

where waters of quite different composition would come
in contact. Zones of reducing environment favorable
for ore deposition were present in the vicinity of car-
bonized logs and accumulations of plant fragments
referred to in the field as “trash piles.” They also may
have been produced by HyS gas from the Hermosa or
other formations, or along paths of migrating oil and
gas. That oil and gas may have migrated through
these rocks is suggested by the fact that the Morrison
formation, Entrada sandstone, Shinarump member of
the Chinle, and Hermosa formation all produce oil
and gas (or either) in areas of Colorado and Utah
where these strata are less strongly deformed than the
salt anticline area and the steep monoclines (Grand
Hogback, Comb Ridge, or San Rafael Reef) of the
uranium region.

Work in progress in 1956 on the age of the stocks
and laccoliths has not yet established their age relative
to that of the uranium deposits. The importance of
these intrusions as a factor influencing the deposition
of the uranium ores has been considered but awaits
proper evaluation.

HISTORY AND STATEMENT OF THE OXIDATION
PROBLEM

The earliest workers on the Colorado Plateau (Hille-
brand and Ransome, 1905, p. 17) recognized the possi-
bility that the carnotite might represent the secondary
product of some “material already existent in the sand-
stone” and that its deposition was determined by prox-
imity to the surface, and was probably partly dependent
upon a semiarid climate. Hess (1914 and 1933) thought
that solutions were reduced on contact with vegetation
in the sediment, and that later, upon the raising, drain-
ing, and oxidation of the rocks the minerals now found
were formed. Butler and others (1920, p. 120) re-
garded all the deposits in the sandstone of the Plateau
as of one type, whether mined for silver, copper,
uranium, or vanadium. They believed the deposits
were formed by circulating waters that collected the
metals disseminated through the sedimentary rocks and
deposited them on contact with carbonaceous matter or
earlier sulfides, or other precipitating agents; and that
most of the minerals at present exposed are the products
of alteration of the original minerals by surface solu-
tions. In White Canyon and in Capitol Reef, Utah,
Hess (1925) and Butler and others (1920) observed
uranium sulfate associated with copper sulfates that
were forming around chalcopyrite and, although pitch-
blende was not identified, they concluded that the
uranyl sulfates were developing from some primary
uranium mineral.

In the years that followed, many geologists whose in-
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vestigations were concentrated in western Colorado de-
scribed vanadium silicates, carnotite, and tyuyamunite
as the predominant minerals in the shallow deposits.
Fischer (1950) and Stokes (1952) did not interpret
the carnotite deposits as secondary, or the oxidation
product of low-valent primary ores because so little
low-valent or “black ore” was known at that time.
Many mines were less than 50 feet beneath the surface
of the ground and few were as much as 100 feet deep.
Detailed field work on carnotite and roscoelite ores in
the late 1980°s and 1940’s demonstrated the remarkable
dependence of ore occurrence on sedimentary struc-
tures, and its apparent independence of larger struc-
tural features (Fischer 1942), except perhaps on a re-
gional basis. A widely held concept in the late 1940’s
was that the ores were contemporaneous, or nearly so,
with the enclosing sediments, and that carnotite and
tyuyamunite were primary minerals.

In the early 1950’s, when many new mines were de-
veloped during the prospecting boom encouraged by
the government exploration program, new occurrences
of black (unoxidized) ore began to appear. Uraninite
was found in vanadium-uranium ore (Rasor, 1952) and
copper-uranium ore. Montroseite [VO(OH)] and
coffinite [U(Si0,)1-x(OH)] were also found to be
typical of unoxidized ore.

The age-determination studies of the early 1950’s in-
dicating a Late Cretaceous or early Tertiary age, the
finding of many uraninite occurrences, and the develop-
ment of the uraninite-copper sulfide deposit at the
Happy Jack mine, San Juan County, Utah, suggested
to some geologists a hydrothermal origin and a deep
source for the metals, but such an origin for typical
carnotite deposits was untenable to many geologists.

In the controversy over a hydrothermal origin versus
a primary sedimentary or ground-water origin the
problem of oxidation soon was recognized as a hurdle
to be overcome before the problem of origin could be
satisfactorily discussed and attacked. The contrast be-
tween the chemical behavior and mineralogical char-
acter (Part 5) of vanadium-uranium ores and those of
copper-uranium ores confused the discussion of origin.

Actually, it is quite possible that all the ore existed
in a reduced state before oxidation during the Quater-
nary, quite independently of origin. The ores could
have been (1) reduced at the time of primary sedimen-
tary deposition, (2) deposited as a reduced-mineral
suite at a later time by ground waters, or (3) deposited
by ascending hydrothermal fluids. Thus it appeared
that the problem of oxidation could be attacked with-
out regard to these controversial issues.

If a reduced-ore stage preceded Quaternary oxida-

tion, predictions can be made concermng mineralogic,
chemical, and geologic relations,

1 Ores protected from air should contain an equilib-
rium mineral assemblage under reducing condi-
tions.

2. As a deposit is followed from the surface to places

of more and more limited access of air, the as-
semblage should converge toward the original re-
duced assemblage.

3. High-valent minerals should be clearly related to
post-ore features, such as jointing; high-valent
minerals should always be later in the sequence
than reduced ones..

4. The texture and composition of some high-valent
ores should resemble those clearly developed from
reduced ores.

If there were two kinds of ore, a primary low-valent
suite, and a primary high-valent suite, it might well be
expected that oxidation of the low-valent suite would
produce ore with textural character and mineralogic
or elemental composition different from that of primary
high-valent ore.

With such tests in mind, many investigators worked
on various aspects of the problem. Studies were made
of predicted wersus observed sequences of minerals, as-
suming that all ore was once reduced. Minerals were
synthesized to see if their conditions of formation cor-
responded to those expected in an oxidizing environ:
ment superimposed on the original ore suite. In gen-
eral the attack was based on the premise that all ore
originally was a reduced suite, and the hypothesis was
tested by its ability or inability to explain field and
laboratory observations. The following parts of this
volume are devoted to many facets of the oxidation
problem.
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Uranium deposits in the sedimentary rocks of the Colorado
Plateau are distributed throughout most of the lithologic units
which make up the regional stratigraphic column. The Mor-
rison formation of Jurassic age and the Shinarump member and
sandstones in the lower part of the Chinle formation of Triassic
age yield at least 90 percent of current uranium ore production.
The Todilto limestone and Entrada sandstone of Jurassic age
together yield about § percent of current production.

The host rocks of the Morrison and Chinle formations are .

noted for ledge-forming lenticular fine- to coarse-grained, cross-
stratified sandstone bodies which occupy trough-shaped erosional
features known as channels. Associated with the channel sand-
stones, particularly in the lower parts, are green clay strata
and pellets ; petrified, carbonized, and coalified plant material ;
bone ; and pebbles derived from metamorphic, igneous, and sedi-
mentary rocks. Interbedded with the sandstones are red, green,
or variegated siltstone and claystone strata.

be classified as arkose, sedimentary tuff, or orthoquartzite de-
pending on the location. The clay minerals of the sandstones
as well as those of the siltstones and claystones belong to the
hydromica, montmorillonite, and kaolinite groups. The kaolinitic
clays are mostly of detrital origin. The montmorillonite and
hydromica clays were mostly derived from volcanic ash.

The Todilto limestone is a 10- to 30-foot-thick moderately
pure limestone unit, extending throughout the southeastern
part of the Colorado Plateau. The Entrada sandstone, typically
a 50- to 300-foot-thick massive partly cross-stratified, fine-grained
sandstone varies regionally in composition, but in western Colo-
rado it is an orthoquartzite or a feldspathic orthoquartzite.

Generally, ore deposition in the Morrison formation, Shin-
arump member, and sandstones of the lower part of the Chinle
formation appears to be influenced locally by the sedimentary
structures, plant material, bone, clay, and certain textural zones
in certain parts of the sandstone strata. Ore deposition appears

13
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to be favored regionally in the Salt Wash member of the
Morrison formation by certain lithofacies characteristics.

Ore deposition in the Entrada sandstone appears to be related
to the Dolores-Entrada and Entrada-Pony Express contacts.
Ore deposition in the Todilto shows a relationship to joints and
fractures.

STRATIGRAPHIC LOCATION OF MAJOR URANIUM-ORE
DEPOSITS

The uranium deposits in the sedimentary rocks of the
Colorado Plateau region are distributed throughout
most of the lithologic units which make up the regional
stratigraphic column. At this time (1955) the major
part, at least 90 percent, of the production of ore is
from the Morrison formation of Jurassic age, and the

Shinarump member and sandstones in the lower part
of the Chinle formation of Triassic age. An additional
5 percent of the production is from the Todilto lime-
stone and underlying Entrada sandstone of Jurassic
age (Fischer, R. P., 1955, oral communication). Figure
2 illustrates the regional distribution of ore deposits
in excess of 1,000 tons for each of the stratigraphic
units named above.

METHODS AND DEFINITIONS

The petrographic study of the uranium ore-produc-
ing formations has been carried on by means of thin
section study, grain-size analyses and the field exami-
nation of sedimentary structures. Most of the work has
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FIGURE 2.—Regional occurrence of uranium-ore deposits of 1,000 tons or more in the major and minor producing forma-

tions of the Colorado Plateau.
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been done on the major producing formations and litho-
logic types.
TaBLE 1.—The petrologic classiI{ication of detrital sedimentary
TOCKS .

{After Pottijohn, 1949, and Krynine, personal communication, 1952; exclusive of the
treatment of tuff?)

Micas

Feldspar plus
kaolin (percent)

Quartz plus tuff !
(percent)

Classification (percent)

Limits | Typical | Limits | Typical | Limits | Typical

Orthoquartzite. ... 70-100 85 0-10 5 0-20 10
Teldspathic orthoquartzite. .| 55-90 75 | 10-25 15 0-20 10
GrayWacKe. o cceeooannnaann. 0-70 50 | 10-80 20 ) 20-75 30
Subgraywacke. - ococncaaas 15-80 G0 0-10 5| 20-75 35
ATKOSO. « oo 0-75 50 | 25-100 40 0-20 10

1 Tho amount of tuff present affects the rock classification in the following manner:
1. If thero is less than 10 percent tuff, the rock classification is not affected.
2. If there is 10 to 26 pereent tuff, the rock name is modified by the word “ tuffa-
coous’’—that i, tuffaceous arkose.
3. If thero 18 26 to 76 “Pcrcont; tuff, the rock name designates a varlety of taff—that
is, graywacke tuff.
4. If thero is 756 percent or more of tuff, the rock is an unmodified tuft.

Classification of the rocks generally follows the sys-
tem proposed by Krynine (1948) but was modified as
illustrated by table 1. The rocks studied represent vari-
ous intermixtures of three end products: arkoses, ortho-
quartzites, and tuffs. Some sandstone strata of re-
stricted occurrence could be classified as graywackes on
the basis of their hydromica content, but due to a lack
of other essential components such as basic rock frag-
ments and alkalic-calcic feldspars, these rocks are not
considered as true graywackes.

The classification of sandstones in specific strati-
graphic units was based on point count analyses of an
aggregate of 119 thin sections, including 66 for the Mor-
rison formation, 28 for the Shinarump member, and 25
for the lower sandstones of the Chinle formation. The
Entrada composition studies were restricted to the
examination of a few thin sections supported by loose
grain studies including mineral grain counts on 15
samples. The Todilto limestone and the correlative
Pony Express member of the Wanakah formation com-
position studies were restricted to examination of a few
thin sections and insoluble residue studies of two
samples (one each).

The data on clay minerals in the formation studied
was obtained from the thin section studies; from X-ray
diffraction analyses of clay and silt separates; and from
unpublished work of, and informal communications
with, Alice Weeks, W. D. Keller, and others of the
U. S. Geological Survey, and J. C. Griffiths of the
Pennsylvania State University. IFurther data on the
unmineralized clay minerals are given by Keller in
Part 9.

Microscopic arrangements of the grains, matrix, and
cement of the sandstones as they appear in thin sec-
tion were termed the microstructure of the rock. If

the detrital grains are in contact with each other to a
maximum extent, with a minimum of interstitial ce-
ment and matrix, the mierostructure is classified as ho-
mogeneous. If the detrital grains are suspended in
matrix and cement, with some grains in contact, but
most separated from other grains by intervals of
varying widths, the microstructure is classified as
heterogeneous.

The ore-producing formations were studied on the
outcrop to determine small-scale lithologic relation-
ships, to obtain information pertinent to stratigraphic
problems, and to collect representative samples for lab-
oratory investigations. The conspicuous bedding fea-
tures and forms produced by the sedimentation proc-
esses of cyclic deposition which included intervals of
erosion, are referred to by the general all-inclusive term
“sedimentary structures.” The erosional features are
referred to in this paper as erosion surfaces, cuts, or
channels in ascending order of magnitude of relief.
The writer was fortunate to be associated with a num-
ber of geologists who have done detailed studies of
sedimentary structures and their orientations. These
include L. C. Craig, G. W. Weir, G. A. Williams, and
O. B. Raup, all of the U. S. Geological Survey.

This part of the present report is aimed at describ-
ing the petrographic framework of the ore deposits.
That the ore is stratigraphically controlled is quite ob-
vious; rocks of the favored strata are therefore referred
to as host rocks whether or not they contain ore.

In the following pages, the stratigraphic and litho-
logic units defined above as host rocks are described so
as to emphasize the more general or average charac-
teristics. No attempt is made to give the detailed
petrography, or sedimentary structure characteristics
of any unit in these descriptions. The general outline
to which all the descriptions are fitted seeks to bring
out the following points for each unit: (1) Strati-
graphic relations, (2) textural types present and their
arrangement, (3) structural features of erosion and
deposition, (4) rock composition and classification,
and (5) microscopic arrangement of constituents.
These are variations of the three main properties of
rocks: composition, texture, and structure.

TRIASSIC HOST ROCKS
SHINARUMP MEMBER OF THE CHINLE FORMATION

[Uranium-production rank, third]

Stratigraphic relations—The white to pale-brown
Shinarump member of the Chinle formation of Late
Triassic age occupies a position in the stratigraphic
column of the Colorado Plateau at the base of the
Chinle formation and above the Moenkopi formation
of Triassic age. The Shinarump is restricted in occur-
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rence to the southern half of the Colorado Plateau
region (Stewart and Williams, 1954). The lower con-
tact of the Shinarump is an erosional disconformity;
the upper contact is conformable at most places but is
disconformable or undefinable at a few places.

Textural types and their arrangement.—The Shina-
rump member is in most places a medium-grained sand-
stone unit with persistent and conspicuous zones of
very coarse grained sandstone, pebbly sandstone, and
pebble conglomerate. The sandstones and conglomer-
ates arée usually moderately to poorly sorted. This
general texture is characteristic throughout the whole
area in which the formation is present. Green clay-
stone or mudstone strata are above, below, and within
the sandstone strata. In many places in the southern
and central parts of the Plateau, as the result of a
lateral facies change, the Shinarump is represented by
green claystone strata containing a 1- to 3-foot clay
and pebble zone. Where the sandstone facies is locally
absent the greenish kaolin mudstone (part 9 of this vol-
ume) equivalent will, in most instances, contain coarse
sand grains and granules dispersed throughout the
mud. The sandstone facies and siltstone facies contain
the same mineral components, but in different
proportions.

A variegated red, purple, and white mudstone facies
is found in the upper part of the Shinarump in many
areas of the northern part of the Plateau including
the Moab, White Canyon, and San Rafael Swell areas
in Utah. Beyond the range of the sandstone facies it
may be a regional equivalent of the Shinarump mem-
ber. However, this coarse-sand-filled kaolinitic mud-
stone stratum is referred to as the “purple-white zone”
(Finch, 1953) in areas where it separates the Chinle
and the Moenkopi formations, and is usually assigned
to the Chinle.

Structural features of erosion and deposition.—The
sandstone strata of the Shinarump tend to form a
single composite ledge-forming sandstone bed which
extends many square miles laterally, but which is elon-
gated in the direction parallel to the channel trends in
the area. The broad areal extent is the result of the
junction or coalescence of adjacent channel fills to
form a uniform upper surface for the single conspicuous
ledge. The channel fills of the Shinarump may have
an average cross-sectional area in the order of 2,500 to
10,000 square yards. The deeper channels contain
abundant petrified, coalified and crushed logs, and dis-
seminated plant material (Witkind, 1954). ,

Rock composition and classification—The Shina-
rump member may be classified typically as an arkose,
although in some areas it grades into orthoquartzites
and tuffs. The common detrital components are grains

of quartz, potash feldspar, plagioclase, altered tuff, and
quartzite; the kaolinite, hydromica, and montmoril-
lonite groups of clays; and included pebbles of quartz,
quartzite, feldspar, chert, granite, and silicic-alkalic
volcanic rocks (Stewart, J. H., and Albee, H. F., 1955,
oral communication).

The chief interstitial clay minerals are of the
kaolinite group with minor amounts of hydromica.
‘Where there is a significant increase in the proportion
of tuff, the chief clay minerals are of the mont-
morillonite group. Much of the bedded clays in the
Shinarump are of the hydromica group. -

The clay minerals in the sandstone are well crystal-
lized. The kaolinite clays appear as detrital clay in
white interstitial wads and as decomposition products
in the cleavage cracks of weathered feldspar grains.

The main cementing materials of the Shinarump
consist, in order of importance, of silica in the form
of overgrowths on quartz grains, iron oxides, and
calcite and other carbonates. The rocks are, on the
average, only moderately indurated. Other nondetrital
components include ore and gangue minerals and
authigenic silica present in the altered tuff.

The major regional change in composition occurs in
the southwestern part of the Colorado Plateau, in
north-central Arizona and south-central Utah, where
the sandstones can be classified as tuffaceous arkoses
or tuffs. The rocks contain enough potash feldspar
to support a hypothesis that they were derived from
silicic-alkalic igneous rocks. Regional variations in
feldspar content are also present with recognized high
feldspar areas in the southeastern and northern parts
of the Plateau. ,

Microstructure—The sandstones of the Shinarump
contain both heterogeneous and homogeneous micro-
structures. The kaolin-mud matrix comprises about
10 percent of the moderately sorted sandstones and
about 80 percent of the poorly sorted sandstones. The
mud is distributed throughout the rock in interstitial
films or in wads of about 1 millimeter in size.

SANDSTONES IN THE LOWER PART OF THE CHINLE
FORMATION
[Uranium-production rank, second]

Stratigraphic relations.— The light-colored sand-
stones of the lower part of the Chinle formation occupy
a position in the stratigraphic column immediately
above the Shinarump member. They are easily con-
fused with the Shinarump member where it is absent.
The sandstones are found in the Monitor Butte, and
the overlying Moss Back (Stewart and Smith, 1954)
members of the Chinle formation. The peculiar sand-
stones considered to be typical of the respective units
are not confined within the member boundaries. Thus
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the Moss Back-type sandstones are frequently found
in the Monitor Butte member and vice versa. For this
reason the lower sandstones of the Chinle will be re-
ferred to as the Monitor Butte-type and the Moss Back-
type sandstones.

The Monitor Butte type of sandstone is similar in
composition to the Shinarump type sandstone, but
differs greatly in texture and structure. The Monitor
Butte type is pale green to gray fine grained to very
fine grained, and is tightly cemented with calcite or
silica. The greenish beds are in most cases only a few
feet thick, and are evenly bedded with parallel ripple
laminations in which thin laminae of well-sorted sand
are separated by laminae of greenish chloritic or hy-
dromica clay. On weathering, the beds are much sub-
jected to jointing, slumping, and separating along their
laminae, as in beds of shale. Penecontemporaneous
slumping is abundant; however, the general bedding
and depositional structures are commonly preserved.
The sandstones of the Monitor Butte are associated with
hydromica or bentonitic claystone strata.

The white to pale-brown Moss Back-type sandstone
of the lower part of the Chinle more nearly resembles
the Shinarump and is almost exclusively the host rock
for ore deposits in the lower part of the Chinle. The
Moss Back type is the host rock in those areas in the
northern and northwestern parts of the Colorado Pla-
teau where the sandstone and conglomerate facies of the
Shinarump is absent.

Textural types and their arrangement—The Moss
Back-type sandstones are fine grained with pebbly and
conglomeratic zones. They contain claystone and mud-
stone seams, lenses, and fragments. Individual samples
show predominantly moderate sorting with poor sort-
ing in the coarse-grained sands.

Structural features of erosion and deposition.—The
erosional and depositional structures of the sandstones
of the lower part of the Chinle are generally of the
same scale and frequency as those of the sandstones of
the Shinarump. The sandstone strata of the Moss
Back member tend to form a single thick composite
ledge-forming sandstone bed or a closely spaced se-
quence of beds, averaging about 50 feet thick. The
unit extends over an area of about 9,000 square miles
(Stewart and Williams, 1954). The unit fills erosion
channels which, in extreme cases, increases the thick-
ness of the sandstone strata to 100 to 150 feet. Thick-
bedded ledge-forming channel-filling sandstone strata
of the Moss Back type are frequently found below and
separated by thick mudstone strata from the promi-
nent sandstone unit of the Moss Back member.

Lithified, mineralized, or coalified logs and wood
fragments may be found in the bottoms of channels in
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the same manner as those found in the Shinarump, or
scattered throughout bedded gray claystones or mud-
stones associated with the channel deposits.

Rock composition and classification—The Moss
Back-type sandstone is an arkose but shows enough
variation in composition to be classified as a feldspathic
orthoquartzite in some locations, The common detrital
components are grains of quartz, potash feldspar, plagi-
oclase feldspar, altered tuff, quartzite fragments, and
clays of the kaolinite, montmorillonite, and hydromica
groups. Pebbles of chert, quartz, and quartzite are also
present. The Moss Back-type sandstone shows an in-
crease in feldspar to the north or northwest.

The chief interstitial clay minerals in the sandstones
are of the kaolinite group with minor amounts of hy-
dromica and montmorillonite. Montmorillonite clays
increase with the amount of tuff. The bedded clays
in and around Moss Back-type sandstones are hydro-
micas, montmorillonites, and mixed layer clays. The
clay minerals in the sandstones are well crystallized.
The kaolinite clays appear as detrital clay in white in-
terstitial wads and as decomposition products in the
cleavage cracks of weathered feldspar grains. The
“purple-white” mudstone zone underlies the Moss Back
member in the absence of the Monitor Butte member
and the sandstone-conglomerate facies of the Shina-
rump.

The suite of clay minerals present in the lower part
of the Chinle lithologic units is influenced by larger
amounts of altered alkalic-silicic volcanic ash in the
southern and western part of the Colorado Plateau and
becomes dominantly montmorillonite.

The cementing material of the Moss Back type of
sandstone consists, in order of importance, of silica in
the form of overgrowths on quartz grains, calcite and
other carbonates, and iron oxides. The sandstones
range from highly indurated to poorly indurated.
Other nondetrital components include ore and gangue
minerals.

Microstructure—The microscopic arrangement of
the Moss Back-type sandstones is heterogeneous, be-
coming more so in the coarse-grained sandstones and
conglomerates.

General comparison of ore-bearing sandstone of
the Shinarump member and lower part of the Chinle—
Sandstones of the Shinarump and Moss Back members
of the Chinle formation are similar in average compo-
sition. Pebble assemblages of the two show a signifi-
cantly higher percentage of quartz for the Shinarump
(Albee, H. F., oral communication). The main dif-
ferences in appearance between the two types of sand-
stone are due to the finer texture of the Moss Back
type and the multiple ledges in the lower part of the
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Chinle formation where the Monitor Butte member is
present as compared with the single composite ledge
commonly observed in the Shinarump member.

JURASSIC HOST ROCKS
ENTRADA SANDSTONE

[Uranium-production rank, eighthl

Stratigraphic relations.—The Entrada sandstone, a
formation in the San Rafael group of Jurassic age,
extends with various facies changes over almost the en-
tire Colorado Plateau. It immediately underlies the
Todilto limestone, in the southeast; the Curtis forma-
tion of Jurassic age, in the north; the Cow Springs
formation of Jurassic age, in the south; and the Sum-
merville formation of Jurassic age, in much of the rest
of the Plateau. In western Colorado, where uranium

ore is produced from the Entrada, it overlies the Dolores

formation of Triassic age (Fischer, 1942), which is
equivalent at least in part to the Chinle formation.
Elsewhere it overlies the Carmel formation of Jurassic
dge conformably where this unit is present, or it forms

the base of the San Rafael group of Jurassic age and

disconformably overlies the Glen Canyon group of Tri-
assic and Jurassic age.

Textural types and their arrangement.—The sand-
stone units that make up the Entrada are well to mod-
erately sorted and range from fine- to very fine-grained.
Some strata contain medium and coarse well-rounded
grains of chert, quartz, and potash feldspar. These
coarse grains are concentrated along laminations or dis-
seminated throughout the sandstone in some parts of
the formation. In west-central Colorado, east of the
Plateau, the basal part of the Entrada is medium to
coarse grained, similar to the underlying Pennsylvanian
sedimentary rocks.

Structural features of erosion and deposition.—The
Entrada sandstone consists of a number of very thick
to thin cross-stratified and horizontally stratified sand-
stone beds separated by what may be referred to as
horizontal truncation planes or partings. Inmost areas
the formation weathers on exposure to form a white,
gray or pale-brown to orange massive convex sandstone
ledge 50 to 300 feet thick which is colloquially called
the “slick rim.” * Cross-stratification in some of the beds
is of the dimensions associated with eolian deposition.

Rock composition and classification.—In the north-
eastern part of the Plateau where the Entrada is a
host rock for uranium deposits, it may be classified as
an orthoquartzite or a feldspathic orthoquartzite. It is
composed of quartz, chert, potash and sodic feldspar,
and a heavy-mineral suite consisting of zircon, tourma-
line, rutile, anatase, muscovite, epidote, ilmenite, mag-
netite, and leucoxene. The Entrada is highly felds-

pathic in west-central Colorado, where it appears to
contain material derived from underlying arkoses and
possibly Precambrian granites. The feldspathic En-
trada contains clays formed of ground-up mica and
hydromica. Insouthwestern Coloradothe Entrada con-
tains much less feldspar and more clays formed of re-
crystallized hydromica and possibly some chlorite.
Nondetrital minerals include calcite and barite, and
euhedral anatase crystals probably of authigenic origin.

Microstructure—The microstructure of the sand-
stones is nearly all of the homogeneous type. The clay
matrix is interstitial especially when the rock is rich
in ground-up mica, but also forms authigenic rims
around the quartz and feldspar grains. Grains of
feldspar, particularly albite, are speckled with calcite
and hydromica which may be accepted as evidence of
replacement of the detrital grains by carbonates and
authigenic clay minerals. Some unidentified hydromica
clay minerals occupy positions which strongly suggest
ghosts of detrital grains. The rock is only moderately
well cemented by carbonates and clay matrix.

TODILTO LIMESTONE
[Uranium-production rank, seventh]

Stratigraphic relations—The Todilto limestone, a
formation in the San Rafael group of Jurassic age, is
restricted in extent to the southeastern part of the Colo-
rado Plateau region. It is conformable with underly-
ing Entrada sandstone and may be separated from the
Summerville by a disconformity. The Pony Express
limestone member of the Wanakah formation of south-
western Colorado is probably equivalent to the Todilto
and has generally the same stratigraphic relations.

Textural and structural features—The Todilto is
characterized in outcrop by a 10- to 30-foot limestone
ledge and has a gypsiferous facies in some localities.
The depositional structures are dominantly flat bedded.
The flat-bedded features may be emphasized by a
banded appearance; the horizontal parallel bands are
in the order of magnitude of 1 to 4 inches or less thick.
Parallel distorted bands may be seen in the upper part
of the limestone unit. The formation exhibits typical
limestone jointing influenced by the closely spaced bed-
ding and degree of local structural activity. The
Todilto limestone contains crystalline textures ranging
from microcrystalline to macrocrystalline. Ore de-
posits in the Todilto show some relation to structure
and jointing (Bucher, 1953).

Rock composition and classification.—The Todilto
limestone and the Pony Express limestone member are
composed of an acid-soluble carbonate fraction, which
constitutes about 90 percent of the rock, and an insolu-
ble fraction. The insoluble fraction consists of authi-
genic quartz crystals with many bubblelike inclusions,
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allogenic grains of quartz, orthoclase, microcline, chert,
and in very small proportions barite, tourmaline, apa-
tite, biotite, muscovite, rutile, and others. Considering
the heavy minerals as index minerals, the proportion of
apatite is higher in the Todilto and the Pony Express
than in adjacent rocks. The color of the limestone
facies changes from dark gray in Colorado to pale-
yellowish gray in New Mexico. The color probably is
related to the amount of fine carbon disseminated in the
rock. A gypsum facies assigned to the Todilto makes
up most of the unit in parts of northwestern and north-
central New Mexico.

Microstructure—Microscopic examination shows
that the banded appearance results from layers of
macrocrystalline mosaic-structured euhedral calcite
crystals separated by bands of microcrystalline anhe-
dral sutured calcite crystals. Scattered within the
microcrystalline bands are parallel-oriented lenses of
mesocrystalline to macrocrystalline subhedral calcite
crystals in mosaic arrangement. Detrital grains are
scattered throughout but are more plentiful in the
mlcrocrystallme bands.

MORRISON FORMATION

Stratigraphic relations.—The Morrison formation of
Jurassic age is made up of light-colored, lens-shaped,
cross-stratified sandstones and reddish, greenish-gray,
and variegated claystones, siltstones, and mudstones.
On the Colorado Plateau, the Morrison is divisable into
four members. The uppermost member, the Brushy
Basin, is composed dominantly of variegated, red,
green, and purple bentonitic mudstone strata and lesser
amounts of pebbly sandstone. The basal member,
which lies just below the Brushy Basin member in the
northern half of the Plateau, is the Salt Wash member.
The Salt Wash is characterized by light-gray and light-
brown ledge-forming sandstones interbedded with red
and green siltstone and mudstone strata ; the Salt Wash
is the chief uranium ore-producing member of the Mor-
rison formation.

In the southeastern part of the Plateau, the West-
water Canyon and underlying Recapture members
tongue in between the Brushy Basin and the Salt Wash
members and replace the Salt Wash member and the
lower part of the Brushy Basin member (Craig and
others, 1955). The Westwater Canyon member is char-
acterized by moderately lensing, moderately cross-strat-
ified pale-yellow ledge-forming sandstones and brown
and brownish-gray siltstone and bentonitic mudstone
strata.

Facies changes—Facies changes of both local and
regional scale are the rule in members of the Morrison
formation. The host rock favored by uranium ore de-
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posits in the Salt Wash member of the Morrison forma-
tion in southwestern Colorado and southeastern Utah
seems closely related to certain local lithologic facies
characteristics (Mullens and Freeman, 1952). Signifi-
cant facies characteristics include: an optimum ratio of
sandstone to mudstone in a vertical sequence (about 50
percent), an optimum thickness “stream deposit-type”
to “nonstream deposit-type” sedimentary units (90 to
200 feet), and an optimum degree of average size and
continuity of sandstone strata.

In Jocalities in an area from south to southwest of the
Four Corners area (juncture of Colorado, Utah, Ari-
zona, and New Mexico, see fig. 2), the Morrison consists
of a sequence of convex weathering, massive sandstones
of the Westwater Canyon and Recapture members sepa-
rated by silty sandstone partings. This sandy facies
apparently is not a favorable host rock for uranium ore
in the Morrison formation. The favorable facies ap-
pears to be the sequence of lenticular ledge-forming
sandstone units interstratified with mudstone, siltstone,
and claystone units to the west, north, and southeast of
the Four Corners area.

SALT WASH MEMBER OF THE MORRISON FORMATION

[Uranium-production rank, first]

Stratigraphic relations—The Salt Wash member is
the basal member of the Morrison formation in the cen-
tral, northern, and western part of the Plateau.

Tewtural types and their arrangement.—The Salt
Wash member, like the Brushy Basin member, is com-
posed of mudstone strata and ledge-forming sandstone
beds; however, in most localities there is much more
sandstone in proportion to mudstone than is observed
in the Brushy Basin member. Volumetrically, the Salt
Wash contains more sandstone than any other member
(Freeman, V. L., oral communication).

The sandstones of the Salt Wash member are, on the
average, fine grained and well to moderately sorted.
The basal or lower parts of the “channel” sandstones are
of coarse sand; moderately to poorly sorted; contain
green clay chip conglomerates, quartzite, silicified tuff,
chert, and silicified limestone pebbles, wood, and bone.

Structural features of erosion and deposition.—The
ledge-forming sandstone beds are lenticular composite
cross-stratified units. The Salt Wash in any ore locality
commonly has from 3 to 6 ledge-forming sandstone
units separated by silty sandstone or mudstone. The
larger resistant beds form composite ledges that are less
continuous than the single composite ledge of the Shina-
rump and are of smaller dimensions with an average
cross-sectional area in the order of 1,000 to 5,000 square
yards.
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Rock composition and classification.—The sandstone
strata of the Salt Wash vary in classification over the
Plateau region, and include orthoquartzites, tuffs, and
arkoses, together with all possible modifications. - The
sandstones are composed of quartz, potash feldspar,
sodic feldspar, silicified and altered tuff, chert, meta-
morphic rock fragments, and rhyolitelike igneous rock
fragments and hydromica, montmorillonite, and kao-
linite clay minerals. The dominant clay minerals in
both the mudstone and in the sandstone strata are of the
hydromica group, but with a high proportion of mixed-
layer clays which were possibly derived from. mont-
morillonite or volcanic ash. Analyses of the tuff sug-
gest a silicic-alkalic igneous source. Heavy minerals
represent less than 0.5 percent, by weight, of the average
sandstone, and consist largely of varieties of zircon,
tourmaline, garnet, staurolite, epidote, rutile, apatite,
magnetite-ilmenite, miscellaneous titanium minerals,
and minor amounts of biotite. This general assemblage
is common for all sandstones of the Morrison formation
but with regional variations in proportions. '

The composition of sandstones of the Salt Wash
varies over the region similarly to the sandstones of the
Brushy Basin member, with high feldspar content to the
southeast and high tuff content to the northwest.

Wood in the form of petrified, mineralized, or coali-
fied logs or fragments is present at the base of channels.
Bone in various degrees of alteration or replacement is
present in the Salt Wash mudstone and sandstone
strata.

Nondetrital components are calcite, dolomite, and
other carbonates, iron oxides, silica, and gangue and ore
minerals. Calcite is the dominant cement but much
silica cement is present as overgrowths on the quartz
grains. Iron oxides are not significant as cements.

Microstructure—The arrangement of components as
observed under the microscope shows the sandstone to
have microstructures of two general types, the hetero-
geneous type where a significant amount of clay ma-

trix and little cement is present and a homogeneous

type where the sandstone is made up of grains and
cement with a minimum of matrix. The heterogene-
ous type appears to. be the microstructure in which
primary uranium ore mineralization is more often
found. :

RECAPTURE MEMBER OF THE MORRISON FORMATION
[Uranium-production rank, sixth]
Stratigraphic relations—The Recapture member

intertongues with the Salt Wash member in the Four
Corners area of the Plateau and replaces it to become
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the basal member of the Morrison formation in the
south and southeast. In contrast to the pale yellow
of the overlying Westwater Canyon member, the Re-
capture member is characterized by browns and whites
in both claystone and sandstone facies.

Textural types and their arrangement.—The sand-
stones of the Recapture member are, on the average,
moderately sorted and very fine grained but contain
some medium- and fine-grained sands with granules
and small pebbles of quartz, feldspar, granite, and
chert. In general it is finer textured than the overly-
ing Westwater Canyon member and contains a much
higher proportion of bedded mudstone, siltstone, and
claystone. Nondetrital components include calcite and
other carbonates, secondary silica, and iron oxides.

Structural features of erosion and deposition.—
Structures of erosion and deposition in the Recapture
member are similar to those of the Salt Wash member,
particularly in the Four Corners area, with similar
debris-filled, deep channels, and lenticular ledge-form-
ing sandstone units. Although the size and shape of
individual sandstone units are similar to those of the
Salt Wash, there are fewer of them in the average
vertical sequence of Recapture member strata, and they
show less resistance to weathering.

Rock composition and classification—The sand-
stones of the Recapture member may be classified as
feldspathic orthoquartzites and arkoses with the feld-
spar and kaolin content increasing to the southeast.
They contain detrital grains of quartz, potash feld-
spar, plagioclase, silicified altered tuff, igneous rock,
quartzite, and heavy minerals. The clay minerals
present are of the hydromica, montmorillonite, and
kaolinite groups, with the hydromica group dominant.
Most of the sandstones contain the mixed layer clays
common to many of the sandstone units described as
host rocks. The bedded mudstones, siltstones, and
claystones in the Recapture member contain these same
clay minerals. In many localities the Recapture is

‘characterized by thick strata of montmorillonite-rich

swelling grayish-green and brown mudstone. Woody
debris is present particularly in the Four Corners area.

Microstructure—The sandstones of the Recapture
member show both homogeneous and heterogeneous
microstructure. The detrital grains are associated with
different amounts of hydromica and montmorillonite
clays which form the matrix, and are cemented by
varying amounts of carbonate minerals, iron oxide, and
silica in the form of secondary overgrowths on quartz
grains. Kaolinite is present chiefly as the alteration
product of weathered feldspar grains.
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WESTWATER CANYON MEMBER OF THE MORRISON
FORMATION

[Oranium-production rank including arkoses of the Brushy Basin

member, fourth]

Stratigraphic relation—The Westwater Canyon
member is an arkosic facies of the Morrison formation
and underlies and is interbedded with the Brushy Basin
member in the southeastern part of the Colorado Pla-
teau region. The ore-bearing Jackpile sandstone, al-
though assigned to the Brushy Basin member, is es-
sentially the same facies as the Westwater Canyon
member.

Textural types and arrangement.—The sandstones
of the Westwater Canyon member are, on the average,
moderately sorted, medium-grained and contain zones
of granule conglomerate and pebbly sandstone which
are characterized by fresh-looking cleavage fragments
of pink feldspar. Like other members of the Morrison,
the sandstone units are associated with bedded mud-
stone, siltstone, and claystone strata.

Structures of erosion and deposition.—Erosional and
depositional structures in the sandstones are similar to
those of the thick ledges of the Shinarump and Brushy
Basin, but show less scouring and are less lenticular.
The channels are few and inconspicuous, and contain
little woody material in the Four Corners area, but be-
come more prominent and more “trashy” to the south-
east. The erosional and depositional structures of the
ore-bearing Jackpile sandstone resemble those of the
Salt Wash member of the central part of the Plateau
region in that they are highly lenticular and show more
erosion and truncation surfaces.

In much of the Westwater Canyon outcrop, the sand-
stone beds form composite ledges which pile up in close-
ly spaced vertical sequence to form a single massive
bed or a thick sandstone interval of 2 or 3 ledges sep-
arated by thin yellowish-green and rare red mudstone
strata. These thick composite sandstone strata appear
in continuous exposures over wide areas.

Rock composition and classification.—The yellowish
sandstones of the Westwater Canyon member may be
classified as arkoses and are composed of detrital grains
of quartz, potash feldspar, altered and silicified tuff,
plagioclase, igneous rock, quartzite, heavy minerals, and
clay minerals of the kaolinite, montmorillonite, and hy-
dromica groups. Much coarse material is present as
pebble-sized fragments of quartz, potash feldspar,
granite, quartzite, and chert. Nondetrital components
include calcite and other carbonates, silica in the form
of overgrowths on quartz grains, and in silicified tuff.

Although hydromica or mixed-layer clays are prob-
ably dominant, kaolin forms the matrix of many sand-
stone units and in this respect the sandstones of the
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Westwater Canyon differ in composition from the other
sandstones of the Morrison formation.
Microstructure—The sandstones of the Westwater
Canyon ‘member have both homogeneous and heter-
ogeneous microstructures. The sandstones of heter-
ogeneous texture, which are in the minority, are char-
acterized by abundant kaolin in the matrix. Sand-
stones with the more homogeneous structures have
much less matrix which is in most cases dominantly hy-
dromica with some montmorillonite and kaolin.

BRUSHY BASIN MEMBER OF THE MORRISON
FORMATION

[Uranium-production rank exclusive of arkose beds, fifth]

Stratigraphic relations—The Brushy Basin member
is the most regionally extensive stratigraphic unit with-
in the Morrison formation and forms the top of the for-
mation except in areas where pre-Dakota erosion has
removed it.

Textural types and their arrangement.—The texture
of the sandstones of the Brushy Basin is generally fine-
to medium-grained with coarse to conglomeratic zones
in the basal parts; thick lenses of sandy coarse conglom-
erate are common in many localities. The bedded mud-
stone which is the dominant lithologic type in the
average exposure of the Brushy Basin member, charac-
teristically contains granules and coarse sand grains of
red chert or silicified tuff scattered throughout.

Structural features of erosion and deposition.—The
resistant sandstone beds are ledge-forming and were
deposited in erosional scours. One or two of these sand-
stone units are commonly present in the lower third of
the member. The basal contacts show erosion surfaces.
Petrified wood, bone, mud and clay lenses, disturbed
bedding, and conglomerates are characteristic of the
first sediments deposited above the eroded surfaces.
The bedded mudstone contains some thinner, evenly
bedded very fine grained limy sandstones which are
seldom of the ledge-forming type except in the south-
eastern part of the Plateau region. In northeastern and
central New Mexico, thick lenses of medium-grained
kaolin-rich arkose are present in the middle and upper
parts of the Brushy Basin. The ore-bearing Jackpile
sandstone (Hilpert, L. S., and Freeman, V. L., 1955,
written communication), in New Mexico is a ledge-
forming composite arkosic sandstone unit that was de-
posited in close association with the mudstone strata
occurring in the middle of the Brushy Basin member.

Rock composition and classification—The Brushy
Basin is a tuffaceous unit composed chiefly of mont-
morillonite-rich mudstones, fragments or grains of
silicified altered tuff, and lesser amounts of thick lens-
ing ledge-forming pebbly sandstone and conglomerate
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beds. The sandstone strata vary over the Colorado
Plateau region from arkose to orthoquartzite to tuff
with many gradations and modifications. From the
center of the Plateau the tuffaceous material increases
northwestward, and the arkosic material increases
southeastward.

The sandstone units are composed of detrital grains
of quartz, altered tuff, potash feldspar, plagioclase,
quartzite, and a volumetrically insignificant amount of
heavy minerals. Clay minerals include hydromica,
montmorillonite, and mixed layer clays; some kaolinite
clays are present in the southeastern part of the Plateau
region. The nondetrital constituents include secondary
silica in the form of overgrowths on quartz grains,
zoned interstitial chalcedony, calcite and other carbon-
ates, localized occurrences of gypsum, and iron oxides
in the form of interstitial cement and staining on grains.
The white angular sand grains observed in hand speci-
mens in the central, northern, and western parts of the
Plateau are probably silicified tuff; they are generally
slightly coarser than accompanying quartz grains. Red
and green pebbles of chert, which also are probably de-
rived from material of volcanic origin, dominate the
pebble assemblage which includes also fragments of
quartzite, silicified limestone, and silicified metamor-
phosed shale. Bones and bone fragments are common
in both mudstone, sandstone, and conglomerate units.

Microstructure—The sandstones of the Brushy
Basin contain both homogeneous and heterogeneous
microstructures.

MISCELLANEOUS FEATURES OF THE MAJOR
URANIUM-PRODUCING HOST ROCKS

DETRITAL MINERALS

Quartz, the principal detritial mineral, is of two main
types; igneous and metamorphic. The grains are
usually rounded to subrounded, but the shape is
changed in most samples by euhedral overgrowths
which form perfect terminations on many grains. The
original rounded quartz grains show moderate to slight
replacement by calcite; however, the quartz over-
growths on the original grains are replaced readily.

The feldspar varieties are, in order of quantity, or-
thoclase, albite, oligoclase, microcline, andesine, and
sanidine. The feldspars show various degrees of al-
teration and weathering, but albite appears as the most
weathered of the varieties. In many calcite-bearing
sandstones albite grains are commonly replaced in part
or wholly by calcite leaving peculiarly oriented ghosts.

The three major varieties of tuff are present, includ-
ing vitrie, crystal, and lithic tuffs, each in various de-
grees of alteration and silicification. The typical vitric
tuff grain contains a mixture of amorphous and slight-

ly hydrous silica, spherical microgranular crystals of
quartz, and voids. The outside surfaces of the angular
grains are, in most instances, white and soft, like chalk.
Variation in the proportions of the mixture mentioned
above results in variation of the index of refraction
from that of opal to that of quartz. The more highly
silicified vitric tuff may be highly colored and may
comprise the red or green “chert” pebbles and granules
found in the Morrison formation.

The crystal tuff grains differ from the vitric only in
that they include a fourth component which consists
of microphenocrysts of potash feldspar, biotite, quartz,
and other minerals.

The lithic tuffs are the most difficult to recognize;
they resemble very fine grained rhyolite, or at worst, a
practically unclassifiable rock fragment.

The heavy-mineral suites present are moderately
large; however, they constitute only 0.1 to 1.0 percent
of the rock. Exclusive of unique occurrences of unusual
minerals, the suites are composed of varieties of the
nonopaque minerals zircon, tourmaline, staurolite,
epidote, apatite, rutile, anatase, brookite, garnet, bio-
tite, muscovite, and spinel, and the opaque minerals
magnetite, ilmenite, leucoxene, magnetite-ilmenite, and
ilmenite-leucoxene-anatase intermixtures.

Clay minerals include the hydromica, montmoril-
lonite, and kaolinite groups. The term hydromica is
used broadly to include sericite, in part, and chlorite,
in part. In addition to the conventional groups, there
are also mixed-layer clays and other undefined clay
minerals which suggest instability in many of the clays.
The clays occur in both well-crystallized and poorly
crystallized form. The hydromica clays are well crys-
tallized when they form the borders around detrital
grains of quartz. The kaolinite clays that occur in iso-
lated interstitial wads are usually well crystallized.
Some kaolinite crystals occur in well-developed accord-
ion-shaped systems in the matrix. Montmorillonite is
usually poorly crystallized.

The evidence suggests that recrystallization of some
clays has occurred or is occurring. The well-crystal-
lized detrital kaolinite in the interstitial wads may be
allogenic and not due to recrystallization; however, the
accordion-shaped crystals in the matrix appear to be
the result of recrystallization. The hydromica clays
are probably nearly all authigenic.

Aside from the kaolinite composing parts of weath-
ered feldspar grains, the clays are nearly all a part of,
or were derived from the matrix. At the time the host
rocks were deposited it is conceivable that the matrix
consisted of a mixture of detrital clays, fine volcanic
ash, and ground-up feldspar, quartz, and igneous and
metamorphic rock fragments.
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The nondetrital components of the host rocks in-
clude much material which acts as a cement and some
that does not. Isolated euhedral calcite crystals com-
monly seen in the matrix or in grains of albite, exert
little influence as a cement; when calcite is an effec-
tive cement it forms continuous bands or zones which
fill the interstices and extend through the rock. Sider-
ite, dolomite, barite, gypsum, and the iron oxides are
volumetrically less important than calcite, but also have
respectively similar roles as isolated crystals and ce-
ment. Silica cement takes two forms: as overgrowths
on quartz grains and as zoned interstitial chalcedony.
The ore and gangue minerals in the uranium-ore de-
posits ave also among the nondetrital minerals.

SUMMARY OF LITHOLOGIC CHARACTERISTICS

The lens-shaped cross-stratified sandstone units of
the Chinle and Morrison formations characteristically
weather to form conspicuous ledges which contrast with
the less resistant siltier strata above, below, and lateral
to them. The associated red and green claystone and
mudstone strata, where sufliciently thick, form varie-
gated, slightly concave slopes. If the fine-textured
strata contain bentonite the slopes are slightly convex.
Mostly the ledge-forming sandstones have an erosional
disconformity at the base but are conformable with the
sediments above; however, the upper contact may be
a disconformity if overlying conformable siltstones
have been removed by subsequent erosion prior to an-
other depositional cycle. A

Most of the ledge-forming sandstones are a com-
posite of many smaller cross-stratified units which
are nearly all separated from each other by erosional
truncations. The bottom of a typical ledge-forming
unit is coarse textured and poorly sorted and may
contain a conglomerate zone of clay galls and chips,
and pebbles of sedimentary, metamorphic, and igneous
rocks. Pebbly zones may be observed also along some
truncation planes within the major unit. Other ac-
cumulated material found in the basal part of many
of the units includes disturbed claystone strata, petri-
fied wood, and various kinds of carbonaceous material
either concentrated in pockets or disseminated in the
accompanying nonorganic sediments.

The dimensions of each of these major sandstone
lenses are a function of the dimensions of the respective
erosional cut, or cuts which they occupy. The cuts re-
semble erosional features such as are produced by
present-day water currents, and for this reason the
deeper parts of the erosional cuts are referred to as
“channels.” The size of single continuous ledge-form-
ing sandstone units ranges in order of magnitude from
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several miles to 100 feet or less in breadth and from
1 foot to 200 feet in thickness.

Any single major unit may include a large number
of complex sedimentary and erosional structures or
may consist entirely of a single cross-stratified set.
The average size of the units and average scale of
structures of deposition and erosion vary from forma-
tion to formation and within formations vary from
area to area. -

INTERPRETATION OF ENVIRONMENT WHICH
PRODUCED THE HOST ROCKS

The majority of geologists who have worked in the
Plateau region believe that the rocks discussed above
were derived from sediment deposited in an alluvial
environmental complex in a broad continental basin
(see Mook, 1916; Longwell, 1924; Baker, 1936; Craig
and others, 1955). This hypothesis is supported by evi-
dence of contemporaneous deposition and erosion, the
widespread extent of the dominant facies, the nature
of the interbedding of mudstone strata with lenses of
sandstone strata, the high degree of cross-stratifica-
tion in the sandstone units, the plant remains in the
bottoms of channels, and the overall resemblance to
present-day stream deposits of the sedimentary deposits
which form the Morrison formation, the Shinarump
member and lower sandstone units of the Chinle forma-
tion.

CONCLUSIONS

The sedimentary rocks which rank as the major pro-
ducers of uranium ore have certain characteristics
which probably are related to the occurrence of uranium
ore.

Unique characteristics of composition are (1) a com-
bination of potash and sodic feldspar-rich sands; (2)
large quantities of silicic-alkalic tuff and ash, wood,
vegetable material, and bone, all of which produce a
wide variety of chemical environments and the re-
sulting variety of clay minerals and other alteration
products; and (3) an apparent restriction of the miner-
alization to the sandstone and mudstone strata contain-
ing hydromica and kaolinite as the dominant clay min-
eral groups to the exclusion of the montmorillonite
clays.

Unique characteristics of combined composition and
structure are (1) the presence of channels; (2) sedi-
mentary traps and confined aquifers; (3) the presence
of clays, vegetable material, and conglomerates con-
centrated in the bottoms of channels, and (4) the re-
gion-wide association of restricted permeable sand-
stones with impermeable claystone strata, containing
a trace to moderate amounts of slightly to very soluble
salts and compounds.
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Critical features of the minor producing formations
are less apparent. Uranium production from the En-
trada sandstone and Todilto limestone is restricted to
a narrow 60-foot zone in the stratigraphic column which
straddles the Entrada-Todilto contact, and to a 20- to
30-foot zone above the Entrada-Dolores contact
(Fischer, 1942). The special characteristics of these
zones include jointed limestone, well-sorted sandstone,
and evaporite lithologic types. The Entrada-Todilto
contact, though inconspicuous, is wide in extent and
represents an important stratigraphic reference plane
in the southeastern part of the Colorado Plateau region.
All, some, or none of these factors may be related to
the deposition of uranium in these two formations.

The stratigraphic units of Triassic and Jurassic age
described are not in their entirety classifiable as host
rocks, but they do contain the particular facies which
favor the occurrence of deposits of uranium ore.
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ABSTRACT

The chemical composition of sandstone-type uranium ores

and unmineralized sandstones from the Colorado Plateau has
been determined chiefly by spectrographic analysis. More than
400 samples of ore and nearly 300 samples of unmineralized
sandstone were analysed for about 60 elements by a rapid semi-
quantitative technique, and more restricted suites of samples
were analysed for 5 elements by chemical techniques. The
spectrographic and chemical analyses were treated by conven-
tional mathematical methods for grouped data.

The average chemical composition of sandstones from the

principal host rocks of Colorado Plateau uranium deposits—

the Shinarump and Moss Back members of the Chinle forma-
tion, both of Late Triassic age, and the Salt Wash member of
the Morrison formation, of Late Jurassic age—differ only mod-
erately from the average composition of sandstones from most
of the formations of Paleozoic and Mesozoic age on the Colo-
rado Plateau. Average sandstones of the Shinarump and Moss
Back members appear to contain significantly more aluminum,
iron, titanium, zirconium, vanadium, chromium, copper, and

probably more cobalt and nickel than average Colorado Plateau -

sandstones and less magnesium, calcium, barium, and probably
less potassium.. Average sandstones of the Salt Wash contain
significantly more calcium, manganese, and copper than average
Colorado . Plateau sandstones and significantly less iron and
probably less potassium, boron, cobalt, nickel, and yttrium.
A sandstone-type uranium deposit may be considered as com-
posed of two fundamental parts: an indigenous part, and a
foreign part which was added to the indigenous part to form
the deposit. The indigenous part comprises all elements that

would have occupied the space of the uranium deposit had:

uranium mineralization never occurred; these elemental com-
ponents are called intrinsic. The foreign part comprises all
elements that were added to the indigenous part by the proc-
esses of mineralization; these elemental components are called
extrinsic. Almost all elements in sandstone-type uranium de-
posits are probably partly intrinsic and partly extrinsic, but
each element may be classified according to the dominant role
it plays in a majority of the-deposits. :

. Elements detected by the analyses used in this study that
are interpreted as dominantly intrinsic in the uranium deposits
of both Upper Triassic rocks and the Morrison formation in-
clude silicon, aluminum, iron, magnesium, caleium, sodium, po-
tassium, titanium, zirconium, barium, strontium, manganese,
beryllium, boron, scandium, chromium, zine, gallium, silver,
lanthanum, and antimony. Dominantly extrinsic elements in

- environment of the uranium deposits.
- gross elemental composition of the uranium ores pro-
" vides a broad basis, and for some problems a starting

the deposits of both the Morrison formation and the Upper
Triassic rocks include uranium, vanadium, cobalt, nickel, cop-
per, arsenic, molybdenum, and lead. Two elements, selenium
and yttrium, are interpreted as dominantly extrinsic in the
deposits of the Morrison formation, but dominantly intrinsic
in the deposits of the Upper Triassic rocks. Other elements—
not determined in the analyses used in this study, but known
from other work—which may be extrinsic components of some
of the sandstone-type uranium ores on the Colorado Plateau
include sulfur, phosphorus, ytterbium, tin, cadmium, tellurium,

- and thallinm.

INTRODUCTION

A regional study of the distribution of elements in

* the rocks and ores of the Colorado Plateau was begun

in 1951 to provide information on the geochemical
Study of the

point, for more detailed geochemical and mineralogi-
cal investigations. This paper summarizes informa-

. tion obtained to date on the gross elemental composi-

tion of the uranium deposits and the role or roles

* played by each element in the history and composition
of the ore. The investigation is still in progress and
_ all histograms and averages given are subject to minor

revision.

METHODS OF SAMPLING AND SAMPLE
PREPARATION

"'Two general types of samples have been used in the
study of the composition of the rocks and ores. Most
samples of unmineralized sandstones from formations
under study were collected from outcrops during de-
tailed stratigraphic investigations (Craig and others,
1955; Williams, 1954, p. 33-35) and were supplied by
R. A. Cadigan of the U. S. Geological Survey. Some
samples were collected by the writers from drill core
and from outcrops. Samples of uranium ore were ob-
tained from mechanical splits of ores shipped to mills
and buying stations.



ELEMENTAL COMPOSITION OF THE SANDSTONE-TYPE DEPOSITS 27

The samples of unmineralized sandstones are essen-
tially. grab samples selected to be representative of
randomly distributed individual sandstone strata or
parts of strata. Samples were taken without regard
to proximity to known uranium deposits, but no sam-
ples that were visibly mineralized or found to have
a radioactivity greater than 0.005 percent eU were in-
corporated in this study of unmineralized rocks. Two
to five pounds of rock, as fresh as could be obtained,
were originally collected, from which about 250 grams
of fragments were picked out by hand. Where fur-
ther crushing before grinding was necessary, the sam-
ples were crushed in a jaw crusher with iron jaws, and
all samples were ground to minus 80-mesh in a disk
grinder with ceramic plates (Barnett and others, 1955).

The samples of uranium ores obtained from mills
and buying stations are pulverized quarters of splits
or pulps that were assayed to determine payment to the
shippers. Most of the samples studied were obtained
from the U. S. Atomic Energy Commission’s Monti-
cello plant, operated by the American Smelting and
Refining Co. (For description of sampling process
see Colorado School of Mines Research Foundation,
1954, p. 46-49.) The pulps were ultimately ground to
minus 120-mesh in cast-iron disk grinders. Nearly all
the pulps are probably contaminated slightly with
tramp iron. The average introduced amount of iron
is estimated to be about 0.1 percent by weight. If the
composition of the tramp iron is similar to that ana-
lyzed by Myers and Barnett (1953, table 2), the
amounts of spectrographically detectable minor ele-
ments introduced with the iron are probably below or
near the spectrographic limit of sensitivity.

Samples representing individual shipments or suites
of shipments were combined, according to weight of
ore represented, into composite samples for each mine.
Final samples submitted for analysis consisted of 100-
to 250-gram splits of the composite pulps. Samples
from some mines were divided into two or more groups,
and two or more composite pulps were prepared, rep-
resenting different grades of ore or ore shipped from
different parts of the mine. The amount of ore rep-
resented by the samples from each mine ranges from
1 to more than 5,000 tons and averages about 250 tons.

The term “ore” in this report refers to mineralized
rock mined and shipped to the mills for payment. A
surprising proportion, about 20 percent, of the ship-
ments studied contained less than 0.10 percent U,Os,
the minimum grade for ore established by the U. S.
Atomic Energy Commission (1948). Not all of the
material mined and classed as ore in this report, there-
fore, is of ore grade under present economic conditions.

468652—59——3

ANALYTICAL METHODS

Most of the analyses were done by a rapid semiquan-
titative spectrographic method in the Denver spectro-
graphic laboratory of the U. S. Geological Survey.
R. G. Havens was the principal analyst, but large
numbers of analyses were made by P. R. Barnett,
G. W. Boyes, Jr., and P. J. Dunton; 428 samples of
ore pulps and 289 samples of unmineralized sandstones
were analyzed spectrographically.

Sixty elements are detectable with one exposure by
the spectrographic method employed for this study.
Of these elements, 22 are present in more than 65 per-
cent of the ores in concentrations ? above the spectro-
graphic limits of sensitivity, and 9 elements are present
in less than half of the ores in concentrations above the
limits of sensitivity. The remaining 29 elements looked
for were not detected in either the ores or the unmin-
eralized sandstones. Study of the composition of the
ores by the rapid spectrographic method is thus limited
to about 30 elements.

The limits of sensitivity for each element are in gen-
eral those listed by Myers (1954, p. 195). As the

‘analytical work has extended over a period of 3 years

and some changes were made in the details of the
technique during this time, and as the individual
analysts followed slightly different practices in report-
ing elements near the limit of sensitivity, the limit of
sensitivity actually attained or reported for each ele-
ment has varied slightly. Histograms given in figures
5 to 9 are cut off at the highest limits of sensitivity re-
ported, but averages given in tables 1 and 2 and the cor-
relation coefficients shown in figure 4 incorporate some
determinations below the highest limit used. A ma-
jority of the statistics are subject to minor revision,
pending review of some analyses and incorporation of
additional samples.

Spectrographic data on arsenic, antimony, and zinc
have been supplemented by colorimetric analyses
(Lakin, Almond, and Ward, 1952, p. 14-16; Ward and
Lakin, written communication, 1953 ; Almond, written
communication, 1953) because these elements are gen-
erally present in the sandstones and ores in concentra-
tions below the spectrographic limit of sensitivity.
Selenium analyses were done by colorimetric methods
(Lovering, and others, 1955). The colorimetric
analyses were done by H. E. Crow, J. H. McCarthy,
A. P. Marranzino, J. Meadows, and J. L. Silverly un-
der the supervision of H. W. Lakin and L. F. Rader.

MATHEMATICAL TREATMENT OF ANALYSES

The concentrations of the elements, as determined by
semiquantitative spectrographic analysis in this study,

3 The term “concentration” is used throughout this chapter in the con-
ventional sense of fractional weight contained.
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are reported in a series of 15 equal logarithmie classes
that span the range from 0.0001 to 10 percent. Con-
centrations greater than 10 percent or less than 0.0001
percent are generally beyond the range of sensitivity of
the spectrographic technique employed and are noted
but not classified. Each class interval is equal to 0.3333
in logio values, and the class limits form a geometric
series that may be generated by integral powers of the
cube root of 10 (2.154). After log transformation the
analytical data may be treated with conventional math-
ematical methods for grouped data described in ele-
mentary statistics texts (see, for example, Waugh,
1943, p. 81-154, 372-430; Snedecor, 1946, p. 31-74,
137-168; or Hoel, 1947, p. 3-20, 78-92, 128-166).

The formulas used are as follows:

-1
Z=_Xfz, (1
where Z=mean log,
n=total number of samples,
z;=class midpoint of the sth class in logs,
fi=frequency of ith class.
2fi(E =z )a];ﬁ [ _ ,_IZfa.-P)]%
o= 2LL 2 (zpar L2 (2)
where s=log standard deviation.
= nEfxayi— (Sfax:) (3fays) (3)
[nZf@i— (Zfz)?PAnZfiyi— (Zfiy:) 1%
where

r=Ilinear correlation coefficient between z and y, which
are the logs of the concentration of two elements.

The number of significant figures that may be re-
tained for 7 and s is a function of the number of samples
and the magnitude of s up to a limit determined by the
precision with which the standards used in the analysis
were prepared. No assumptions or judgments on the
precision or accuracy of the analyses or on the frequency
distribution of the analytical results are involved in the
statistical theory of the formulae employed. The com-
puted values of Z and s may be assigned some prob-
ability determined by the precision and accuracy of the
analyses. If an analyst can assign the correct class to
an element in 60 percent of the determinations (a con-
servative estimate), the minimum probability for the
computed value of Z recorded to the maximum number
of allowable significant figures is 60 percent. By drop-
ping one significant figure the probability of Z and s is
greatly increased.

Statistical comparison of some of the semlquantltatlve
spectrographic determinations with chemical analyses
of the same material indicates the absolute error of the
spectrographic analysis is proportional to the concen-
tration, over the range of sensitivity, and analysis of
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replicate spectrographic determinations shows that de-
viations from the geometric mean are approximately
lognormally distributed. The frequency distribution of
most elements that lie above the spectrographic limit
of sensitivity in the various groups of samples studied
has been found by chi-square test to be approximately
lognormal both in unmineralized sandstones and in the
uranium ores. Thus the statistical theory for normal
or Gaussian distribution may be applied to the spectro-
graphic data with the least bias after log transforma-
tion. This transformation is based on the results ob-
tained from the samples and is not concerned with the
underlying causes of the form of the distribution.

If some determinations fall below the spectrographic
limit of sensitivity the population mean log and log
standard deviation can be estimated with least bias from
the probability function for the truncated normal dis-
tribution (Fisher, 1931, p. xxxiii).

(x—m)3
% ®

. 1
= e

where s=population standard deviation
m=population mean
t=difference between m and limit of sensitivity in o
values, limit of sensivity=m+4 o ¢

and the 7o function has the form
I=— f e—3t dt

Hald (1952, p. 62-63) gives tables derived from this
probability function for estimating the sample mean
and log standard deviation as well as tables for the one-
sided censored normal distribution with which account
may be taken of the number of analyses below the limit
of sensitivity. Though the use of these table (for the
truncated or censored normal distribution) introduces
the least bias in the calculation of mean log and log
standard deviation, several other methods of approxi-
mate calculation give closely comparable results. Where
a majority of analyses are below the limit of sensitivity
a rough estimate of the mean log may be obtained
from the percent above the limit of sensitivity by use of
the area tables for the normal curve and by assuming
an average value for the log standard deviation. The
means obtained by use of the area tables and an assumed
standard deviation should be considered only as indi-
cating the probable order of magnitude of the mean
of the samples analyzed.

The simplest and generally most useful measure of
central tendency that may be computed from the spec-
trographic analyses is the arithmetic mean of the logs,
the antilog of which is the geometric mean. For a log-
normal distribution the geometric mean is an estimate
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of the population median or true median. The most
efficient (Fisher, 1921, p. 309-310) estimate of the true
or population arithmetic mean may also be obtained
from the geometric mean by methods given by Sichel
(1952, p. 265-285). For purposes of comparison the
geometric mean is generally the most satisfactory

measure of central tendency for lognormal or approxi- .

mately lognormal distributions, because the logarithmic
variance of geometric means of small sets of samples
drawn from a lognormally distributed population is less
than the logarithmic variance of the arithmetic means
(the geometric mean is a more efficient or more stable
statistic). All means given in this paper are geometric
except where otherwise noted.

It must be emphasized that the geometric means given
in this paper should not be compared directly with
published estimates of element abundance which are re-
ported as arithmetic means. The geometric means for
all the elements reported are invariably less than the
estimated true arithmetic means by an amount that is
a function of the log standard deviation (see footnote
table 2). For a majority of distributions studied the
arithmetic mean is 2 to 3 times greater than the geo-
metric mean.

COMPOSITION OF SANDSTONES OF THE COLORADO

PLATEAU AND SANDSTONE-TYPE URANIUM ORES

Uranium deposits have been found on the Colorado
Plateau in most of the principal formations of Per-
mian through Tertiary age and in three kinds of sedi-
mentary rocks: limestone, mudstone, and sandstone.
Some uranium deposits are also known in igneous rocks
of Tertiary and possible Cretaceous age. More than
85 percent of the known uranium deposits are in sand-
stone and conglomeratic sandstone strata of the Shina-
rump and Moss Back members of the Chinle formation
of Late Triassic age and of the Morrison formation of
Late Jurassic age. Most of the ore produced from the
Morrison formation has come from the Salt Wash mem-
ber, and most of the known uranium deposits are in the
central part of the Colorado Plateau where the Salt
Wash member is well exposed.

COMPOSITION OF UNMINERALIZED SANDSTONE FROM
THE PRINCIPAL URANIUM ORE-PRODUCING
STRATA
Two principal uranium ore-producing groups of

strata are distinguished for purposes of discussion.

The first group comprises the Shinarump and the Moss

Back members of the Chinle formation. Nearly all the

uranium ores from Upper Triassic rocks included in

this study are from these two units. The second group
of strata, which make up the Salt Wash member of the

Morrison formation, contain most of the ore deposits in
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the Morrison formation included in this study. Only
82 samples of sandstones from the Shinarump and
Moss Back members from the central part of the Colo-
rado Plateau (fig. 3) are included in the study and
averages calculated for this group of samples should
be considered preliminary. The statistics for sand-
stones from the Salt Wash member, on the other hand,
are based on 96 samples from localities distributed over
the area occupied by the Salt Wash member. At many
of the sample localities in the Morrison formation un-
mineralized sandstone samples were taken from several
different sandstone strata in the Salt Wash member,
and, in general, the samples of the several sandstone
units taken from a single stratigraphic section are
similar in major and minor element composition. The
samples taken from the Salt Wash are thought to be
fairly representative of the sandstones of this member.

The chemical composition of the principal ore-bear-
ing strata differs moderately from the average chemical
composition of Colorado Plateau sandstones (table 1).
The average sandstones from the Shinarump and Moss
Back members appear to contain significantly ® more
aluminum, iron, titanium, zirconium, vanadium, chro-
mium, copper, and probably more cobalt and nickel
than the average Colorado Plateau sandstones. Alumi-
num in the unmineralized sandstones is contained
chiefly in feldspar and clay minerals (for description
of mineralogy see Part 2), and the greater content of
aluminum in the sandstones of the Shinarump and
Moss Back members indicates a greater content of
feldspar and clay than is found in average sandstones
of the Colorado Plateau (Part 2). Iron, titanium, and
zirconium have a moderate-to-high correlation and
vanadium, chromium, and copper a low-to-moderate
correlation with aluminum in unmineralized Salt Wash
sandstone (fig. 4) and probably have similar correla-
tions in the sandstones of the Shinarump and Moss
Back. The above-average amounts of iron, titanium,
and zirconium and perhaps also of cobalt and nickel in
the sandstones of the Shinarump and Moss Back mem-
bers probably is in part a reflection of the above-average
content of feldspar and clay. The concentration of

8 For large sample sets drawn from normal populations the standard
deviation of the difference between two means may be approximated
without serious bias from the equation

2 ¢l
8 S,
Or-7™ 875 =4,
z Ny

and the significance of E——§ may be determined from ordinate tables
for the normal curve of error. The precise determination of significance
of the difference between two means for small sample sets, in the gen-
eral case that the variances are not equal, is mathematically more
complex, In this paper, for purposes of simplicity, a difference is
judged significant if one mean lies outside the 99 percent confidence
interval of another mean. (See table 2 for confldence intervals of
the means.)
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EXPLANATION

SAMPLE  LOCALITY FdR UNMINERALIZED
SANDSTONE IN THE MORRISON FORMATION
(JURASSIC)

.

URANIUM DEPOSIT IN MORRISON FORMATION
FROM WHICH A SAMPLE OR SAMPLES WERE
OBTAINED

0 SAMPLE LOCALITY FOR UNMINERALIZED
SANDSTONE IN UPPER TRIASSIC ROCKS

w  URANIUM DEFOSIT IN UPPER TRIASSIC ROCKS
FROM WHICH SAMPLES WERE OBTAINED

UTAH f
!

WYOMING
‘ COLORADO
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FigUure 3.—Map of the Colorado Plateau showing localities for samples of unmineralized sandstone and uranium deposits from which

samples were obtained.
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copper in the average of sandstones of the Shinarump
and Moss Back members, which is more than 10 times,
is noteworthy. Visible traces of copper carbonates
are widespread in Shinarump and Moss Back members.

Magnesium, calcium, barium, and probably potassium
appear to be significantly lower in sandstones of the
Shinarump and Moss Back than in average Plateau
sandstones. The low concentration of magnesium and
calcium reflects a less-than-average content of carbonate
in sandstones of the Shinarump and Moss Back
members.

Average sandstones of the Salt Wash contain sig-
nificantly more calcium, manganese, and copper than
average Colorado Plateau sandstones. Calcium and
manganese have a high correlation (fig. 4) and are
contained mainly in carbonates, which are the principal
cements of the sandstone of the Salt Wash (according
to Cadigan in Part 2). Sandstones of the Salt Wash
are significantly lower than average in iron and prob-
ably lower in potassium, boron, cobalt, nickel, and
yttrium.

TasLe l.—Average chemical composition of Colorado Plateau
sandstones and sandstones from the principal uranium ore-
bearing strata

[Composition shown in parts per million]

Unmineralized sandstones of the—
Sandstones of
Paleozole and
Element Mesozolc  age | Shinarump and
from the Colo- Moss Back | 8alt Wash member
rado Plateau ! members of the of the Morrison
Chinle forma- formation 3
tion 2
>100, 000 >100, 000 >100, 000
10, 000 33, 000 11, 900
3,700 12,000 .2, 400
2,700 1,300 2,300
12, 000 2, 500 33,000
690 900 860
4,300 =~ 2,000 =23, 000
580 1, 800 510
88 250 103
140 120 220
2380 520 340
45 60 49
16 ~16 ~8
11 30 10
7 14 6.6
1 =5 ~.5
2 =9 =~.5
9 100 13
4 16 =2
________________________________________ i ==~1

1 Geomotric mean of the geometric-mean composition of sandstones in each of 24
formations on the Colorado Pleateau ranging in age from Cambrian through Cre-
taceous (289 samples, averaged by formations).

1 Geomotric mean composltlon 232 samples).

3 Geometric moan composition (96 samples).

4 Qeometric mean of 23 samples analysed by fluorimetric method (Grimaldf, May,
and Fleteher, 1952).

Sandstones of the Salt Wash, in general, are more like
the average Colorado Plateau sandstones than are the
sandstones of the Shinarump and Moss Back members.
Only two elements show a similar significant departure
from the Colorado Plateau sandstone average in both
major groups of ore-bearing strata. Copper is signifi-
cantly higher in both the sandstones of the Salt Wash

and the sandstones of the Shinarump and Moss Back
than in the average Plateau sandstones, and potassium
appears to be significantly lower in both. In comparing
sandstones of the important ore-bearing formations
with other sandstones it should be noted that the esti-
mates of geometric-mean concentrations of each of the
elements in unmineralized sandstones of the Salt Wash
would fall within the confidence interval of the mean
(table 2) for all elements, if the elements contained in
all the ore estimated to have been present in the Morri-
son formation were dispersed in sandstones. In other
words, the estimate of average concentration of ele-
ments in the sandstones of a given formation is not
significantly changed if the ore deposits are included
with the unmineralized sandstones, even in the most in-
tensely mineralized formation.

COMPOSITION OF SANDSTONE-TYPE URANIUM ORES
FROM UPPER TRIASSIC ROCKS AND FROM THE
MORRISON FORMATION
Most of the uranium deposits of the Colorado Plateau

consist of sandstone and minor amounts of mudstone

impregnated with and partly replaced by minerals of
uranium, vanadium, and in some cases by copper or
other heavy metals. To this kind of deposit the name

‘sandstone-type uranium deposit has been applied. The

discussion of uranium deposits in this paper is restricted
to sandstone-type deposits in Upper Triassic rocks and
in the Morrison formation.

All the deposits studied in the Morrison formation
are in the Salt Wash member except for a small num-
ber that are in sandstone lenses near the base of the
overlying Brushy Basin member. More than 200 de-
posits, or approximately 10 percent of the known de-
posits, in the Morrison formation and about 40,000 tons
of ore from the Morrison formation are represented by
the samples studied. The arithmetic-mean grade of
uranium and vanadium in 211 deposits, averaged by
tonnage, is very close to the weighted-arithmetic-mean
grade for all ore produced from the Morrison forma-
tion for successive 6 months periods in 1953 and 1954
(see section “Uranium and vanadium”). The samples
of ores from the Morrison are therefore considered rep-
resentative of producing deposits in uranium and vana-
dium content and are thought to be probably represent-
ative in their content of most other elements as well.

All but two of the sampled deposits in Upper Triassic
rocks are in the Shinarump or Moss Back members of
the Chinle formation, and the remainder are in other
members of the Chinle formation. Only 38 deposits in
Upper Triassic rocks, about 6 percent of the known de-
posits in these rocks, have been studied, and these may
not be fully representative of the deposits now produc-
ing ore from the Chinle formation. A disproportionate
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number of deposits in Upper Triassic rocks studied are -

in one relatively small area at Temple Mountain, in cen-
tral Utah.

The average composition of sandstone-type uranium
ores from the Chinle formation and from the Morrison
formation is given in table 2 along with the average
composition of the unmineralized sandstones. The fre-

quency distributions on which these averages are based
are shown in figures 5 to 9. Class intervals used in the
histograms for spectrographic analyses are the same
as the class intervals by which the analyses were re-
ported, and the class intervals used in the histograms
for colorimetric analyses are approximately the same
as those used for the spectrographic analyses.

TaABLE 2.—Average compositiorn of uranium ores and unmige;alizded }s,tlmdstones of the principal uranium ore-bearing formations on the
olorado Plateau

[All elements except Zn, As, Se, and Sb were determined by semiquantitative spectrographic analyses, thus: (1) 211 deposits, (2) 98 samples, (3) 38 deposits, (4) 82 samples

Morrison formation—Chlefly Salt Wash member

Upper Triassic rocks—Chiefly 8hinarump and Moss Back members of
the Chinle formation

Uranium ores Unmineralized sandstones Uranium ores Unmineralized sandstones
(1) (2) 3) 4)
Flement .
Range of geometric Range of geometric Range of geometric Range of geometric
mean mean mean mean
é}eoigﬁtrlg % geoinﬁtﬂ% < geolg?m% % ((i}eoiggmc
X eviation eviation eviation eviation
Geometrle | 3 Conf- Geometrle | +Confl- Geometric | +Conf- Geometric | +Ccnf- |

mean dence mean dence mean dence mean dence

{nterval t interval ! interval ! interval !

<.0001
B o M {25000 [}
D 24 R 0088 1.29 4.10 <0001 f.oooo-l

1 The 99 percent confidence interval for the population geometric mean; the limits
of the confidence interval are determined from Student’s ¢ distribution (Fisher and
Yates, 1953, p. 1 and 40) whero ¢ is the deviation (or range of the populatfon mean), in
units of estimated standard error. For a normal distribution

8
confidence interval of the mean=:t
‘/n-l
(log GD)

V71
The most efficlent estimate of the arithmetic mean of a lognormal population may
be obtained from the following equation if n {3 large:
logio estimated arithmetic mean=logio GM+1.1513 (logis GD)?

or for a lognormal distribution
confidence interval of GM = Zf antilog ¢

In table 2 a factor is given for each mean that lies
above the analytical limits of sensitivity which defines
the limits of the 99-percent confidence interval for the
true geometric mean of the type of rock from which
the samples were taken. For the elements that lie

3 Geometric deviation or antilog of the log standard deviation.

s Estimated geometric mean. Estimated by assuming the part of the frequency
distribution below the limit of sensitivity conforms to part of a lognormal distribution.
‘Where 8 majorlti of analyses are below the limit of sensitivity the geometric mean is
estimated from the frequency above the limit of sensitivity by assuming a lognormal
distribution for the total frequency and bg assuming for the element in question an
avelragedlog-standard deviation computed for elements in the type of rock or ore
analyzed.

« Colorimetric analyses (1) 49 deposits, (2) 23 samples, (3) 14 deposits.

s Cfl)lorimetric analyses (1) 102 deposits, (2) 8 samples, (3) 30 deposits, (4) 30
samples.

mainly or entirely above the analytical limits of sensi-
tivity, a measure of the dispersion or variation of con-
centration of each element in the ores and rocks (the
geometric deviation) is also given. The geometric de-
viation is the antilog of the logarithmic standard devi-
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ation and is a measure of dispersion that is independent
of the order of magnitude of the mean concentration.
If the frequency distribution of an element is approxi-
mately lognormal the range of concentration between
the limits defined by the geometric mean divided by
the geometric deviation and the geometric mean multi-
plied by the geometric deviation will include about 68
percent of the analyses.

As an example, the table may be read for aluminum
as follows: the geometric-mean concentration of alumi-
num in 211 sandstone-type uranium ores from the Mor-
rison formation is 2.48 percent. Assuming the selection
of deposits studied to be representative and the spectro-
graphic analyses unbiased, then the true geometric
mean of the aluminum concentration in all uranium
deposits in the Salt Wash member and overlying parts
of the Brushy Basin member of the Morrison forma-
tion, of which there are about 2,000 known at the
present time, would lie (with 99 percent confidence)
betwen 2.83 percent (2.48X1.14) and 2.18 percent
(2.48+1.14). About 68 percent of the deposits may be
expected to have an aluminum concentration between
5.0 percent (2.48X2.03) and 1.22 percent (2.48+2.03).
The calculated geometric-mean concentration of alumi-
num in 96 samples of the unmineralized sandstone host
rocks in the Salt Wash member of the Morrison for-
mation is 1.2 percent, and, if the samples are repre-
sentative, the geometric mean of all sandstone of the
Salt Wash lies between the limits of 1.40 percent and
1.01 percent at 99 percent probability. About 68 per-
cent of the sandstone of the Salt Wash member may
be expected to have between 0.63 percent and 2.25 per-
cent aluminum. The estimated geometric mean or
median concentration of aluminum in uranium deposits
of the Morrison formation is 2.08 times as great as the
estimated median concentration in unmineralized sand-
stone of the Salt Wash member, and the median con-
centration of aluminum in all Morrison uranium de-
posits may be expected (with about 99 percent
confidence) to be between 1.77 and 2.46 times as great
as the median concentration in sandstone of the Salt
Wash.

The correlation of elements in unmineralized sand-
stones of the Salt Wash member of the Morrison for-
mation and in sandstone-type uranium deposits of the
Morrison formation is given in chart form in figure 4.
Each number on the chart is a linear correlation co-
efficient between the logs of the concentration of two
elements. The distribution of the logs of most pairs
of elements in the samples studied approximates a nor-
mal correlation surface. The pair of elements for
which each correlation coefficient stands is determined,
as in a mileage chart, by the headings of the column
and row in which the coefficient is found. In figure
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4 the correlation between pairs of elements is given
for all elements that occur above the spectrographic
limit of sensitivity in more than 63 percent of the 211
uranium deposits of the Morrison studied.

The correlation coefficient may be taken as a measure
of the geochemical coherence (Rankama and Sahama,
1950, p. 48) between two elements in a given type of
rock. The coefficients may range in value from minus
one to plus one. Values near either plus or minus one
indicate a nearly linear relation or proportional varia-
tion between the concentration logs of two elements, a
positive linear relation or direct proportionality if the
coefficient is positive and a negative linear relation or
inverse proportionality if the coefficient is negative. A
coefficient near zero indicates there is no linear relation
between two elements (that the covariation is essentially
random). In general terms the correlation coefficients
on the chart show which elements vary sympathetically,
which elements vary antipathetically, and which ele-
ments show no significant correlation. The lowest sig-
nificant value for the correlation coefficient for a normal
correlation surface is a function of the number of
samples and may be determined from tables (Fisher and
Yates, 1953, p. 54) for a given probability.

Study of figure 4 will reveal the general degrees of
association or coherence of the elements in Morrison
uranium deposits and unmineralized sandstones of the
Salt Wash member. No negative correlation coefficients
that are significant at 99 percent confidence were found. -
All significant correlations are positive and the correla-
tion of most elements with aluminum in both the ores
and the unmineralized rocks is significant or nearly
significant. The causes of some of the element associa-
tions are fairly well understood at the present time; for
others they are largely unknown. Interpretation of
some of the correlations is given in the discussion that
follows. For purposes of discussion a significant cor-
relation below 0.35 will be spoken of as low, from 0.35
to 0.49 as moderate, from 0.50 to 0.74 as high, and above
0.74 it will be spoken of as very high. These designa-
tions are purely relative and are used merely to dis-
tinguish the ranges of correlation observed on the chart.
CLASSIFICATION OF ELEMENTS IN SANDSTONE-TYPE

URANIUM DEPOSITS
GENERAL FEATURES

For convenience of discussion the following classifi-
cation has been adopted for the elemental components
of the sandstone-type uranium deposits.

Intrinsic elemental
components

Syngenetic components
Epigenetic (diagenetic) compo-
nents

Extrinsic elemental [Ore components
components Accessory components
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CORRELATION OF ELEMENTS IN URANIUM DEPOSITS
V| Ni|CulPbjMo|Cr|Y |Ti|Zr| B |Mn|Ba|Sr|K [Na|Ca|Mg|Fe|Al| U

'V |V [+.07|+.23[+.35+.07 [+.22|*+.26| +.15|+.37|+.27 [+.07 [+.34 [+.34 .15 +.09 [+.03 |+.36 [+.28|+.50 |+.32

Q Ni| | Ni|-08|*.14|+.a9 |+ .10[+.27] ¥.1a|*.08]+.12 | .00|*.02 |+.08 |[+.03 [+.05|-.04|-.06 [*.37|+.11[+.10
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CORRELATION OF ELEMENTS IN UNMINERALIZED SANDSTONES

NUMBERS ARE LINEAR CORRELATION COEFFICIENTS CALCULATED AFTER LOG

TRANSFORMATION.

LOWEST SIGNIFICANT VALUE AT 99 PERCENT CONFIDENCE IS 0,19 FOR CORRE-
LATION OF ELEMENTS IN URANIUM DEPOSITS AND 0.26 FOR CORRELATION OF
ELEMENTS IN UNMINERALIZED SANDSTONES.

FIGURE 4.—Correlation of elements in uranium ores and in unmineralized sandstones from the Salt Wash member of the Morrison formation
(Jurassic). .

This classification applies and has meaning only for
ore or mineralized rock. The purpose of the classifica-
tion is to provide a simple framework of concepts with
which the role of each element in the mineralogy and
history of the ore deposits may be discussed.

Two basic assumptions are involved in this classifica-
tion system.

1. The minerals that contain the bulk of the elements
of economic importance, the ore elements, are assumed
to be epigenetic components of the ores, in the strict
sense of the term epigenetic (Lindgren, 1933, p. 154)
that the minerals are introduced or formed in a pre-
existing rock or sediment. Because the distribution of
ore minerals does not follow in detail the lamination of
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the sedimentary rocks in which the ore is contained, the
emplacement of the ore minerals probably was later
than the deposition of the individual laminae in which
the ore minerals are now found. This interpretation
has been explicitly stated by Lindgren (1911, p. 568),
Coffin (1921, p. 159 and 176), and Fischer (1937, p.
943). The ore deposits are thus conceived as composed
of two fundamental parts: (1) a mass of sediment or
rock formed prior to emplacement of the ore minerals
and (2) minerals carrying the bulk of the ore elements
and other associated minerals introduced or formed in
the mass of sediment or rock that today constitutes the
ore deposit. The first part may be thought of as the
indigenous or intrinsic part of the ore deposits, corre-
sponding approximately in composition to the rocks
that would have occupied the space of the ore deposits
had mineralization never occurred ; the second part may
be thought of as foreign or extrinsic to the individual
rock masses that constitute the deposits. The concepts
of intrinsic and extrinsic, as here defined, are restricted
in their application to mineral deposits of epigenetic
origin.

2. It is assumed that the processes by which the min-
erals carrying the bulk of ore elements were emplaced
in the ore deposit are distinct and can be distinguished
from other processes which induced postdepositional
changes in the sedimentary beds in which the ore de-
posits are located, processes that are commonly lumped
under the broad ill-defined category of diagenesis.
Empirically, the distinction between uranium minerali-
zation and diagenesis is largely based on the spatial dis-
tribution of the products of the two processes; the
uranium deposits are localized whereas diagenetic min-
erals such as calcite and authigenic quartz are widely
distributed in the sediments, apparently irrespective of
the distribution of uranium deposits. Such products
are in both cases epigenetic. It is entirely possible, and
even likely, that the processes of uranium mineraliza-
tion may have affected rocks away from the uranium
deposits and produced minerals indistinguishable from
the minerals formed by unrelated diagenetic processes,
but the distinction between intrinsic and extrinsic com-
ponents applies only to rock that is recognizably min-
eralized with uranium.

Intrinsic elements are defined as the elements whose
presence in the ore is unrelated to processes of uranium
mineralization. Empirically, they are defined as ele-
ments found in the ores in amounts comparable to the
amounts found in the unmineralized parts of the strata
that contain the ore deposits. The intrinsic elements
fall into two broad groups, (1) the syngenetic elements,
or those elements contained originally in the clastic
components and the elements contained originally in
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precipitates in the mineralized rock that were strictly
simultaneous in deposition with the clastic components
and, (2) epigenetic elements or elements introduced
(during diagenesis) into the locus of the ore deposit
after deposition of the ore-bearing strata by processes
unrelated to uranium mineralization. Both syngenetic
and epigenetic intrinsic elements may have been partly
rearranged during uranium mineralization and incor-
porated in ore minerals or other minerals formed dur-
ing mineralization.

Depending upon the stage in the history of the min-
eralized rock that the uranium was introduced into the
deposits, the introduction of epigenetic intrinsic ele-
ments may have either preceded or followed the intro-
duction of uranium. Calcium, for example, which is
contained largely in the abundant calcite cement of the
sandstones of the Salt Wash may have been introduced
and precipitated in the individual bodies of ore or min-
eralized rock early in the history of the rock, prior to
the introduction of extrinsic uranium (Waters and
Granger, 1953, p. 15-20), but may also have been part-
ly introduced, rearranged, or leached away after urani-
um mineralization.

The extrinsic elements of a uranium deposit are ele-
ments that have been introduced by processes of or re-
lated to uranium mineralization into the body of sedi-
ment or rock that became the uranium deposit. The
extrinsic elements are contained largely in minerals
formed or crystallized in place, though some may be
merely adsorbed on or absorbed in preexisting minerals.
No sources for the extrinsic elements are implied by this
definition nor does it imply that all the extrinsic ele-
ments had the same source as the uranium. In partic-
ular, no implication is intended that the extrinsic ele-
ments were derived either from the beds that enclose
the uranium deposits or from sources external to these
beds. Neither is it implied that all the extrinsic ele-
ments were necessarily introduced into the uranium de-
posit at the same time, though the simultaneous intro-
duction of extrinsic elements into most of the uranium
deposits seems likely. The extrinsic elements are fur-
ther subdivided for discussion into ore elements and
accessory elements on the somewhat arbitrary basis of
whether a given element contributes to the economic
value of the ore.

The extrinsic elements are empirically defined as
those elements that are more abundant in the uranium
ores than in the equivalent unmineralized rocks. Be-
cause of selectivity of uranium mineralization for cer-
tain parts of the host strata the average intrinsic com-
position of mineralized rock in the sandstone-type
uranium deposits differs somewhat from the average
composition of unmineralized sandstone. Uranium ore
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in the Morrison formation contains, on the average,

twice as much aluminum as the unmineralized sand-
stones of the Morrison, probably because the ore is lo-
calized in sandstone units that initially contained on
the average twice as much clay or mudstone. All other
intrinsic elements in the ore that correlate positively
with aluminum in the unmineralized sandstones are, as
may be expected, higher in the average ore than in the
average unmineralized sandstone.

Probably no single chemical element in the sandstone-
type uranium ores belongs exclusively to either the in-
trinsic or extrinsic components of any given ore, as
each element is present in some concentration, however
small, in the detrital minerals of the sandstone and a
certain amount, however small, was probably carried
in the solutions that introduced the uranium. The
problem of classification, therefore, is to assess the rela-
tive importance of the roles played by each element in
the ores. An element is here tentatively considered
dominantly of one classification or another if the major
part of the element is believed to fall in a given classi-
fication in a majority of the deposits studied. The
classification of individual elements in the following
discussion is based mainly on the comparison of the
averages given in table 2.

No consideration has been given in this investigation
to the radioactive daughter products of uranium that
are present in the sandstone-type uranium ores. Paired
radiometric and fluorimetric uranium analyses of thou-
sands of samples of the sandstone-type ores from the
Morrison formation indicate that the great majority
of the ores are nearly in equilibrium on a hand-speci-
men scale. The content of radioactive daughter ele-
ments, therefore, tends to be proportional to the content
of uranium in the ores. In the theoretical terms of
the proposed classification of elements the radioactive
daughter elements are neither intrinsic nor extrinsic.
They are neither an indigenous part of the uranium de-
posits, nor were they introduced by the processes of
mineralization, but were generated in place. They
could be spoken of as authigenic elements in the prime
sense of the word.

DOMINANTLY INTRINSIC ELEMENTS
SILICON

Silicon and oxygen occur mainly in the various min-
eral forms of silica and constitute the large bulk of the
sandstone-type uranium deposits as well as the unmin-
eralized rocks that enclose the deposits. The concen-
tration of silicon in both the ores and unmineralized
rocks is too high to be estimated by semiquantitative
spectrographic analysis, but an approximation of the
arithmetic mean concentration of silica may be obtained

by subtraction of the oxide equivalents of the arith-
metic means of all other elemental constituents from
100 percent. If carbonate is assigned to all the calcium
a fair estimate of the arithmetic-mean silicon concen-
tration in unmineralized Salt Wash sandstone may be
obtained by this method, and it has been found to be
approximately 36 percent (77 percent SiO:). No ac-
count of sulfate, sulfide, phosphate, carbonates other
than calcium carbonate, or organic carbon is taken in
such an estimate, but since the estimated arithmetic-
mean concentration of only two spectrographically de-
tectable elements (Al and Ca) other than silicon are
greater than 1 percent, the estimate for silicon is prob-
ably correct to within 1 or 2 percent silicon.

The concentrations of nearly all elements other than
silicon and oxygen tend to be higher in ores from the
Morrison than in the unmineralized sandstones of the
Salt Wash member, but calcium, the second most abun-
dant metallic element in the sandstones, is less abun-
dant in the average ores. Because of the uncertainties
involved inthe estimations by subtraction it cannot be
definitely said whether the silicon content of the ores is
significantly different from that of the unmineralized
sandstones of the Salt Wash. In any event the differ-
ence is probably very small in proportion to the total
silicon content and the great bulk of silicon is intrinsic
in the ore deposits.

Fischer (1942, p. 380) and Waters and Granger
(1953, p. 15-20) have shown that quartz has been dis-
solved and locally removed in apparently significant
amounts in parts of some Morrison ore deposits, prob-
ably during mineralization. These observations sug-
gest that some loss of total silica from the sandstone-
type uranium deposits may have commonly taken place
during mineralization. Differences in silicon content
between host rocks and ores in Triassic formations are
expected to be similar to the relations observed in the
deposits in the Morrison.

ALUMINUM

Aluminum (figs. 4 and 5) in the unmineralized sedi-
mentary rocks and in the uranium deposits is contained
largely in various kinds of clay and claylike micaceous
minerals (Parts 2 and 10) and in detrital feldspars
(Part 2). Rough estimates of the distribution of alu-
minum between the clay and feldspar components of
unmineralized sandstones of the Salt Wash, based on
size and mineralogical analyses by R. A. Cadigan (un-
published data), suggest that about one-third to one-
half of the aluminum is generally contained in the
clay-silt size fraction and the remainder is contained
largely in sand size detrital feldspar. The twofold dif-
ference between the concentration of aluminum in the
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F1GORR §5.—Frequency distribution of the dominantly lntrgnslc elements (aluminum through boron) of uranium ores, contained
in uranium ores and in unmineralized sandstones of the Colorado Plateau.
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Morrison ores and the concentration in unmineralized
sandstones of the Salt Wash is probably due almost
entirely to the presence of higher initial amounts of
mudstone in the ores, mainly in the form of interstitial
clay and silt, mudstone pebbles, and thin mudstone
beds. Selective mineralization of mudstone-bearing
parts of the sandstone strata in the Morrison formation
has been recognized for some time (Fischer, 1942, p.
380-381; Waters and Granger, 1953, p. 10).

Aluminum is an essential constituent of some of the
major vanadium-ore minerals, which include clays and
micaceous claylike minerals (Fischer, 1942, p. 370).
(See Parts 5 and 10.) Some of the vanadium in the
ore appears to have been taken up in preore clay min-
erals, but some is also present in more coarsely crystal-
line claylike or micacous minerals that appear to have
crystallized in the ore (Hess, 1933, fig. 2; Fischer, 1942,
p- 377 and fig. 544 ; Waters and Granger, 1953, p. 12—
20). Even though aluminum is an essential constituent
of some of the major vanadium-ore minerals, most or
nearly all of the aluminum in the ores probably was
contained originally in the detrital components of the
host sandstones, because the ratio of aluminum in ore
to aluminum in unmineralized sandstone is closely com-
parable to similar ratios for titanium and zirconium,
elements that are not known to be significant constitu-
ents of the ore minerals crystallized in place. (See sec-
tion on titanium and zirconium in this chapter.)

The average concentration of aluminum in 38 ores
from Triassic rocks is lower than the average obtained
for unmineralized sandstones of the Shinarump and
Moss Back members. As in the deposits of the Mor-
rison this difference may be interpreted as due to selec-
tive mineralization, but in these rocks the selectivity
would be for parts of the ore-bearing strata that con-
tain less than average amounts of aluminum. The dif-
ference in aluminum concentration between the ores and
the unmineralized sandstones is close to the limit of sig-
nificance at 99 percent probability. The average alu-
minum content of the ores from Upper Triassic rocks
is closely comparable to the average of the ores from
the Morrison.

POTASSIUM

Potassium (figs. 4 and 5), like aluminum, is contained
chiefly in feldspars and clay minerals, both in unmin-
eralized sandstones and in the uranium ores. The dis-
tribution of potassium between the clay and feldspar
components of unmineralized sandstones of the Salt
Wash is estimated to be closely similar to the distribu-
tion of aluminum, approximately one-fourth to one-
third in the clay fraction and the remainder mainly in
the feldspars. Unlike aluminum, however, potassium
appears to have nearly the same concentration in the

ores as in the unmineralized rocks. Some factor such
as selectivity of mineralization for potassium-lean but
clay-bearing rocks or leaching of potassium by mineral-
izing solutions may be required to explain the observed
differences in the potassium-aluminum ratios between
ores from the Morrison and unmineralized rocks. Part
of the observed difference between the potassium-alu-
minum ratio in the ore and the ratio in the unmineral-

+ized sandstones is probably due to the fact that most of

the ores studied are from the uppermost sandstone

strata of the Salt Wash member of the Morrison forma-

tion which appear to contain less potassium on the
average than the remainder of sandstones of the Salt
Wash.

The reverse differences between the potassium-alumi-
num ratios are represented in the ores and unmineral-
ized sandstones from Upper Triassic rocks; the average
of the samples studied suggests the ores contain slightly
less aluminum whereas potassium appears to be higher
in the ores than in the unmineralized sandstones. In
a majority of the sandstones potassium is below the
limit of sensitivity, however, and the apparent reversal
of the aluminum-potassium relations in the Triassic
rocks compared with the relations in the Morrison for-
mation may be partly due to uncertainties of estimation
or inadequate sampling of the ores and unmineralized
rocks from the Upper Triassic. Potassium is consid-
ered to be almost entirely an intrinsic component of
the ores in both the Upper Triassic rocks and the Mor-
rison formation.

IRON

Iron (figs. 4 and 5) in unmineralized sandstones of
the Salt Wash is contained largely in clay minerals and
oxides physically inseparable from clay minerals, in
detrital heavy minerals, and in authigenic sulfides, ox-
ides, and carbonates. The average iron content of 14
chemically analysed claystones from the Salt Wash
(Weeks, 1951, table 2) is 2.4 percent (arithmetic mean
of average for 6 gray clays and average for 8 red
clays). If the arithmetic-mean content of silt and clay
(corresponding approximately to claystone or mud-
stone in composition) in the sandstones of the Salt
Wash is about 6.5 percent (R. A. Cadigan, unpub-
lished data), the arithmetic-mean content of iron at-
tributable to the clay would be about 0.15 percent. The
estimated arithmetic-mean content of iron in sand-
stones of the Salt Wash calculated from table 2 is 0.30
percent (see footnote 1, table 2). Iron directly asso-
ciated with clay may thus account for about one-half of
the total iron in sandstones of the Salt Wash, and this
association is brought out by the moderately high iron-
aluminum correlation (fig. 2). Part of the iron with
the clay is contained in the clay-mineral lattices and
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part in the red clays as an extremely finely divided pig-
ment, possibly hematite, which evidently imparts the
red color (Weeks, 1951, p. 11-12). Perhaps one-fourth
to one-third of the remaining iron may be attributable
to opaque detrital heavy minerals and the rest mainly
to authigenic iron minerals—pyrite, marcasite, hema-
tite, goethite, and ferriferous carbonates.

Iron is nearly four times as abundant ¢ in the sam-
ples of ores from the Morrison as in the unmineralized
sandstones of the Salt Wash. Roughly a twofold dif-
ference would be expected from the correlation of iron
with aluminum, leaving about half of the iron in the
ores or about 0.4 percent in the median case to be ac-
counted for. On the order of 0.1 percent of this “ex-
cess” iron is estimated to be tramp iron introduced into
the samples during grinding. The proportions of
tramp iron might vary considerably but the majority
of “excess” iron appears to represent a real difference
between the ores and equivalent unmineralized rocks
and is considered an extrinsic component of the ores.
If about 0.3 percent iron in the average ore is extrinsic
and about 0.4 percent intrinsic, the bulk of the iron
would be intrinsic but the extrinsic part of the iron
would be the second most abundant extrinsic compo-
nent of the Morrison ores. In many ore deposits from
the Morrison iron may be dominantly extrinsic.

The estimated mean concentration of iron in the ores
from Triassic rocks is greater than the estimated mean
concentration in the unmineralized sandstones, but the
difference is within the limits of confidence at 99 per-
cent probability. It is possible that about the same
quantity of iron is extrinsic in the average ore from
Triassic rocks as in the average deposit from the Mor-
rison, but the bulk of iron in ores from Triassic rocks
is clearly intrinsic. '

MAGNESIUM

The distribution of magnesium (figs. 4 and 5) among
the mineral components of unmineralized sandstone of
the Salt Wash is probably similar in some respects to
the distribution of iron, with which magnesium has a
moderate correlation. If two clays of the Salt Wash
for which chemical analyses are available (Weeks,
1951, table 1) may be considered typical, about one-
third of the magnesium in the average sandstone of
the Salt Wash could be directly associated with the
clay. About the same proportion is obtained if the
mnbundance" is generally reserved for the arithmetic-mean
concentration in conventional geochemical usage. In this report rela-
tive abundances or abundance ratios are computed from the geometric
means because the abundance ratios are sensitive to small errors of
estimoation and the geometric mean is a more stable statistic than the
arithmetic mean. If the log-standard deviation is the same for two
distributions for which an abundance ratio is calculated, then the same
ratio {8 obtained for the geometric means as would be found for the

arithmetic means. The standard deviations for most pairs -of distribu-
tions compared In this report are closely similar,
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geometric mean concentration of spectrographically
determined magnesium in 32 mudstones (Newman,
1954, p. 44) is used as a basis of estimation. Part of
this magnesium is in the clay lattice, but part may
also be commonly present as very fine grained dolo-
mite (Weeks, 1951, p. 8). The association of magne-
sium with clay, however, is much less strong than that
of iron with clay, as is brought out by the subsignifi-
cant magnesium-aluminum correlation coefficient. The
greater part of the magnesium in a majority of the
sandstones is probably contained in dolomite independ-
ent of the clay, perhaps some of detrital origin but
most of it probably in authigenic form. The lack of
significant correlation (fig. 4) between magnesium and
calcium, which is the principal cation associated with
carbonate in sandstones of the Salt Wash, indicates
that the amount of magnesium is largely independent
of the total carbonate content of the rocks. The mag-
nesium-calcium scatter diagram (not illustrated) re-
veals that the concentration of magnesium never ex-
ceeds the concentration of calcium, and the bulk of
magnesium in any sample could, therefore, be con-
tained in dolomite. If all the magnesium and calcium
in the median unmineralized sandstone of the Salt
Wash were calculated as dolomite and calcite the pro-
portion of dolomite to calcite would be about 1 to 4.
The moderate correlation of magesium with iron sug-
gests that much of the dolomite may be ankeritic.

Magnesium is three times as abundant in the average
of the ores from the Morrison as in the sandstones of
the Salt Wash, and in the ores it has a high correla-
tion with aluminum and a moderate correlation with
calcium. Part of the observed difference may be due
to selective mineralization of rocks with above-average
magnesium content. The studies of Waters and Gran-
ger (1953, p. 14-15) suggest a possible selectivity of
mineralization for rocks rich in the magnesian group of
clays, the montmorillonites and chlorites, and the high
correlation of magnesium with aluminum in the ores
might be considered as suggestive that a major part
of the magnesium in the ores was contained originally
as an essential component of the original clays. On
the other hand, Keller (Part 9) does not find an asso-
ciation of mineralized rock with montmorillonite, and
three other elements—calcium, manganese, and sodi-
um—thought to be contained or associated largely with

" carbonates also have a moderately high correlation with

aluminum in ores from the Morrison. The bulk of the
magnesium in a majority of ores from the Morrison is
considered to be present as a carbonate, probably in
the mineral form dolomite, as suggested by the moder-
ately high magnesium-calcium correlation in the ores.
The reason that magnesium has a moderately high cor-
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relation with calcium in the ores from the Morrison
and not in the unmineralized sandstones of the Salt
Wash is probably because a much higher fraction of
calcium is present in dolomite in the ores than in the
unmineralized sandstone. If all the magnesium and
calcium in the median ore were calculated as dolomite
and calcite the proportion of dolomite to calcite would
be greater than 2 to 1, as contrasted with 1 to 4 in the
unmineralized sandstones. Because of the threefold
higher concentration of magnesium in the ores it seems
likely that a considerable part of the magnesium is ex-
trinsic, though how much cannot at present be esti-
mated. As in the case of iron, probably less than half
of the magnesium in the average ore is extrinsic.

The difference in magnesium concentration between
ores and unmineralized sandstones in Upper Triassic
rocks is well within the 99 percent confidence interval
of the means, and magnesium may be considered a
dominantly intrinsi¢c element in the majority of these
ores with reasonable confidence. '

TITANIUM AND ZIRCONIUM

- Titanium and zirconium (figs. 4 and 5) exhibit high
and moderate correlation in the unmineralized sand-
stones of the Salt Wash and in the ores from the Mor-
rison respectively, and their manner of occurrence in
both sandstones and ores is probably similar. Titanium
has a high correlation and zirconium a moderate cor-
relation with aluminum in both the ores and unminer-
alized sandstones, and the ratio of abundance of each
element in the ores to the abundance in the sandstones
is essentially the same as the ratio for aluminum in
both the Upper Triassic rocks and the Morrison for-
mation. This high degree of coherence suggests that
the factors controlling the distribution of titanium and
zirconium are essentially the same as those controlling
aluminum, and both titanium and zirconium as well as
aluminum are considered to be almost entirely in-
trinsic in the sandstone-type ores. Neither titanium
nor zirconium are known to be essential or major con-
stituents of any of the ore minerals in the sandstone-
type uranium deposits and only rarely are they re-
ported even as trace constituents in qualitative
spectrographic analysis of the ore minerals (Weeks
and Thompson, 1954).

Titanium in the unmineralized sandstones is associ-
ated closely with the clay component. The arithmetic-
mean titanium content of 14 chemically analyzed clay-
stones and siltstones from the Salt Wash (Weeks, 1951,

_ table 2) is 0.32 percent, and the geometric-mean titani-
um content of 32 mudstones of the Salt Wash analyzed
by semiquantitative spectrographic methods (Newman,
1954) is 0.1 percent. On this basis about one-fifth to
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one-fourth of the titanium in average unmineralized
sandstones of the Salt Wash would be contained in the
clay-silt component of sandstones. Whether any of
this titanium is present in the clay lattice or whether
most of it is present as a minutely divided titania poly-

-morph, perhaps anatase, is not clear (Grim 1953, p. 49),

but titania in amounts found in claystones of the Salt
Wash are commonly found in kaolin group clays (Ross
and Kerr, 1931, p. 163). The bulk of the remainder of
the titanium is probably present in detrital heavy miner-
als such as ilmenite, ilmenomagnetite and ilmenohema-
tite, and rutile, or in alteration products of these heavy
minerals, mainly leucoxene and anatase. The high cor-
relation of titanium with aluminum suggests that per-
haps a major part of these heavy minerals is contained
in the fine-grained fraction of the sandstones along
with the clays.

Some zirconium is closely associated with the clay
fraction of the sandstones, perhaps partly as a trace
constituent of the clay minerals, but the bulk of the zir-
conium is evidently contained as zircon, about half of
which can be separated as sand-sized detrital grains.
As with the titanium heavy minerals, probably much
of the rest of the zircon present in the sandstones is in
the fine fraction, which may partly account for the cor-
relation of zircon with aluminum ; but some zircon could
also be enclosed as minute inclusions in the light sand-

sized mineral fractions, perhaps in feldspars.

BARIUM, STRONTIUM, AND CHROMIUM

The distribution of barium, strontium, and chromium
(figs. 4 and 5) in the sandstones of the Salt Wash has

been partially evaluated from analyses of the clay-silt-

and sand-sized fractions and of heavy mineral sepa-
rates. An appreciable part of the barium is in the fine
fraction of the sandstones, though the bulk is evidently
contained in coarser-grained interstitial barite, a large
part of which is recovered in heavy mineral separates
(R. A. Cadigan, personal communication). About one-
third part of the strontium may commonly be associated
with the fine fraction of the sandstones and the bulk of

the remainder possibly substitutes as a trace constituent

for calcium in the abundant calcite cement and for
barium in the interstitial barite, as suggested by moder-
ate strontium-calcium and strontium-barium correla-
tion coefficients in the standstones of the Salt Wash
member and the ores from the Morrison formation.
Chromium occurs in such low concentrations in the un-
mineralized sandstones that its distribution is difficult to
account for. Analyses of heavy minerals indicate that
perhaps one-fifth to one-third of the chromium is in
the heavy mineral fraction, which probably accounts
for the moderate chromium-zirconium correlation in
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sandstones of the Salt Wash, and another part of the
chromium, perhaps one-tenth to one-fifth is in the clay-
silt fraction. The remainder of the chromium is dis-
persed in an unknown way in the sandstones.

Barium, strontium, and chromium each have a cor-
relation with aluminum in unmineralized sandstones of
the Salt Wash that is close to the lowest significant
value at 99 percent confidence, and each element has a
low to moderate correlation with aluminum in the Mor-
rison ores. The ratio of abundance of the barium,
strontium, and chromium, in the unmineralized sand-
stones of the Salt Wash to their abundance in the ores
from the Morrison is nearly the same for each element
and is somewhat greater than the ratio for aluminum.
In the Triassic rocks all three elements are more abun-
dant in the ores than in the unmineralized sandstones in
contrast to aluminum, which is lower in the ores, though
the difference in barium concentration between ore and
unmineralized sandstone is within the confidence inter-
vals of the means. A part of the barium, strontium,
and chromium, in both the ores from the Morrison
formation and Triassic rocks is interpreted as extrinsie,
though the bulk of these elements in the majority of
ores is probably intrinsic.

In a few sandstone-type uranium deposits in the Tri-
assic rocks and the Morrison formation any one of the
three elements, barium, strontium, or chromium may
possibly be a major extrinsic component of the ores.
Barium has been found to be a major extrinsic element
in uraniferous and nonuraniferous deposits along
faults in sandstones of Jurassic age and in the Brushy
Basin member of the Morrison formation north of the
Ute Mountains, Colorado, and Garrels and others (Part
15) have found barium to be locally enriched within a
uranium deposit in the Salt Wash. Similarly, stron-
tium has been found to be a major constituent of a ura-
niferous vein deposit in the vicinity of sandstone-type
uranium deposits in the Morrison formation and has
been found to be locally enriched within a ore deposit
in the Salt Wash (Part 15). Sandstone with more than
average chromium is closely associated with vanadium-
uranium deposits in the Entrada sandstone of Jurassic
age on the eastern margin of the Colorado Plateau ®
(Fischer, Haff, and Rominger, 1947, p. 125 and plate 1;
Part 19). In Sinbad Valley, in westernmost Colorado,
chromium-rich sandstone has been found in an unidenti-
fied formation (Hillebrand and Ransome, 1905, p. 21),
probably the Wingate sandstone of Triassic age, in the
vicinity of uranium and- copper deposits. Chromium
has also been found in a conspicuous concentration as-
sociated with uranium deposits in the Wingate sand-
stone of Temple Mountain, in central Utah, and near

5 Bush, A. L., and Bryner, Lenoid, written communication, 1953.

uranium deposits in the Morrison formation in the
vicinity of Grants in northwestern New Mexico ( L. S.
Hilpert, personal communication).

BORON

On the basis of spectrographic analysis of heavy-
mineral and clay-fraction separates and of mudstones,
about half or more of the boron (figs. 4 and 5) in sand-
stones of the Salt Wash is estimated to be contained in
the heavy-mineral fraction of the sandstones and a sig-
nificant part of the remainder in the fine fraction.
Probably the bulk of the boron is carried in tourmaline,
which is the only detrital mineral identified in the sand-
stones of the Salt. Wash that contains boron as an es-
sential constituent (see part 2 for commonly occurring
heavy minerals). Some of the boron associated with
the fine fraction is probably present in soluble borates
(A. D. Weeks, personal communication). In ores from
the Morrison boron has a moderate correlation with
aluminum and a low to moderate correlation with a
number of other elements that are associated with
aluminum probably because of association of detrital
heavy minerals and soluble salts with the clay-silt frac-
tion of the rocks. The estimated mean boron content of
the ores is about twice the estimated mean boron con-
tent of the unmineralized sandstones, a difference that
could be attributed to the higher mudstone content of
the ores. The boron content of ores from Upper Tri-
agsic rocks is estimated to be essentially the same as the
content of the unmineralized sandstones. In ores from
both Upper Triassic rocks and the Morrison formation
boron is considered almost entirely intrinsic.

BERYLLIUM

The distribution of beryllium (fig. 6) in the un-
mineralized sandstone can be inferred only from in-
direct evidence. Beryllium has not been detected by
spectrographic methods in the sandstones of the Salt
Wash and only rarely in sandstones of the Shinarump
and Moss Back, but it has been detected in many mud-
stones of the Salt Wash. The bulk of the beryllium
may be contained in the clay fraction of the unmineral-
ized rocks. A few ores from the Morrison and about
one-third of the ores from Upper Triassic rocks contain
beryllium in detectable concentrations. The occurrence
of detectable beryllium in the few ores from the Morri-
son can probably be attributed to high mudstone con-
tent of the ores in which beryllium is detected. About
75 percent of the ores from Triassic rocks which contain
detectable beryllium have more than average concentra-
tions of aluminum. The bulk of beryllium may be in-
trinsic in ores both from Triassic rocks and from the
Morrison, but a significant part of the beryllium in ores
from Triassic rocks could also be extrinsic.
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Beryllium Scandium Lanthanum Gallium Antimony Silver
Type of sample (spec.) .(spec.) (spec.) (spec.) (colorimetric) (spec.)
> 211* ¢ 211« 211+ ; 211* 49* 211+ 1
Uranium ores from the Morrison |E& 301 92 1 94.5 | 9 4 95 I 51 67 1
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- 2104 thang than than | than | than than
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o a0] 96 96+ | % | %+ | 23+ | 96+
N S« 1100, 100 100 99 | 17 ! 90 |
€S an
Untr;:éngglatl|6$:sga:1g:t‘%r:s°;r?hr2 28 30 percent percent | percent: percent| !percent: percent
Morrison formation g5 204 lesst less less | less | less less
- than| than | than H than | than
101, ppm: 10 ppm | 22 ppm i 4.6 ppm ! 1 ppm
. - 38+ ! 38+ H H
Uranium ores from Upper Triassic |2+ 304 64 ! 69 1
rocks (chiefly the Shinarump [$ 8 204percen percent i percent
and Moss Back members of the |o5 less| less | less 1
Chinle formation) 24104 than than than than!
- 1 ppm 10 ppm 1 ppm 1 ppm
- 32+ 327 1 H 30% |
Unmineralized sandstones from |2+ 304 91 75 | 84 | \ 100 !
the Shinarump and Moss Back |3 204 percedt percent percent | percent! h percent
members of the Chinle forma- {T5 less) less less | less : H less |
tion 28 104 than] than than than ! than }
lpp4mF 10 ppm 22 pﬂ* 4.6 ppm H 1 ppm |
| |
log,, concentration (ppm) 0 1 1 2 2 1 2 0 09 0 1 2
Zinc Calcium Sodium Manganese
Type of sample (colorimetric) (spectrographic) (spectrographic) (spectrographic)
I ¥
. 49+ | 211+ a1 | 211+
i ison |S€ 6 | 7.5
Uranium ores from the Morrison |55 3 H o
formation (chiefly the Salt Wash |28 percent | percent I
member) 882 less h less
e than 1 than
2 ppm 220 ppm
ol 23 | 96° %+ | 96°
2. 2] : 16 |
Unmineralized sandstones from |5 S 404 l percent
the Salt Wash member of the |39 | less |
Morrison formation gg 304 ! than |
- 204 220 ppm:
104
—
J 14 38+ 38* ) 38+
. U P 1
Uranium ores from Upper Triassic |24 3 \ 8
rocks (chiefly the Shinarump {33 0 \ percent
and Moss Back members of the | &5 20 | less
Chinle formation) = 10- 1 than
: 220 ppm
. ! 32+ |
Unmineralized sandstones from §‘5 304 ! . 125 | 32
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- 2 220 ppm
|
192837 1 2 34 5 6 3.4 1 2 3 4
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*Number of uranium deposits or number of samples of sandstone

F16URE 6.—Frequency distribution of the dominantly intrinsic elements of uranium ores that are contained in uranium ores and in unmineral-

ized sandstones of the Colorado Plateau (beryllium through manganese).
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SCANDIUM, LANTHANUM, AND GALLIUM

Scandium and lanthanum have not been detected and
gallium only rarely detected in unmineralized sand-
stones of the Salt Wash (fig. 4). Although each of
these elements occurs in concentrations above the spec-
trographic limits of sensitivity in only a few of the ores
from the Morrison studied, gallium was detected in
trace amounts (less than 4.6 parts per million (ppm))
in more than 50 percent of the ores; hence its median
concentration is essentially at the limit of sensitivity.
The mean content of scandium and gallium of 32 mud-
stones from the Salt Wash, on the other hand, is above
the spectrographic limit of sensitivity (Newman, 1954,
p. 44) ; lanthanum has been detected in many mudstones
and has been found in concentrations considerably
above the limit of sensitivity in heavy-mineral sep-
arates. Most of the scandium, lanthanum, and gallium
may be contained in the fine fraction of the sandstones,
either in clays or associated heavy minerals. These ele-
ments occur in concentrations above the spectrographic
limit of sensitivity mainly in the more aluminous Morri-
son ores in which their infrequent occurrence is prob-

ably accounted for by above-average mudstone content.
" In Upper Triassic rocks scandium, lanthanum, and
gallium occur in concentrations above the spectro-
graphic limit of sensitivity in 15 to 25 percent of the
sandstones studied and are found in the ores with some-
what greater frequency. Lanthanum and gallium are
high mainly in high-aluminum ores and scandium ap-
pears to have a moderate tendency to accompany high-
aluminum ores. The abundance of these elements is
probably related to the initial mudstone content of the
ores. All three elements are considered mainly in-
trinsic in ores both from Upper Triassic rocks and
from the Morrison formation.

ANTIMONY

The distribution of antimony (fig. 6) has been
studied by colorimetric analyses of about one-fourth
of the samples of ores and of sandstones of the Salt
Wash member; no analyses have been completed for
unmineralized sandstones of the Shinarump and Moss
Back members. The estimated mean concentration of
antimony in 49 ores from the Morrison is about half
the estimated mean for 23 samples of sandstone of the
Salt Wash and the estimated mean for 14 ores from
Upper Triassic rocks is about the same as the mean
for sandstones of the Salt Wash. These data, thongh
incomplete, strongly suggest that antimony is almost
entirely intrinsic in the ores.

SILVER AND ZINC

The distribution of silver and zinc (fig. 6) in the
unmineralized sandstones is largely unknown. Silver

has been reported in concentrations above the spectro-
graphic limits of sensitivity in a few percent of the
unmineralized sandstones of the Salt Wash, but most
of the analyses in which silver was detected may be
slightly biased. Zinc has not been detected by spectro-
graphic methods in the unmineralized sandstones and
the statistics on zinc are based entirely on colorimetric
analyses of a limited suite of samples. Rankama and
Sahama (1950, p. 713) reported concentrations of zinc
in clays and shales that are considerably higher than
the estimated arithmetic-mean zinc content of 24 sand-
stones of the Salt Wash (calculated from table 2).
An appreciable part of the zinc in the sandstones may
be in the clay fraction, though zinc does not appear
to correlate with aluminum in the samples studied.
Rankama and Sahama (1950, p. 706), also, reported
that silver is enriched in some argillaceous rocks, and
clays could be the dominant carriers of silver in the
sandstones of the Salt Wash member.

The estimated mean concentration of silver in 211
ores and the mean concentration of zinc in 49 ores from
the Morrison formation are each about twice as great
as the corresponding means for unmineralized sand-
stones of the Salt Wash, though little confidence
should be attached to the ratio for silver. If silver
and zinc are contained largely in the clay fraction of
the sandstones this difference could be largely due to
selective mineralization of mudstone-bearing sand-
stone. On the other hand, the higher concentrations
of both silver and zinc in the ores from the Morrison
tend to occur with high concentrations of copper and
lead, elements which are interpreted as mainly ex-
trinsic, and silver occurs locally in concentrations from
10 to more than 100 times higher than the spectro-
graphic limit of sensitivity. In a majority of ores
from the Morrison silver and zinc may be mainly
intrinsic but in those deposits that contain high con-
centrations of silver and zinc both elements are prob-
ably mainly extrinsic. The ratios of abundance of
silver and zinc in ores from Upper Triassic rocks to
their abundance in the unmineralized sandstones is un-
known, but both elements could be mainly extrinsic in
these ores. Silver has been the principal ore element
in sandstone-type uranium deposits in the Chinle for-
mation at Leeds in southwestern Utah (Hess, 1933,
p. 452-455; Proctor, 1953, p. 78-96).

CALCIUM, SODIUM, AND MANGANESE

Calcium and manganese are contained principally as
carbonates and sodium, partly as a bicarbonate in the
unmineralized sandstones of the Salt Wash (figs. 4 and
6). Calcium, the second most abundant element in
the sandstones, occurs mainly in calcite, which is the
dominant cement of the sandstones in the Salt Wash
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(Part 2), but a significant part is also contained in
dolomite. Locally, in the vicinity of salt structures,
a major part of the calcium is also present as the sul-
fate, gypsum. Traces of calcium are present in soluble
bicarbonate form, in plagioclase, and in other detrital
minerals. Most of the calcite in the sandstones forms
a relatively coarse grained interstitial cement, but some
is also fine grained and associated with the clay
(Weeks, 1951, p. 8-10; 1953, table 1). On the order
of one-tenth to one-fifth of the calcium may be con-
tained in the fine fraction of the sandstones.

Manganese has a very high correlation with calcium
both in the unmineralized sandstones and in the ores
from the Morrison and is probably contained largely
in calcite which it enters readily in solid solution.
The proportion of manganese to calcium in the sand-
stones is so low that if all the calcium and manganese
were calculated as carbonate less than 1 percent of the
combined carbonate would be rhodocrosite in the aver-
age sandstone. A minor proportion of the manganese
is probably present in the oxide form, perhaps mainly
as pyrolusite, and a trace of manganese is contained in
heavy minerals. Locally the Morrison formation
contains ore-grade deposits of manganese oxides in
the sandstones (Baker, Duncan, and Hunt, 1952, p.
66-68).

Sodium is contained principally in plagioclase feld-
spars and in nonsilicate sodium salts in the sandstones
of the Salt Wash. Flame photometric analyses of the
sand-sized fraction of 14 sandstones of the Salt Wash
(R. A. Cadigan, written communication) suggest that
the sodium in the feldspars represents about half of
the total sodium in the sandstones of the Salt Wash.
The remainder of the sodium is thought to be contained
mainly in soluble salts, principally sodium bicarbonate.
Extraction of salts by water at 100° C. from a core of
carnotite ore in the sandstone of the Salt Wash yielded
28,900 ppm soluble solids per unit volume of pore
water, of which 1,330 ppm, or about 0.006 percent by
weight of the total rock was sodium (calculated from
data by Manger, 1954a, p. 62 and 63). The principal
anion was bicarbonate, but carbonate, sulfate and a
trace of chloride were also present. Similar quantities
of soluble solids were extracted from other segments
of sandstone core, both mineralized and unmineralized
(Manger, 1954b, p. 92). Weeks (1953, table 1) reports
extracting burkeite, Na(CO;) (SO.).; Thenardite,
Na,SO,; halite; and soda niter, NaNQ,, from clays
of the Salt Wash. The present ground waters in the
Salt Wash member are principally bicarbonate solu-
tions (Part 4), and it is likely that the bulk of the
soluble sodium is combined with bicarbonate. A
moderate correlation of sodium with calcium and with

manganese in the sandstones and a high correlation in
the ores suggest that the bulk of the sodium (as bi-
carbonate) is physically associated with the carbonates.
Some of the soluble sodium may also be contained in
montmorillonite clays (Weeks, 1953, p. 10). Probably
only a fraction of the soluble sodium is extracted by
a hot-water leach if the bulk of the sodium salts is
intimately mixed with the carbonate cement of th
sandstones. - '
The ratio of abundance in the Morrison ores to the

‘abundance in unmineralized sandstones of the Salt

Wash is about 0.6 for calcium, approximately 1.0 for
sodium, and 1.4 for manganese. Calcium is the only
element that is lower in the ores from the Morrison
than in the unmineralized sandstones. Among the
various factors that have contributed to the apparent
“deficiency” of calcium in the ores, two are probably
the most important. It is possible that the present
milling practice on the Colorado Plateau, which has
resulted in a penalty for high-lime ores from which
vanadium is extracted (U. S. Atomic Energy Com-
mission, 1948), has caused ore producers to mine and
ship ore preferentially from deposits with low calcium
content, and has introduced bias into the sampling of -
ore deposits with respect to calcium and closely asso-
ciated elements. The effect of this bias is thought te
be negligible. The principal factor contributing to the
apparent “deficiency” is probably selective minerali-
zation of sandstones with low content of carbonate
cement. The samples studied of unmineralized sand-
stone from the uppermost sandstone strata of the Salt
Wash, the principal host of the producing ore deposits,
have an average calcium content only half as great
as the average for the remainder of sandstones of the
Salt Wash. Another likely significant factor may have
been actual leaching of calcite from the ore deposits
either during or after mineralization. Leaching of the
calcite cement during intermediate stages of oxidation
of the ores, owing to low-pH conditions produced by
alteration of sulfides, has been suggested by Weeks and
Coleman (personal communication) and in Part 14.
Most of the ores studied from the Morrison are at
least partially oxidized and many are nearly completely
oxidized. In the ores, but not in the unmineralized
sandstones, calcium and manganese have a moderate
correlation with titanium, zirconium, potassium, and
aluminum, elements associated with the clay-silt frac-
tion, suggesting that a significant part of the carbonate
left in the ores is contained in the mudstone component
where it would be the least subject to leaching.

Despite the fact that calcium content is lower in the
Morrison ores than in the unmineralized sandstones,

‘manganese, which has a very high correlation with
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calcium in both the ores and sandstones, has a higher

value in the ores. The explanation for this apparently
anomalous relation may lie partly in the redistribution
of calcium and manganese during oxidation. Calcium
may tend to be flushed out of the deposits by acid
oxidizing solutions, whereas, the manganese originally
contained in carbonate probably would tend to repre-
cipitate as the relatively insoluble tetravalent oxide.
Some of the manganese may also be extrinsic. How-
ever, the bulk of manganese, as well as calcium and
sodium, is considered intrinsic in the Morrison ores.
In the ores from Upper Triassic rocks calcium and
manganese are 3 and 2 times respectively more abundant
than they are in the unmineralized sandstones.
Whether this indicates introduction of carbonate into
the ores or perhaps selective mineralization of car-
bonate-rich sandstones is not clear. It should be noted
that the confidence interval of the mean is fairly high
for calcium in the ores and exceptionally high for
manganese in the sandstones. Though the observed
differences are probably significant, too great a weight
should not be placed on the calculated abundance ratios.

ORE ELEMENTS

Uranium contributes the bulk of the value to the ores
now mined on the Colorado Plateau, though in a few
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ores, vanadium, which is also extracted, may be the
principal ore element in terms of its contribution to
the price of the ore. In all ores produced from the
Morrison formation vanadium as well as uranium is an
ore element. Copper is paid for by uranium ore buyers
in a few uranium ores produced from the Shinarump
member in southeastern Utah. Selenium has been con-
sidered as a possible byproduct of some ores, but to date
it has not been extracted. In a few sandstone-type ores
mainly from Triassic beds, and in limestone ores from
northwestern New Mexico uranium is the only element
that contributes to the value of the ore.

URANIUM AND VANADIUM

Uranium and vanadium (figs. 4, 7, and 8) are
not only the principal ore elements but are also the
elements that have the highest ratios of abundance in
the ores to their abundance in unmineralized sandstones
in both Upper Triassic rocks and the Morrison forma-
tion. The minimum acceptable grade established by
U. S. Atomic Energy Commission (1948) is about 1,000
times as great as the mean concentration of uranium in
23 samples of unmineralized sandstone of the Salt Wash
(table 1). The ratio of the mean for vanadium in ores
and in unmineralized sandstones is about 500 in the
samples from the Morrison formation and abeut 20 in
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FI6URR 7.—Frequency distribution of U,0; as determined by fluorimetric analysis, in uranium ores from the Morrison formation.
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FI1GURE 8.—Frequency distribution of vanadium, as determined by spectrographic analysis, in uranium ores and un-
mineralized sandstones of the Colorado Plateau.

the Upper Triassic rocks. Though the ratio is less for
vanadium than for uranium, vanadium is the most
abundant extrinsic element in the Morrison ores.
Some comparisons can be drawn between the uranium
content of the samples studied and the uranium con-
tent of the ore produced over a considerable period with-
. out specifying arithmetic-mean concentrations, which
are withheld for security reasons. The arithmetic-mean
concentration of uranium, weighted according to ton-
nage, in all ore represented by the samples for which
tonnage data are available from 197 deposits in the
Morrison formation, is identical (to two significant fig-
ures) to the arithmetic-mean concentration of uranium
in all ore produced from the Morrison formation for
each of four 6-month periods in 1953 and 1954—ex-
clusive of ore produced from the Grants district of New
Mexico, for the period July 1 to December 381, 1954.
The frequency distribution of U;0; by tonnage—calcu-
lated from total tonnage and weighted-average uranium
content of ore from each deposit—for the 197 deposits
is closely similar to the frequency distribution by ton-
nage of all ore produced from the Morrison formation,
exclusive of the Grants district—calculated from total
tonnage and weighted average uranium content of ore
produced from each deposit per month or semimonthly
settlement—for the period July 1 to December 31, 1954

(fig. 7). '

The arithmetic-mean concentration of uranium,
weighted according to tonnage, in all ore represented
by the samples from 38 deposits in Upper Triassic rocks
is 12 percent less than the arithmetic-mean concentra-
tion of uranium in all-ore produced from the Chinle
formation in 1953 and 1954, but it is identical (to two
significant figures) to the arithmetic-mean concentra-
tion of uranium in all ore produced from the Chinle
formation in the latter half of 1954.

The frequency distribution of U,O, by tonnage in
the 197 deposits from the Morrison formation may be
compared in figure 7 with the frequency distribution
of U,05 by deposits in 209 of the deposits studied for
which fluorimetric assays are available. The first dis-
tribution weights the frequency heavily in favor of
large producers; whereas, in the second distribution
each of the 209 deposits is given equal weight, whether
the amount of ore represented is large or small. It is
the second type of distribution that is represented by
all the histograms given for spectrographic and color-
imetric analyses. The two types of distributions pro-
vide estimates of two entirely different parameters of
the uranium distribution which should be carefully dis-
tinguished : the arithmetic mean of the distribution by
tonnage, when multiplied by the total tonnage, gives the
total quantity of U;O; produced, whereas the geometric
mean of the distribution by deposits gives an estimate
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of the median grade of uranium in randomly selected
deposits. It is of interest that, though the modes of the
two types of distribution are significantly displaced, the
estimated arithmetic-mean concentration of U;Os calcu-
lated from the distribution by deposits is only 15 per-
cent less than the estimated arithmetic mean calculated
from distribution of tonnage.

Concentrations of most elements in the ores from the
Morrison formation are virtually independent of the
grade of uranium. Only vanadium, iron, and titanium
correlate significantly with uranium, and all three of
the correlations are low, that of titanium at the limit of
significance. Even though deposition of the uranium
ore appears to have been selective with respect to mud-
stone content and other lithologic features of the host
sandstone strata, and although several accessory ele-
ments appear to have been introduced by the mineraliz-
ing processes, uranium exhibits no strong affinities in
its grade distribution among deposits either for detect-
able intrinsic elements or for accessory extrinsic ele-
ments. The distribution of uranium may, however,
have been strongly influenced by the distribution of
organic carbon (Parts 5,12, and 14), analyses for which
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are not yet available. The mineral forms taken by
uranium in the deposits are listed in Part 5.

The arithmetic mean grade of V.05, weighted accord-
ing to tonnage, for the samples of Morrison ores studied
is 6 percent less than the mean of all the ore from the
Morrison (exclusive of ore from the Grants district)
produced in 1953 and 1954 (table 3). This small dif-
ference may be due to weight given among the samples
studied to deposits in the Slick Rock district of south-
western Colorado. The weighted mean for the samples
from 38 deposits in Upper Triassic strata is significantly
lower than the mean of ore produced from Upper
Triassic rocks in 1953 and 1954. Ore produced from
the Upper Triassic during this period is heavily
weighted toward one large mine in the Shinarump mem-
ber, whereas more than half of the tonnage represented
by the samples studied is from mines in a small area
around Temple Mountain in central Utah, all produc-
ing from the Moss Back member of the Chinle forma-
tion. The mean for the samples studied from deposits
in the Upper Triassic is nearly the same as the mean
for ore produced from the Chinle formation in the
latter half of 1954, both for V,0s and U,0s.

TarLne 3. —Compamson of weighted arithmetic-mean grade of vanadium pentoside in ores produced in 1953 and 19564 and in ores repre-
sented by samples studied

[Arithmetic-mean grade of V304 weighted according to tonnage; based on chemical assays by ore buyers]

Formation from which ore is produced 6-month pe- | V2Os (percent) Formation from which ore is produced 6-month pe- | V305 (percent)
riod ending— riod ending—
Undifferentiated Triassic rocks..ceocooocoracaaaaaa . June 30,1953 1.08 June 30, 1953 1.65
Shinarump member. .. Jan. 1,1954 1.25 || Morrison formation .. ... Jan. 11,1954 1.66
July 1,1954 1.07 July 1,1054 1.64
. Dec. 31,1954 .92 Dec. 31,1954 1.67
Chinle formation (excluding Shinarump member)...{ Jan. 1,195¢ 87
July 1,1954 72 Woeighted mean for Morrison formation ! Jan.
Dec. 31,1954 58 1, 1953 to Dec. 31, 1954 |icaieoaae. 1.65
Wexghted mean for samples for 197 deposits in
Weighted mean for a]l Triassic rocks, Jan. 1, Morrison formation. ... ceoeomoec i |emeaacncacaas 1.55
1953, to Dec. 31, 1954 .« oo |eciiiiiicaiaaas 0.85
Weight;od mean for samples from 38 deposits
in Triassie roeKs. ... o oo c i cccccice e ecaaeaacaas .59

1 Exclusive of ores produced from Grants district, in New Mexico, during period ending December 31, 1954.

The frequency distribution of vanadium in the ores
and unmineralized sandstones, based on semiquantita-
tive spectrographic analyses, is given in figure 8. His-
tograms given for the ores are for frequency by
deposits, not by tonnage, and as with uranium, neither
these histograms nor the means computed from them
given in table 2 can be compared directly with produc-
tion data. In the histograms for deposits given in
figure 8 equal weight is given to all deposits, whether
large or small, whereas the great bulk of production
from deposits in Upper Triassic rocks, in particular, is
from only a small percentage of the mines producing
at present.

Vanadium in the ores from the Morrison formation
has a high correlation with aluminum, a moderate cor-
relation with lead, zirconium, magnesium, and uranium,

and a low correlation with many other elements includ-
ing several that tend to correlate with aluminum. The
high correlation with aluminum illustrates a strong
tendency for vanadium to be more abundant in the more
aluminous ores of the Morrison formation, a relation
interpreted as due to selective precipitation of vanadi-
um by clay minerals in the rocks that received the ore
elements. The minerals in which vanadium is pri-
marily contained in the deposits are given in part 5. In
the oxidized deposits the bulk of the vanadium is con-
tained in micaceous or claylike silicates.

ACCESSORY EXTRINSIC ELEMENTS

Most of the accessory extrinsic elements in the sand-
stone-type uranium ores of the Colorado Plateau were
recognized more than 30 years ago. With reference to



48 GEOCHEMISTRY AND MINERALOGY, COLORADO PLATEAU URANIUM ORES

the Colorado Plateau uranium-vanadium deposits
Lindgren wrote (1923, p. 440-441):

The ores are later than the beds which they follow, and are
characterized by a very strange assortment of elements among
which, besides the two already mentioned, are copper, lead,
silver, barium, chromium, nickel, molybdenum, and selenium.
To this list can be added only three other elements, co-
balt, arsenic, and possibly yttrium, which can be shown
from the present study to be characteristic extrinsic
elements in the sandstone-type uranium ores. The prin-
cipal elements detectable by the spectrographic method
that are extrinsic in a large majority of ores from both
the Upper Triassic rocks and the Morrison formations
are uranium, vanadium, cobalt, nickel, copper, arsenic,
molybdenum, and lead. -

COPPER AND LEAD

The abundance of copper (figs. 4 and 9) is about 7
times greater in Morrison ores than in unmineralized
sandstones of the Salt Wash and about 3 times greater
in ores from Upper Triassic rocks than in unmineral-
ized sandstones of the Shinarump and Moss Back.
Lead is more than 9 times as abundant in ores from the
Morrison as in the unmineralized sandstones and about
6 times as abundant in the ores as in the sandstones in
Upper Triassic rocks. Though the ratio of abundances
for copper is lower for ores and rocks from the Triassic
than for the Morrison formation, because of the un-
usually high concentration of copper in the unmineral-
ized sandstones of Triassic age, the amount of
copper that has probably been introduced into the aver-
age ore in the Triassic strata is more than twice as great
as the amount probably introduced into average
Morrison ores.

Lead (figs. 4 and 9) in the sandstone-type uranium
ores is of at least three origins: (1) intrinsic lead con-
tained in the rocks just prior to mineralization, (2)
extrinsic lead introduced into the deposits, probably
at the time of initial uranium mineralization, and (3)
radiogenic lead derived in the deposits by decay of the
uranium in the deposits since initial mineralization.
Isotopic analyses of lead extracted from some of the
pulp samples included in this study (Stieff, Stern, and
Milkey, 1953, p. 19, samples GS—40, 41, 42, 47, 48, and
49) indicate that the proportion of radiogenic lead
derived in place, in bulk samples of ore from the
Morrison, ranges from about 5 to more than 80 percent
of the total lead. The content of radiogenic lead de-
rived in place tends to be proportional to the uranium
content of the ores, and the highest proportions of
radiogenic lead derived in place generally are found
in ores that have the lowest concentrations of total lead.

On the basis of the analyses given by Stieff, Stern, and

Milkey (1953, p. 18'and 19) it is estimated that less than
half of the lead in ores from the Upper Triassic rocks
and the Morrison formation with average grade and
average lead content is derived by decay of uranium
at the locus of the present deposits.

In the ores from the Morrison formation copper and
lead are closely related, as is shown by a high correla-
tion. Both copper and lead have low to moderate cor-
relation with the elements associated with carbonates
in the ores. A moderate correlation of copper and lead
with aluminum, and low to moderate correlation of cop-
per with some elements associated with aluminum and
calcium in the unmineralized sandstones of the Salt
Wash also suggests some aflinity of copper and lead both
for the aluminous or clay-silt fraction of the rocks and
for the carbonate cement. The distribution of lead in
the unmineralized sandstones is largely unknown, but
lead is generally present in detectable concentrations in
mudstones of the Salt Wash (Newman, 1954, p. 44)
even though rarely reported in sandstones of the Salt
Wash, suggesting that much of it may be contained in
the clay-silt fraction. Higher frequency of detectable
lead in the sandstones of the Shinarump and Moss Back
members may be due to higher average content of clay.
In the low-valent ores extrinsic copper and lead are
probably contained primarily as sulfides (Part 5).

Copper and lead correspond closely in their regional
distribution in the ores. Both elements have greater
frequency of high concentration in uranium deposits,
mainly in the Morrison formation, in an area partially
coincident with a region of salt structures that lies
athwart the Colorado-Utah State line (Shoemaker,
1954, p. 71 and 76). Both elements also have a greater
frequency of high concentrations in uranium deposits,
mainly in Upper Triassic strata, in an area between the
San Juan and Colorado Rivers in southeastern Utah
and in an area on the San Rafael Swell in central Utah.
The regional distribution of above average concentra-
tions of silver (Shoemaker, 1954, p. 77) and zinc in the
ores resembles that of copper and lead.

NICKEL, COBALT, AND MOLYBDENUM

Nickel and cobalt (figs. 4 and 9) are estimated to be
about 20 times as abundant in ores from the Morrison
formation as in unmineralized sandstones of the Salt
Wash, though so few samples of the sandstones contain
detectable concentrations of nickel and cobalt that these
estimates should be regarded only as indicating the
order of magnitude of the ratio. Molybdenum (figs 4
and 9) is more than three times as abundant in the ores
from the Morrison as in the sandstones and the ratio
of abundance for molybdenum is probably as large as
the ratios for nickel and cobalt. In the Upper Triassic
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Copper Lead Nickel Cobalt
Type of sample (spectrographic) (spectrographic) (spectrographic) (spectrographic)
= 2110 211% 1 211% | [ 184+
Uranium ores from the Morrison '&’gso' 3 1 i 12 85 ¢
formation (chiefly the Salt Wash |3 & 204 percent! percent) percent)
member) o5 less | less less
&’-nlo- . than than .
10 ppm 2.2 2.2 ppm
96+ 9%* | 96 | !
504 . 1 1
Unmineralized sandstones from | & € 401 98 4 % | 95
the Salt Wash member of the |3 330- pei;gesnt: Dei;?sml p?;ies"'i
Morrison formation §3 201 than | than ! than !
10- 10 ppm | 2.2 ppm 2.2 ppm
===E=E =#===
0 38+ 38+ 1 38+ : H
Uranium ores from Upper Triassic c:a‘o:- : 3, 3 :
rocks (chiefly the Shinarump |g 330' ' percent| percent)
and Moss Back members of the %; 204 less | | less |
Chinle formation) La than | than 1
L.
10+ 2.2 ppm| 2.2 ppm
MIES 32 32+ | 32 |
Unmineralized sandstones from E‘:‘ . 56 22 1 22 1
the Shinarump and Moss Back 9 301 percent percent] percent!
members of the Chinle forma- & 5 20 | less less 1 less |
tion e than than | than
- 104 10 ppm 2.2 ppm 2.2 ppm
|
log:o concentration (ppm) 01 2 3 4 5 1 2 3 4 1 2 3 1 2 3
U
. . Molybdenum Yttrium | Ytterbium¢t Selqnium Arsenic .
Type of sample (spectrographic) |{(spectrographic) (spec.) (colorimetric) (colorimetric)
T | S I
so] 211% 1 102 49° |
> | ! [} ]
Uranium ores from the Morrison |cE 401 31 : | '
formation (chiefly the Salt Wash |5 S 304percent, percentl '
member) 3.4 less less | 1
= 204 than 1 than | !
" 10446ppm 2 ppm :
> 96+ | 9* 1 8r | 23 | B
Unmineralized sandstones from §§30' 98 g 92 ! 63 78 ¢
the Salt Wash member of the |3 S 204 pelrcen ) |percent p(ircent" percent percent
Morrison formation g ess | ess less - less
= 10-4t6han 1 lthag than ghan
.6 ppm - pp ! - -
404 38+ | 38+ | 30* 1 14+ :
Uranium ores from Upper Triassic |Z's 2 ! 1m ! 37 | 1
f°<c=j kl\sn (chiBefly the Sginar lflmp g 3'30" percent: percent percent 1
and Moss Back members of the So04 less -less less
Chinle formation) § gzo than ! than ! than :
1014.6 ppm 4.6 ppm 2 ppm !
H []
504 32 : 32+ 1 32+ : 30+ H :
Unmineralized sandstones from ;-:" <401 84 1 9 9 : 37 : :
the Shinarump and Moss Back |& 3 304 percent percent percent percent )
members of the Chinle forma- §»-— less | less | less less 1
tion ® 8204 than 1 than | than than H
u- 104 4.6 ppm| 4.6 pp! 1 ppm 2 ppm '
| | i
log 15 concentration (ppm) 1 2 3 1 2 3 01 1.9283.7 1

192837
*Number of uranium deposits or number of samples of sandstone
{Spectrographic analysis of ytterbium in uranium ore is interfered with by vanadium

FIGURE 9.—-Freq1'1ency distribution of the dominantly accessory extrinsic elements of uranium ores contained in uranium ores and in
unmineralized sandstones on the Colorado Plateau.
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rocks the estimated ratios of abundance between ores
and unmineralized sandstones are about 3 for nickel,
5 for cobalt, and 9 for molybdenum. Again, the esti-
mated ratio for molybdenum should be regarded as in-
dicating only the order of magnitude. The ratios of
abundance for nickel and cobalt are low in the Triassic
rocks because of the much higher concentrations of these
two elements in unmineralized sandstones of the Shina-
rump and Moss Back members as compared with sand-
stones of the Salt Wash.

Nickel and molybdenum have a moderately high cor-
relation in Morrison ores. ILike uranium and unlike
all other elements for which the correlation in the ores
has been calculated, nickel and molybdenum show no
significant correlation with aluminum. Both nickel and
molybdenum exhibit a moderate correlation with iron
and low correlation with yttrium; molybdenum has
a significant but low correlation with chromium and
zirconium as well. The correlation of cobalt has not
been calculated because of interference by uranium in
some of the cobalt analyses, but cobalt is known to cor-
relate highly with nickel and probably has associations
similar to those of nickel in the ores. The correlation of
nickel with iron probably reflects an association with
iron sulfides, which commonly contain appreciable con-
centrations of nickel and cobalt (Hegemann, 1942, p.

125-138) and which are known to contain relatively

high concentrations of nickel and cobalt in some of the
sandstone-type uranium deposits of the Colorado
Plateau (Part 5). The bulk of nickel and cobalt in the
low-valent ores may be contained in bravoite or nickeli-
ferous and cobaltian pyrite. Molybdenum may enter
the iron sulfides to some extent but the molybdenum sul-
fides molybdenite and jordisite have also been found
(Part 5).

The concentration of nickel and cobalt in the uranium
deposits tends to be broadly zoned across the central
part of the Colorado Plateau. Nickel and cobalt tend
to be higher in ores from both the Upper Triassic rocks
and the Morrison formation toward the west or north-
west part of the region and lower toward the east or
southeast (Shoemaker, 1954, p. 75). Molybdenum ap-
pears to follow a similar pattern in deposits in the Mor-
rison formation but is more erratically distributed in
the deposits in Upper Triassic rocks (Shoemaker, 1954,
p.74).

YTTRIUM AND YTTERBIUM

Yttrium (figs. 4 and 9) is tentatively considered a
dominantly extrinsic element in the ores from the Mor-
rison formation. It is estimated to be about eight times
more abundant in the ores than in unmineralized sand-
stones of the Salt Wash. This estimate is subject to
large uncertainties because the large majority of sand-

stones analyzed did not contain detectable yttrium and
because some variation exists in the limit of sensitivity
as estimated by individual analysts. In the ores yt-
trium has a moderate correlation with iron, nickel,
molybdenum, vanadium, titanium, barium, and alumi-
num. The correlations with zirconium, boron, and ti-
tanium suggest that a part of the yttrium in the ores is
in detrital heavy minerals, which spectrographic an-
alyses show to be the principal carriers of yttrium in
the unmineralized Salt Wash sandstones. The correla-
tions with iron, nickel, and molybdenum suggest some
affinity of yttrium with the nickel-cobalt-molybdenum
group of extrinsic elements. As in the case of iron,
about half of the yttrium in Morrison ores may be in-
trinsic and about half extrinsic. In Upper Triassic
rocks the concentration of yttrium in ores and in un-
mineralized sandstones is practically identical, and yt-
trium is considered largely intrinsic in the ores. The
regional distribution of yttrium in all ores is similar to
the distribution of nickel, cobalt, and molybdenum, but
is more erratic (Shoemaker, 1954, p. 72).
Spectrographic analyses of ytterbium (figs. 4 and 9)
in the ores has been prevented by interference from
high concentrations of vanadium. Ytterbium has a
very high correlation with yttrium in heavy-mineral
separates from sandstones of the Salt Wash and is a
member of the yttrium group of rare earths which
are generally associated in nature (Rankama and
Sahama, 1950, p. 517). Ytterbium may, like yttrium,
be partly extrinsic in ores in the Morrison formation.

SELENIUM

Selenium (fig. 9) is more than six times as abundant
in the average of the ores from the Morrison as in the
unmineralized sandstones of the Salt Wash and about
twice as abundant in the average of ores from Upper
Triassic rocks as in the unmineralized sandstones of
the Shinarump and Moss Back members. Unlike the
distribution of all other elements investigated, the dis-
tribution of selenium in the ores studied from Triassic
rocks is bimodal. One mode corresponds with the prob-
able modal concentration in the unmineralized sand-
stones and the other mode is about 50 times higher.
This unusual distribution is due to the high proportion
of deposits represented from one small area, at Temple
Mountain in central Utah, where the uranium deposits
are unusually rich in selenium. Nearly all other ores
studied from Triassic rocks are comparable in selenium
content to the unmineralized sandstones. The distri-
bution of selenium in Morrison ores is more nearly log-
normal. Selenium is considered dominantly extrinsic in
Morrison ores and in ores from Upper Triassic strata at
Temple Mountain but dominantly intrinsic in most
other ores from Upper Triassic rocks.
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The regional distribution of selenium in ores of the
Morrison formation (Shoemaker, 1954, p. 73) is similar
to the regional distribution of nickel, cobalt, and molyb-
denum. A majority of the more richly seleniferous ores
are found northwest of the Colorado River. The as-
sociation of selenium with elements that may be con-
tained mainly in sulfides in low-valent ores is an ex-
pectable one. Iron sulfides, into which selenium will
enter by substitution for sulfur (Williams and Byers,
1934), locally contain as much as 1 percent selenium
in the Colorado Plateau ores (Part 5) and appear to be
the most likely hosts for the bulk of extrinsic selenium
in low-valent ores. Some ores also contain traces of
such selenides as eucairite (CuAgSe) and clausthalite
(PbSe) and also native selenium (Part 5).

ARSENIC

Arsenic (fig. 9), as determined by colorimetric anal-
yses of a limited suite of samples, is more than 17 times
as abundant in ores from the Morrison formation as in
the unmineralized sandstones of the Salt Wash member.
The content of arsenic in ores from Upper Triassic rocks
appears to be similar to the content in ores from the
Morrison, but no data are yet available on the arsenic
content of unmineralized sandstones of the Shinarump
and Moss Back members. In terms of abundance ratio,
arsenic may be the third or fourth most important ex-
trinsic element in the sandstone-type uranium ores, and
in terms of actual amount or quantity contained it is
the fifth most important extrinsic element, among those
studied, in Morrison ores. )

The manner in which arsenic is contained in the
ores is not fully known. In low-valent ores the ar-
senides domeykite and arsenopyrite and realgar, as
well as, native arsenic have been reported (Part 5) but
appear to be rare. Arsenic has been found associated
with coffinite, one of the major uranium minerals in
low-valent ores, but apparently it is not an essential
constituent of the mineral (Stieff, Stern, and Sher-
wood, 1955, p. 609). In oxidized ores arsenic occurs
in the arsenates zeunerite and metazeunerite and in
rare occurrences in abernathyite, novacekite, and coni-
chalcite (Part 5; Weeks and Thompson, 1954, p. 59) ;
it also enters into such phosphates as autunite and tor-
bernite (Weeks and Thompson, 1954, p. 24 and 36) and
into vanadates similar to calciovolborthite. Most of
these minerals are extremely rare in vanadiferous ores,
however, and the bulk of arsenic in oxidized ore may be
contained as a minor constituent in some of the com-
mon vanadates.

The regional distribution of arsenic in the ores ap-
pears to be nearly or essentially random, in contrast to
the relatively systematic distribution of most other ac-
cessory extrinsic elements. Probably the distribution

of arsenic is more closely related to the distribution of
uranium than any other extrinsic element.

ELEMENTS NOT DETECTED

Table 4 gives the spectrographic limits of sensitivity
for 29 elements that, with the exceptions of neodymium
and niobium, have not been detected in samples repre-
senting more than 1 ton of ore from sandstone-type
uranium deposits in the Upper Triassic rocks and the
Morrison formation or in whole samples of unminer-
alized sandstones from these formations. Traces of
niobium have been detected in the ores of 8 and neo-
dymium in the ores of 1 of 211 deposits from the Mor-
rison formation, but neither element has been detected
in unmineralized sandstones of the Salt Wash or in ore
or unmineralized sandstone in Upper Triassic rocks.

TaBLE 4.—Elements looked for but not detected in pulp samples
of ores from 249 uranium deposits and in 128 grab samples of
unmineralized sandstones from the Upper Triassic rocks and
the Morrison formation

Spectrographic Spectrographic
Element limit of Element limit of
sensitivity sensitivity

(percent) (percent)

1 Traces found in ores from 8 uranium deposits in the Morrison formation.
2 Trace found in ore from 1 uraninm deposit in the Morrison formation.

A number of the elements not detected in pulp
samples of the ores or in whole samples of the sand-
stones have been found in detectable quantities in heavy
minerals or in clay fractions of the sandstones. These
include cerium, erbium, hafnium, tin, and phosphorous
in the heavy minerals and lithium in the clay fractions.
Bismuth has been detected in samples of gypsum from
salt intrusions in southwestern Colorado and has been
found in gypsiferous sandstones of the Salt Wash and
in gypsum from the sandstones in places where the Salt
Wash sandstone member is adjacent to the salt intru-
sions. Indium has also been detected in gypsiferous
Salt Wash sandstones and mudstones associated with
the bismuth. Any of these elements might be detected
spectrographically in small samples and perhaps even
in pulp samples of the uranium ores. Some of these and
other elements are probably partly extrinsic in a num-
ber or perhaps even in most of the sandstone-type
uranium deposits. Tin occurs locally in moderate con-
centration in the uranium ore at the Peanut mine, in
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southwestern Colorado (Roach and Thompson, written
communication, 1955), and phosphorous may be a
significant constituent of some sandstone-type uranium
deposits where it forms phosphates in the oxidized ore
(Part 5). Cadmium has been noted in the mineral
greenockite (Part 5) and may be widespread in the ores
in concentrations slightly below the spectrographic
limit of sensitivity. Mercury has been reported from
shales in the Chinle formation in northern Arizona
(Lausen, 1936) and could possibly be an extrinsic com-
ponent in the uranium ores. Tellurium has been re-
ported from highly vanadiferous and seleniferous “al-
luvium” overlying ore in the Morrison formation at
Thompson in southeastern Utah, by Beath (1943, p. 701
and 704). Thallium was detected spectrographically
in a grab sample of uranium ore from the Navajo sand-
stone of Jurassic and Jurassic (%) age in northern
Arizona (Shoemaker, 1955), and might also be an ex-
trinsic component of ores in the Morrison and Upper
Triassic rocks.
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SUMMARY

A sandstone-type uranium deposit may be considered
as composed of two fundamental parts: an indigenous
part and a foreign part which was added to the indig-
enous part to form the deposit. The indigenous part
consists of all elements that would have occupied the
space of the uranium deposit had uranium mineraliza-
tion never occurred; these elements of the uranium de-
posit are called intrinsic. The foreign part consists of
all elements that were added to the indigenous part by
processes of mineralization; these elemental com-
ponents are called extrinsic. Nearly all elements in
sandstone-type uranium deposits are probably in part
intrinsic and in part extrinsic, but each element may be
classified according to the dominant role it plays in a
majority of the deposits.

The classification of elements studied in this investi-
gation in the uranium deposits of the Morrison forma-
tion and the Chinle formation is given in table 5.

TaBLE 5.—Classification of elements in sandstone-type uranium deposits from Upper
Triassic rocks and from the Morrison formation

Abundance ratio !

Morrison forma- Upper Triassic
Element tion rocks
Sio . ~1 =1
Al __. 2.1 .7
Fe . ______ 3.7 1.3
K. ___ ... =~1 ~2
Tioeoee oo 2.0 7
Y/ SR 2.3
Be o i eemmccaa-
Dominantly B ... ~2 ~1
syngenetic. SC el oo =2
. Croceee . 2.6 2.1
Dominantly Zn_ ... ____ 2.2 ..
intrinsiec. Gl e e =2
1
Ag . =2 (?) ...
Sbo_ .. =05 .. ____._.
| 7 SN =1
Mg oo 3.0 1.3
: (07 0.6 3
Dominantly Na..__..___ =1 =1
epigenetic. Mn____.____ 1.4 2
Ba_________. 2.4 1.4
) S, 2.5 2
Ore elements..._ {U __________ >1000 ...
|2 500 20
COcccee e =20 ~5
Nio ... =20 =3
Dominantly Cu___..___. 7 3
extrinsic. As._ . _____ >S17 e
Accessory ele- Se oo >6 =2
ments. Yoo ~8 oo
Mo oL >3 ~9
4 7R
\Pb_eecco. >9 ~6

1 Ratfo of estimated geometric-mean concentration in uranium ores to estimated geometric-mean concentration

in unmineralized sandstones.
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Dominantly intrinsic elements are further subdivided
according to whether they are contained principally
in syngenetic minerals in the uranium deposits or
whether they are contained principally in authigenic
minerals formed after the deposition of the sediments
that ultimately were transformed into uranium de-
posits. Dominantly extrinsic elements are subdivided
according to their economic importance into ore ele-
ments and accessory elements. The classification of ele-
ments as intrinsic or extrinsic rests primarily on the
ratios of their abundance in unmineralized sandstones
to their abundance in the uranium deposits. Because
of selectivity of mineralization, account must be taken
of the fact that the average intrinsic composition of the
rocks or sediments mineralized is not equivalent to the
average composition of unmineralized sandstones. In
uranium deposits in-the Morrison formation most of the
dominantly intrinsic elements are more abundant than
they are in the unmineralized sandstones.

Several elements not detected by the spectrographic
method in the sandstone-type uranium ores are prob-
ably present as dominantly extrinsic elemental com-
ponents of the ores. Two of possible importance in
the composition of the ores are sulfur and phosphorous.
Iron, though dominantly intrinsic, is also present as
one of the most abundant extrinsic elemental compo-
nents of the ores, and the extrinsic iron is probably con-
tained mainly in the sulfides pyrite and marcasite in
low-valent ores. Much of the sulfur combined with
extrinsic iron in the sulfides may have been introduced
into the ores with the iron. On oxidation the sulfur
may tend to be lost from the ore, but some is retained
as sulfate. Phosphorous is identified in some ores in
various phosphorous minerals. Among other elements
that could be dominantly extrinsic in the ores but are
below the spectrographi¢ limit of sensitivity in bulk
samples are tin, cadmium, tellurium, and thallium.

Though all elements were probably carried in some
concentration, however small, in the solutions that intro-
duced uranium into the ores, only a limited suite of
elements form the recognizable extrinsic components of
the ores. Those elements that are now thought to be
or are likely to prove to be identifiable members of the
extrinsic suite of elements are listed in table 6 in the
estimated order of abundance of their extrinsic fraction
in the average ore from the Morrison formation. No
great weight should be placed on the exact position of
each element in the order given; in particular, the posi-
tions of sulfur and phosphorus, which have been esti-
mated for relatively oxidized ore mainly from indirect
lines of mineralogical evidence, are in considerable
doubt. The list of possible extrinsic elements whose
concentrations are below the spectrographic limit of

sensitivity shows only those elements suggested by some
specific analytical or mineralogical evidence and should
not be considered inclusive.

TABLE 6.—Extrinsic elemental components of average urantum ore
from the Morrison formation, in their estimated order of abundance
Component

Vanadium

Iron

Magnesium

Uranium

Sulfur

Probably extrinsic in more than half of |Arsenic

the uranium deposits....__.._.____._ Phosphorous
Copper
Lead
Molybdenum
Selenium
Cobalt
Nickel
Yttrium
J (Barium)

Probably extrinsic in less than half of the

: (Strontium)
uranium deposits. - - .. ___________

(Zinc)
(Chromium)

. (Silver)
Possibly extrinsic in the uranium deposits 'Ytterbium(?)

but not detected spectrographically in Tin(?)
bulk samples of the ores.____________ { Cadmium(?)

Tellurium(?)
\Thallium(?)
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ABSTRACT

Ground water in the Morrison formation of Late Jurassic
age is in juxtaposition with deposits of uranium-vanadium
ore minerals. This water is under water-table conditions in
most of the region, but locally it is confined by impermeable
clay strata. It is mostly derived from the infiltration of pre-
cipitation and surface runoff. Some water is contained in pore
spaces in sandstone but most is in joints. Movement of this
water is, at first, downward from the land surface, but bedding
planes, mudstone seams, and other places where the rocks have
a low permeability act as barriers and divert its path usually
toward the direction of regional dip. Under water-table condi-
tions the permeable sediments are usually saturated for a few
inches to a few feet above each extensive barrier ; under artesian
conditions the ore-bearing sandstone is entirely saturated. The
amount of water contained in the rocks is not great and its
movement is slow. Evaporation from the land surface and
transpiration by plants is sufficiently high to dispose of most
of the discharge, but discharge is great enough to form springs
and seeps locally.

-Samples of ground water from the Salt Wash and Brushy
Basin members of the Morrison formation have been analyzed
to determine their chemical character and metal content. The
ground water in the Salt Wash member is largely a bicarbonate
solution with variable amounts of calcium and magnesium ions;

the ground water in the Brushy Basin member is either a
sulfate or bicarbonate solution with sodium. The ground water
from the Salt Wash and Brushy Basin members is generally
weakly alkaline. In most samples uranium, vanadium, copper,
lead, and selenium are present in amounts less than 1 ppm
(part per million).

It is concluded that if ground water was responsible for in-
troduction of the uranium and vanadium metals into the Salt
Wash and if it was comparable to present ground water, it
contained very small concentrations of the metal ions.

INTRODUCTION

This paper is concerned with the occurrence and
chemical composition of ground water in the uranium-
vanadium-bearing Morrison formation in southwest-
ern Colorado and southeastern Utah (fig. 10). The
study was undertaken to determine the influence sim-
ilar ground water might have had on genesis of the
ore deposits. Water-level measurements in numerous
boreholes have been used to determine the mode of

_occurrence of ground water in ore-bearing sandstone

of the Morrison formation. Chemical analyses of
ground water from 23 sample points in the Morrison
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formation established its chemical characteristics and
metal-ion content.

The number assigned to a well or spring in this re-
port is both an identification and location number. It
is based on the base and meridian system of the Gen-
eral Land Office. A typical number consists of three
units. The first unit is the number of the township
north or south of the base line. The second unit,
separated from the first by a slant, is the number of
the range east or west of the meridian. The third unit,
separated from the other two units by a dash, lists
the number of the section and is followed by a letter
designating the quarter section, and finally a number to
show the order in which the well or spring was recorded
within the subdivision. The letters A, B, C, and D
designate, respectively, the northeast, northwest, south-
west, and southeast quarters of the section. On figure
10, owing to space limitation, only that part of the
number designating the subdivision of the section and
the order in which the well or spring was recorded in
that subdivision is shown.

CLIMATE

The climate of the region is semiarid, but the average
annual precipitation differs from place to place. The
average monthly and annual precipitation in different
geographic and topographic localities is summarized
in table 1. In Colorado the Norwood and Northdale
stations are on upland mesas, the Paradox and Gateway
stations are in the bottoms of steep-walled canyons.
The station at Monticello, Utah, is on the east flank
of the Abajo Mountains, and precipitation here is prob-
ably duplicated on the upland mesas east of the La Sal
Mountains. Thompson, Utah, is on the eastern edge
of the Green River desert; this region receives less
rainfall than most areas in southwestern Colorado and
southeastern Utah. The average annual precipitation
in the area of detailed ground-water study (fig. 10) is
probably not as great as that at the Norwood or North-
dale stations or as little as that at the Gateway station.
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The average precipitation in the area of detailed
ground-water study is probably about 12 inches a year.

MORRISON FORMATION

The Morrison formation of Late Jurassic age is di-
vided into two members: a lower member, the Salt
Wash, and an upper member, the Brushy Basin. The
Salt Wash member is composed of lenticular strata of
sandstone and mudstone. Near the top of this member
the strata of sandstone give the appearance of a per-
sistent layer because the strata overlap. In detail,
however, they are separated by beds of mudstone or
local disconformities. - The Brushy Basin member is
varicolored bentonitic shale and mudstone interbedded
with lenticular strata of sandstone and conglomeratic
sandstone. Discrete strata of conglomeratic sandstone
occur sporadically near the base of the member. The
uranium-vanadium ore deposits are largely confined to
the uppermost sandstone strata of the Salt Wash
member.

Erosion has dissected the Morrison formation so
that it now forms the midslopes of many mesas in
southwestern Colorado and southeastern Utah. Out-
crops of the Brushy Basin member are sparse except
in the most arid regions. The beds are usually covered
by landslide debris or talus blocks of more resistant
and younger formations. Outcrops of sandstone in the
Salt Wash member are resistant and they usually form
cliffs and broad benches. Because the Morrison forma-
tion has been dissected by erosion and also broadly
folded, outcrops of the ore-bearing sandstone of the
Salt Wash member differ in altitude from area to area,
so that the opportunity for ground-water recharge in
the member depends on local structural and topo-
graphic features as well as on the average annual
rainfall.

GROUND WATER IN THE AREA

OCCURRENCE

The main aquifer in the Morrison formation is com-
posed of lenticular sandstone strata near the top of the

TaBLe 1.—Average monthly and annual precipilation, in inches, at eight climatological stations in southwestern Colorado and
southeastern Utah

{Data from U. 8. Department of Commerce, Weather Bureau. Record from establishment of station to 1954, inclusive, Altitude in feet; precipitation in inches]

Alti- | Num- Average
Station tude | berof | Jan. Feb. | Mar, | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec. |annual
years .

Blanding, Utah.ceceeeccaccaaes 46 1.056 1.20 1.08 0.94 0.76 0.58 0.99 1.24 1.47 1.29 0.82 1.35 12.77
Monticello, Utah 32 1.25 1.44 1. 67 1.09 .87 J72 1. 51 1.88 1.62 1.86 1.09 1.36 16.26
Moab, Utah._...... ) 61 .73 .69 .88 .73 .12 43 .81 .79 .98 .99 .65 .86 9.26
Thompson, Utah. .. 5, 160 30 .59 .56 .73 .67 .51 51 .85 .90 .97 1.10 .49 .72 8.60
Norwood, bnln ..... 7,017 26 1.00 1.27 1.45 1. 56 1.10 96 1.78 1,97 1. 52 1.32 .82 111 15. 86
Northdale, Colo. ememccccam——a- 6, 842 24 1.10 1.16 1.31 1.18 .82 63 1.15 1.45 1.91 1.562 1.35 1.19 14.20
Paradox, C‘olo.,l 2mb. SE. . ... 5,300 13 .74 .53 . 59 .74 .57 1.09 1.04 .66 1.14 .75 .82 8.71
Gatoway, Colo. 4 ml. NE_......_...... 4,903 7 .93 .61 .67 87 .82 48 .90 1.29 .89 1.33 59 .54 9. 57

1 Averages based on incomplete record, 1942-54, inclusive.

3 Averages based on incomplete record, 1947-54, inclusive.
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Salt Wash member. This aquifer is locally called the
ore-bearing sandstone because it contains most of the
uranium-vanadium deposits in the Morrison formation.
From a distance its appearance is often that of a con-
tinuous layer. Other strata of sandstone lower in the
Salt Wash member as well as strata of conglomeratic
sandstone at the base of the Brushy Basin member
sometimes contain ground water, but generally they do
not yield water to wells or springs.

Although ground water in the ore-bearing sandstone
is confined in some areas, it is unconfined in most of the
region. It has been studied in the Calamity Mesa area,
Mesa County, Colo. (fig. 10) in an area where the ore-
bearing sandstone is exposed for about 2 square miles
and where it has been explored by mine workings and
cut by several hundred diamond-drill holes. Several
months after drilling had stopped the depth to water
was measured in 246 uncased diamond-drill holes.
These drill holes are distributed throughout the Calam-
ity Mesa area and they penetrate the ore-bearing sand-
stone as well as several feet of mudstone below. Water
was encountered in all but 20 of the diamond-drill
holes. In drill holes near the central part of the mesa,
water levels, in places, stand 20 or 30 feet above the
base of the ore-bearing sandstone; in drill holes nearer
the edge of the mesa, water levels are only 2 or 3 feet
above the base of the ore-bearing sandstone, and those
that do not contain water are along the edge of Calam-
ity Mesa where the ore-bearing sandstone is exposed
as a cliff and where it is jointed.

Confined ground water has been found in synclinal
structures where erosion has not destroyed the nearly
impermeable cover of the Brushy Basin member. Dia-
mond-drill holes to the ore-bearing sandstone have en-
countered water under sufficient hydrostatic pressure
to flow at the land surface near Uravan, Montrose
County, Colo., near Slick Rock, Montrose County,
Colo., near La Sal, San Juan County, Utah, and 6
miles west of Blanding, San Juan County, Utah. In
these places the lenticular ore-bearing sandstone is
probably saturated, and the lenses are sufficiently con-
nected hydraulically to be capable of transmitting
ground-water to drill holes for at least 2 or 3 miles from
the nearest recharge area. Flows of 30 gpm at the land
surface and pressures sufficient to raise water levels
20 feet above the land surface have been recorded in
the La Sal Creek and Uravan areas. However, the
amount of ground water flowing from these drill holes
and the hydraulic pressure usually has decreased sub-
stantially within a few months after the hole was
drilled. This indicates that the beds are not very per-
meable and, hence, that movement of water from the
outcrop to the drill holes is slow.

Some of the characteristics of ground-water occur-

rence were determined from a contour map of the water
table based on the measured water levels referred to a
sea-level datum. The contour map indicates that
ground water in the ore-bearing sandstone is perched
on mudstone at the base of the ore-bearing sandstone
and that the water table has a general slope of about
3° SW., approximately the same as the dip of the rocks.
However, the contact between the ore-bearing sand-
stone and the mudstone below is an irregular surface
with locally as much as 6 feet of relief. The water-table
map is in places a subdued replica of a map of this
surface. The direction and rate of ground-water move-
ment probably are controlled in part by irregularities
in the contact. The “lows” in the contact may act as
“channelways” along which the greater amount of the
present day ground water moves.

The measurement of water levels was sometimes
hindered by the presence of moisture on the walls of the
diamond-drill holes. This moisture persisted through-
out the 21 months of observation and probably is
ground water. Where it was detected, the upper level
of moisture always was above a lenticular stratum of
mudstone or above some similar impermeable zone con-
tained within the ore-bearing sandstone. It is difficult
to evaluate the influence that leakage from these local
zones of saturated rocks may have had on water-level
measurements in the diamond-drill holes, for the rate of
leakage could not be determined.

The movement of water into the rocksis at first down-
ward from the surface. A large part of this water gains
entry to the ore-bearing sandstone through joints, but
some probably moves through the intergranular inter-
stices in the more permeable places. The portion of this
water that exceeds soil-moisture requirements is free
to percolate to the water table and migrate laterally in
the direction of the hydraulic gradient as ground water.
The path of ground-water movement generally follows
the direction of regional dip, but in detail it is devious,
for the ore-bearing sandstone contains numerous bar-
riers in the form of lenticular clay strata, local discon-
formities, and bedding planes. The ore-bearing sand-
stone may thus be saturated above each impermeable
zone for a few inches or even a few feet and in more
than one place. It is believed that ground water
“cascades” from the extremity of each lenticular bar-
rier to eventually reach the impermeable mudstone at
the base of the ore-bearing sandstone.

The water levels in 22 of the holes were measured at
monthly intervals from late in 1949 through July 1951.
The monthly measurements of 10 of these holes are
plotted on figure 11 to show the water-level fluctuations.
Although the water levels in some of the holes, notably
CA-125, CA-501, CA-505, and CA-678, show fluctua-
tions through the period of observation, water in other
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Fioure 1l.—Hydrographs of water-level measurements in 10 dlamond-
‘drill holes, Calamity Mesa area, Mesa County, Colo., November 1949
to July 1951.

holes shows little or no fluctuation. These data suggest
that the water in the sandstone strata is being recharged
locally by the infiltration of surface water and precipi-
tation, probably introduced into the sandstone through
fractures that are open to the surface. The lack of re-
sponse of the water level in other holes to seasonal
variations in precipitation suggests that sandstone in
the immediate vicinity of these holes is not fractured
and has a relatively low permeability; in places pore
spaces in the ore-bearing sandstone may be plugged
with drill mud.

Discharge of ground water from the ore-bearing
sandstone is by springs or seeps, by evaporation, and by
transpiration. The fact that some drill holes in the
ore-bearing sandstone are “breathing” air suggests that
locally there is atmospheric circulation in the rocks;
therefore, some ground water is probably lost by evapo-
ration within the rocks. In places, the roots of juniper
and pifion and probably the roots of other plants as
well reach several tens of feet into the rocks and these
plants act as miniature pumps to discharge ground
water. Along the edge of Calamity Mesa plant roots
penetrate joints to depths of about 20 feet below the
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top of the ore-bearing sandstone, but mine workings in
the interior of the mesa have encountered roots along
prominent joints to a depth of about 50 feet. The
amount of ground water discharged from within the
ore-bearing sandstone by plant transpiration is prob-
ably small, except near the outcrop or where the rocks
are jointed and plant roots can easily penetrate to the
zone of saturation or to its capillary fringe. Ground-
water discharge is most active along the downdip or
southwest edge of the mesa where the base of the ore-
bearing sandstone is exposed. The total amount of
ground water discharged from the Calamity Mesa area
cannot be measured but it is probably only a small
fraction of the average annual rainfall.

CHEMICAL CHARACTER

The chemical analyses of 23 samples of ground water
from the Morrison formation are shown in table 2.
These samples were collected from mines, springs, and
wells in the Salt Wash and Brushy Basin members of
the Morrison formation. All samples from the Salt
Wash member were collected near ground known to
contain uranium-bearing minerals. Samples from the
overlying Brushy Basin member presumably had not
percolated through or near rocks containing these
minerals. '

The milligram equivalents, or reacting values (Pal-
mer, 1911, p. 5)—called equivalents per million (epm)
in this report—of the soluble ions, have been computed
for all the analyzed samples. The equivalents per mil-
lion for 22 of the samples are shown graphically on
figure 12 and indicate the chemical character of the
water from each locality at the time the water was
sampled for analysis. Of the 22 samples, 12 are classed
as caleium, magnesium bicarbonate water; 3 as calcium,
magnesium sulfate water; 3 as sodium sulfate water;
and 4 as sodium bicarbonate water. These differences
in character are probably determined in part by the
duration of time the ground water has been in contact
with the rocks, by the composition and physical prop-
erties of the rocks, by the presence or absence of soluble
salts in the paths of ground-water movement, and by the
degree to which the solution has been concentrated by
evaporation and plant transpiration. For sample 50/
18W-9A (table 2), the total iron, sum of total dissolved
solids, and tons per acre-foot appear to be questionable
determinations and their application should be used
with reservation. The sample was turbid when col-
lected and the iron probably includes that from fer-
ruginous sediments. Although total iron should in-
clude iron both in solution and precipitated, it is based
on the premise of a clear sample at the time of collec-
tion. This, however, does not disqualify it as a calcium,
magnesium sulfate water.,
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TABLE 2.—~Chemical analyses, in parts per million, of ground water
{Analyses for U, V, Cu, Pb, and Se, and of sediment, by George J. Petretic or Lewis ¥. Rader, Jr., U. 8. Geol. Survey.

Field data (U. 8. G. 8.) Iron (Fe)
Calel- | Magne-| Potas- | Man- | Bicar- [ Sul- | Chlo-
Silica um sium [Sodium| sium ga- bon- fate ride
Salt Dateof | (S8i0s) | In | Tron | (Ca) | (Mg) | (Na) | (K) | ness | ate | (809 | (C1)
Field loca- | Lake | Denver Source of sample collec- solu- | (Fe) (Mn) [(HCO3)
‘tion No.! City |lab. No. tion tion total
lab. No. .
Samples from the Brushey
50/18W-9Dy 6402 | 4/51_.... Maverick mines area; spring. 4/9/51 15 0.01 |.._.__.. 41 36 123 9.6 0.00 8 500 63 24
49/17W-6D, 6322 | 3/61.....| Blue Mesa; spring. 3/31/51 9.6 .07 0.18 5.8 12 847 11.0 .00 | 81,900 296 55
47/1TW-27A, 6317 focacoeenos Long Park area; dug well, 3/23/51 15 .03 .07 97 104 318 16.0 .00 354 798 171
44/18W-33C, 6318 |ocaeoeean Joe Davis Canyon; spring. 3/24/51 9.9 04 1ol 41 13 360 8.8 .00 528 435 61
43/16W-32C, 6319 | 1/51..... Blssho_p Canyon; Strawberry 3/24/51 16 W05 |eceaeool 88 34 203 4.4 .00 506 212 13
pring.
42/18W-6A; (5 57) 2 — Spud Patch; dug well. 3/24/51 20 N 2 P, 98 103 118 6.6 .29 554 158 108
Samples from the
50/17W-19D 3812 | B-2 Outlaw Mesa; dug well. 11/15/49 23 0.10 0.16 84 88 65 7.6 0.00 620 105 64
50/18W-94, 3811 | B4 1w Maverick mines area, Match- | 11/16/49 | 1322 071 99 624 389 58 |eceaaae .00 479 | 2,310 165
B-1711 less mine; sump. 7/29/50
50/18W-9Cy 3810 | B-3 Maverick mines area; spring. 11/16/49 15 .05 .12 56 50 129 13.0 .00 483 119 69
60/18W-11Cy 4536 | B-5 Calamity Mesa; spring. 4/18/50 16 .03 .04 62 57 33 4.8 .00 408 65 40
50/18W-12C, 3813 | B-1 Outlaw Mesa; spring. 11/16/49 20 .05 .06 82 49 32 4.2 .00 417 59 36
50/18W-12Dy 4537 | B-6 Outlaw Mesa; Ronnie No. 1 4/19/50 13 .03 62 35 1 3.0 .00 344 23 14
mine; underground spring.
49/17TW-6B, 6321 | 2/51 Blue Mesa; spring. 3/31/51 11 W02 |ccemaaes 30 37 68 8.0 .00 | 18301 32 18
47/1TW-15B; 4686 | B-8 Long Park area; spring. 5/28/50 12 .07 .19 50 67 92 8.7 .00 425 192 33
4717W-27Dy 4685 | B-7 Lonjgn Park, Ii]oxig Park No. 10 5/28/50 13 .82 1.24 62 33 17 3.2 .00 245 77 18
mine; ore chute.
47/1TW-29A; 4687 | B-10 Long Park, Henry Clay mine; 5/27/50 14 .09 .15 88 43 19 5.9 .00 406 43 34
i underground spring.
47/1TW-29A, 4688 | B-9 Long Park, Henry Clay mine; 8/27/50 10 11 .28 59 43 20 6.1 .00 317 48 37
sump.
43/18W-29C; 4733 | B-11 Spud Patch, May Day mine; 6/26/50 17 1 N 64 16 27 4.8 .00 228 42 30
sump.
37/21E-10B, 4735 | B-13 Blandglg mines srea, East 6/24/50 13 A1 .25 1 116 114 179 10.0 .00 480 631 91
Bank mine; sump.
36/21E-26B, 4734 | B-12 Blanding mines area; AEC 6/24/50 13 W02 oo 77 53 128 6.4 .00 378 353 27
di]t::léond-dril] hole No.
28/23E-3A1 4779 | B-16 Yellow " Circle mine area; 6/28/50 12 W03 oo 38 59 10 46 .00 | 18351 28 24
spring.
23/22E-6B; 4777 | B-15 Yellow Cat mines area, Tel- 6/29/50 11 020 [acemeees 89 20 129 6.1 .00 202 388 13
luride No. 18 mine; sump.
22/22E-33A1 4778 | B-14 Yellow Cat mines area, Cactus 6/29/50 10 W03 [oeeeas 101 15 343 3.4 .00 206 806 47
Rat mine; 20 foot adit.
Threshold of detection.|........_. . —- a-- S SRR RPRIRROo PRI VPRI RPN MR AR o c————— [,
1 Field No., example: 50/17W-19D, indicates T. 60 N., R. 17 W, sec. 19, and
the quarter section (A, B, C, or D, lettered counterclockwise from the NE%). Precip-
3 Method of determination: Fluorimetric. Lab. No. itate TUOs | V205 | FesO3* | CaO** | Ki0**
3 Method of determination: Colorimetric. (ppm)
4 Noncarbonate hardness or ‘permanent’’ hardness refers to hardness exceeding
the equivalence with carbonate and bicarbonate. The two hardnesses are, by
common practice, expressed as “Hardness as CaC0s.” B-1..oooo_... 5.4 0.05 1.7 4.9 1.0 1.4
8 Percent sodium: Obtained by dividing the milligram equivalents of sodium 2.2 11 1.4 9.4 5.6 2.5
by total milligram equivalents of cations and multiplying by 100. 7.7 .1 1.8 1.7 .2 .6
¢ Includes 8 ppm COa. 39.5 6.4 14.4 3.9 .2 1.3

7 §pm: Gallons per minute,
8 Includes 311 ppm COa.
9 See following table for analyses, in percent:

*Method of determination: Colorimetric.
s*Method of determination: Flame photometric,
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Sfrom wells, springs, and mines in the Morrison formation
Anslyses for other constituents by E. L. Singleton, W. M. Webster, and E. F. Willlams, U. 8. Geol. Survey]

Dissolved Hardness ¢ Other data
solids as CaCOs
Fluo- Ura- | Vana- Sele- | Resi- Specific|
ride | Nitrate| Boron | nium | dium C%p er| Lead | nlum due con- Remarks
(F) [ (NOy) | (B) (U)s V) | ( 138 (Pb)? | (Se) on Tons | Cal- | Non- | duct- | Per- xi)H
evapo- | per cium car- ance cent (lab-
ration | acre- | magne-| bon- |(Micro-! sodi- ora-
at 180° ft sium ate mhos | um? | tory)
C. at 25°
(ppm) C.)
Basin shale member
0.7 8.3 0.03 0.05 0.09 0.00 0.00 0.05 566 0.77 250 0 908 50 8.1 | Basal conglomerate of Brushy Basin-
member. Yield<lgpm.! Temp. 54°F.
2.6 8.8 .40 .08 .80 .05 .00 | <.05| 2180 2.96 64 04 3270 96 9.4 | Sandstone of the Brushy Basin mem-
ber. Yield <1 gpm. Temp. 43° F
Field pH 9.
7 .2 PR 2 (R N I, [ N, 1,690 2.30 870 380 | 2,360 8.0 | Sandstone of the Brushy Basin mem-
ber. Temp. 38° F. Field pH 6-7.
1.0 .8 c07 |acccccec]ammcccec]accnmmac]|emcmamac]ancmncan 1,190 1.62 156 0} 1,730 82 8.1 | Sandy shale of the Brushy Basm mems-
ber. Field pH 7. Temp. 4
.8 .1 .09 .02 .12 .00 .00 <.05 920 1.25 360 0| 1,420 85 7.9 | Basal conglomerate of Brushy Basin
member. Field pH 7. Temp. 43° F.
.3 14,0 [0 ) PR PR P, - 989 1,35 668 214 | 1,610 27 7.7 | Quaternary alluvium derived from
Brushy Basin (?) member. Field
pH 7.
Salt Wash sandstone member
0.7 0.2 0.04 0.0 | <0.1 0.06 0.03 0.00 743 1.01 572 64| 1,230 20 7.5 | Ore-bearing sandstone, 30 feet down-
dip 1fron(ni yanlned ore body. Sediment
analyzed.
.0 (18) Q)] 18.0 95.0 .01 .03 | 12.50 | 3,700 5.03| 2,010 | 2,510 | 4,410 4 6.8 | Seep from mineralized sandstone, B—4
.82 ] 1.8 .00 .00 3.13 sediment analyzed.?
.6 .9 .08 .1 <.1 .03 W17 .00 690 .94 345 0 1,100 4 8.0 Ore-biearhég sandstone(?). Sediment
analyze
.6 4.7 .08 .3 <.1 .00 .00 .00 484 .66 389 54 820 15 7.5 Base of orgr bearmégo sandstone. Yield
1gpm em f
.5 5.6 .02 .2 <.1 .07 .06 .00 494 .67 406 64 807 14 7.7 | Ore-bearing sandstone 100 feet down-
dip from mined ore body. Sediment
analyzed.®
4.1 .04 .0 .1 .00 .00 .00 336 .48 298 16 584 7 7.9 | Top of ore-bearing sandstone. Yield
100 gpd.® Temp. 50° F.
.4 4.1 .03 .02 .16 .00 .00 <.05 401 . 56 227 0 669 38 8.1 | Ore-bearing sandstone, 2,000 feet down-
dip from nearest known ore body.,
Yield <1 gpm. Fle]dde 6.17
.2 1.2 .02 .6 <.1 .00 .00 .00 666 .91 400 52 | 1,030 33 7.9 | Base of ore-bearing sandstone. Yield
84 gpd. Temp. 52°
.4 156.0 .00 .3 1.2 .00 .00 .00 360 .49 290 89 576 11 7.7 Ore-gear’i‘ng szxﬁ%(;ztone. Yield <25
. em
.3 6.1 .01 .2 <1 .00 .00 .00 451 .61 392 59 740 9 7.7 Migeralnggzgngstone Yield 120 gpd.
emp
.3 6.2 .02 .8 <.1 .00 .00 .00 386 .52 324 64 655 12 7.7 | Mine sump.
4 L7 0 <1 <1 .00 .33 .00 314 .43 226 40 523 20 7 Mi!}qefdalizleidﬁsandstone. Temp. 44° F.
ield pH 6.
.4 L9 |omeaaaae 8.7 22.8 .00 .00 .00 | 1,400 1.90 768 364 | 1,990 34 7.4 Mllﬁa7sump. Temp. 47° F, Field
.2 .2 00 <1 .1 .00 .00 .00 844 115 410 100 | 1,250 40 7.7 Ore-bearing sandstone. Yield 15 gpm.
Temp. 56° F. TFicld pH 6.
.4 5.4 .02 .2 <.1 . 00. .80 .00 361 .49 338 38 647 6 8.3 Mrlrneralngsd sg:dstouo Yield 59 gpd.
emp
.4 2.6 .04 .8 <1 .00 .04 1.00 759 1.03 304 138 | 1,100 47 7.9 M’i‘nemlxzoél s%ndstone. Yield 300 gpd.
emp. 5
.3 5.8 .02 .2 <.1 .00 .02 7.87 | 1,430 1.94 314 146 | 2,030 70 7.9 | Ore-bearing sandstone, 50 feet below
: minerslized sandstone. Temp. 56° F.
Field pH 6.5-7.
........ [P PO .01 .01 .01 .01 .05
10 Sample collected from studge pit in drift. Water contaminated by drill sample. Color disappears with addition of HzO. Deep yellow developed with

sludge.

Source:

13 Deep-blue color dovelopcd on addition of phenodlsu]fomc acid to evaporated

nderground seep from face of ore.
13 On addition of HCI, yellow color developed, but faded after standing.

Source: Underground scep from face of ore.
1t Sample collected from flooded winze. Water uncontaminated by drill sludge.

4

lbép

1 Unable to detect green-yellow color of boron,
d: Gallons per day.
ntains 14 ppm COs.

17 Al field pH determinations were by “Hydrion” paper,
18 Contains 7 ppm COs.
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sn:oﬂ.e WATER BEARING MEMBER OF TRACE ELEMENTS (PARTS PER MILLION) pH
. THE MORRISON FORMATION U V Cu Pb Se
— .
50/18W 1€, SALT WASH 0.3 |<0.1 [0.0 [00 Joo 75
50/18W - 12 SALT WASH 2 { <1 0 06. | 00 77
50/18W - 120, & SALT WASH 0 | < 00| 00 | .00 7.9
50/17W -190 SALT WASH 0 | < 06 | 03 | 00 7.8
as/iw’- 68, B EXPLANATION SALT waSH 02{ .16| 00 | 00 | o8 8.
AT/17W - 208 Colclum Magnesium Sodium SALT WASH 2 (<t | 00 00 | 00 7.7
CALCIUM 7 q
MAGNESIUM 47/ 17w - 29, m 2 SALT WASH 6 | <l 00 | 00 | 00 7.7
BICARBONATE Bicarbonate Sulfate Chioride
WATER
-41/1TW- 270, mfmn SALT WASH 3 (12 ] 00| 00 |00 7.7
47717158, SALT WASH 6 | <) [ 00} 00 |00 7.9
A3/18W -29C, SALT WASH 4l <t | 001} 33 |00 17
42/18W - 64 N BRUSHY BASIN (7) NOT DETERMINED
28/23€ - 34, SALT WASH 2 | <t 00 | 00 | 00 83
36/ 21E - 26 SALT WASH ) 4] < 00 |-00 | 00 77
CALCRM . -
MAGNESIUM - .on | SSALT_WAS X o1 ; e
suLFare 0/ 18W - 94,
WATER (
1 N
37/21€ -108, D I =< SALT WASH 87 |228 | 00 | 00 | 00 74
23/22E -68 SALT WASH 8 { <t 00 | G4 (100 7.9
SODIUM
SULFATE 22/ 22E - 334, SALT WASH 2 | < 00 | 02 |787 79
WATER
a7/ 1TW-27A, ,/>\\\\\ \\\ \\ {BRUSHY BASIN NOT DETERMINED
—
50/ 18W - 9C SALT WASH (?) €| < 03| 47 | 00 8.0
BRUSHY BASIN - . 9.4
sopium  49/17W-éD, S 03 | 00 | 05
BICARBONATE
WATER
44/18W -33C, BRUSHY BASIN NOT DETERMINED
R e e
43/19W - 32C, “\\“ BRUSHY BASIN 02 d2| .00 ) Q0 05 79
| | | |EQUIVALENTS | PER | MILLION | t | ) |
o 5 10 15 20 25 30 35 40 48 50 85 60’

Compited from analyses by C.S. Hovlcrd
G.J. Petretic, and L.F. Rader

FiGURE 12.—Bar graph showing analyses of ground water from the Morrison formation in equivalents per million and the concentration of

trace elements in parts per million.

Water from the Brushy Basin member has a high
concentration of sodium ions, whereas, water from Salt
Wash sandstone has a high calcium- and magnesium-
ion concentration. This difference in chemical quality
probably is due largely to gross differences in mineral-
ogic composition between the Salt Wash and Brushy
Basin sedimentary rocks.

The uranium, vanadium, copper, lead, and selenium
content of 19 of the 22 water samples is also shown on
figure 12. The concentration of uranium, vanadium,

Sample locations shown on figure 10.

copper, and lead at the threshold of detection is about
0.01 ppm, whereas, the concentration of selenium at
the threshold of detection is 0.05 ppm. Where 0.00 ppm
is reported for selenium, it indicates less than 0.05 ppm;
for the other metals 0.00 ppm indicates a concentration
of less than 0.01 ppm. As a general rule, these metals
were found in amounts of less than 1 ppm, and some
are present in such small amounts that they are just
above the threshold of detection as determined by quan-
titative methods used at the time these solutions were
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analyzed. Although the concentration of these metals
differed within these limits, the amounts present do not
seem to correspond to the variations of total dissolved
solids in the ground waters.

Lead was detected in trace amounts in some of the
samples collected from the ore-bearing sandstone. At
the localities from which these waters were collected
this metal is known to occur in minor amounts in the
uranium-vanadium ore.

Selenium and copper, common in many ore deposits
in the Salt Wash member, were detected in water from
the Brushy Basin member, even though this member
contains very few ore deposits.

Fluoride in ground water from ore-bearing sandstone
in the Salt Wash member is usually present in amounts
ranging from 0.20 ppm to 0.90 ppm. However, sam-
ples 49/1TW-6D, and 44/18W-33C,, collected from the
Brushy Basin member, have 2.60 ppm and 1.00 ppm
fluoride, respectively. The significance of these dif-
ferences cannot be determined from the few analyses
available.

Detectable amounts of boron are present in most of
the ground waters sampled for analysis. The average
concentration of boron in all the samples analyzed is
0.05 ppm.

Uranium and vanadium were detected in all the water
samples that were analyzed for these metals. The
greatest amount of uranium and vanadium was de-
tected in ground water from mine sumps (samples 50/
18W-9A, and 37/21E-10B,). EKither the metals in
these samples were present as colloids or else the ore
minerals from these mines were more soluble in this
ground water than elsewhere. It might be significant
that these water samples have a higher magnesium-ion
and hydrogen-ion concentration than those from any
other locality. It is also suggested that the oxidation
potential of these waters might differ from the ordinary
ground-water solution from the Salt Wash member.
In the remaining 17 samples, none contained uranium
or vanadium in amounts greater than 1.20 ppm, and
the median amount of uranium or vanadium in the nor-
mal ground water is about 0.10 ppm. As observed by
Phoenix and reported by Judson and Osmond (1955),
these amounts are appreciably higher than can be ex-
pected from nonmineralized areas.

Observed secondary uranium and vanadium minerals
on fractures suggest that the concentration of the urani-
um and vanadium ions in the ground water might bear
some spatial relationship to the ore deposits. To test
this, sample 49/17W-6B, was collected at a spring issu-
ing from ore-bearing sandstone of the Salt Wash at a
point approximately 2,000 feet downdip from the near-
est ore body, and sample 47/1TW-29A; was collected

from a mine stope in the immediate vicinity of sand-
stone that contained carnotite ore. The first sample
contained 0.02 ppm uranium and 0.16 ppm vanadium,
whereas, the second contained 0.20 ppm uranium and
<0.10 ppm vanadium. The higher concentration of the
uranium ions in the sample of ground water collected
near an ore body suggests a difference that may be di-
rectly related to the proximity of the deposits.

It was expected that there might be a major difference
in the uranium and vanadium content between the
waters collected from the Salt Wash member and those
collected from the overlying Brushy Basin member, as
the Salt Wash contains practically all the ore deposits
found in the Morrison formation. Differences, however,
are not too striking. Three water samples from the
Brushy Basin average 0.04 ppm uranium and 0.17 ppm
vanadium. Samples of ground water from the Salt
Wash and from the Brushy Basin together, excluding
samples reported from ore or from mine sumps, and ex-
clusive of those for which a “less than” value is given,
have the following average content: 0.24 ppm uranium
in 5 samples (50/18W-9C, 50/18W-11C,, 50/18W-
12C,, 49/17TW-6B,, and 47/1TW-27D,), and 0.45 ppm
vanadium in 4 samples (49/1TW-6B,, 47/1TW-27D;,
49/1TW-6D,, and 43/19W-32C,).

The relation of metal concentration to the hydrogen-
ion concentration in the ground-water solutions cannot
be determined with certainty from the few analyses
available. Within the determined limits of hydrogen-
ion concentration—that is, a pH of 6.8 to 9.4—uranium
concentrations are between 18.9 ppm for the most acid
solution to 0.06 ppm for those that are most alkaline;
whereas, vanadium concentrations are between 95 ppm
for the most acid solutions to 0.3 ppm for the most
alkaline. These data would suggest a rather direct cor-
relation with pH and the solubility of the uranium and
vanadium. However, as Garrels (1953; 1954, written
communication) has shown, the stability of uranium
and vanadium in aqueous solutions is not only de-
pendent upon the pH of the solution, but upon the Eh
of the solution and upon the oxidation state of the ura-
nium and vanadium compounds as well. Unfortunate-
ly, it has not been possible to measure Eh in natural
solutions with consistent results, and thus no direct cor-
relation between the amount of the uranium and vanadi-
um in the ground-water solution and pH alone should
be made until more data become available. The water
samples that contain high concentrations of uranium
and vanadium were collected from places where ores are
undergoing active oxidation, thus giving maximum op-
portunity for solution of unstable phases formed dur-
ing the oxidation process.

The efflorescent coatings of bicarbonate and sulfate
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salts around the rims of springs or seep outlets distant
from known ore deposits are not radioactive. There is
thus no indication that carnotite, or some similar urani-
um mineral, is being precipitated from the normal
ground water at these places. On the other hand, the
carnotite observed coating many fracture surfaces in
the ore-bearing sandstone near the ore deposits above
the present water table, as well as the efflorescent coat-
ings-of uranium and vanadium salts on mine walls,
show that uranium and vanadium are migrating. Ura-
nium minerals coating fractures may have formed from
earlier ground water. It also seemslikely that capillary
water in the zone of aeration dissolves previously de-
posited minerals and carries uranium and vanadium
only a short distance before precipitating them as salts
on the mine walls.

CONCLUSIONS

Ground water is contained in sandstone strata of the
Morrison formation that are ore bearing. This water
is usually perched on mudstone and is free to fluctuate
with seasonal variations in precipitation. Locally,
where structural conditions prevent drainage, ground
water is confined and the sandstone strata are saturated.
The occurrence and chemical character of ground water
in the Morrison formation are thus dependent upon a
number of factors including variation in climate, the
geomorphic history of the region, and upon the struc-
ture and composition of the rocks.

The analyses of the samples of ground water collected
from the Salt Wash and Brushy Basin members of

GEOCHEMISTRY AND MINERALOGY, COLORADO PLATEAU URANIUM ORES

the Morrison formation probably represent the chemical
character of the ground water contained in these rocks.
The ground water in the Salt Wash is a weakly alka-
line bicarbonate solution with variable amounts of cal-
cium and magnesium ions; the ground water in the
Brushy Basin is likewise weakly alkaline but is either
a sulfate or bicarbonate solution with sodium.

The ground water in the Salt Wash, regardless of
its chemical character, generally contains less than 1
ppm of uranium, vanadium, copper, lead, and selenium
ions. Uranium, vanadium, and selenium ions, in
amounts of less than 1 ppm, probably are also typical
constituents of ground water in the Brushy Basin. The
significance of the amounts of these ions present in
ground water in both Salt Wash and Brushy Basin
members in regard to spatial relationships to the ore
bodies cannot be determined with certainty from the
number of samples analyzed, but significant differences
may exist. If the fluid responsible for introduction of
the uranium and vanadium metals into the Salt Wash
was comparable to the recent ground water, it contained
very small amounts of the metal ions.
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ABSTRACT

In the Colorado Plateau uranium has been produced chiefly
from very shallow mines in carnotite ores (oxidized vanadif-
erous uranium ores). Recent deeper mining has penetrated
black unoxidized ores in water-saturated rocks, and extensive
exploration has discovered many deposits of low vanadiferous
to nonvanadiferous ores. The uranium ores include a wide
range from highly vanadiferous to nonvanadiferous and from
as much as 1 percent to a trace of copper, and they contain a
small amount of iron and traces of lead, zine, molybdenum, co-
balt, nickel, silver, manganese, and other metals.

Recent investigation indicates that the carnotite ores have
been derived by progressive oxidation of primary (unoxidized)
black ores that contain low-valent uranium and vanadium oxides
and silicates. The uranium minerals uraninite and coffinite are
associated with coalified wood or other carbonaceous material.
The vanadium minerals, chiefly montroseite, roscoelite, and
other vanadium silicates, occur in the interstices of the sand-
stone and in siltstone and clay pellets as well as associated with
fossil wood. Calcite, dolomite, barite and minor amounts of
sulfides, arsenides, and selenides occur in the unoxidized ore.

Partly oxidized vanadiferous ore is blue black, purplish
brown, or greenish black in contrast to the black or dark-gray
unoxidized ore. Vanadium combines with uranium to form
rauvite. The excess vanadium is present in corvusite, fernandi-
nite, melanovanadite and many other quadrivalent and quin-
quevalent vanadium minerals as well as in vanadium silicates.
Pyrite and part or all of the calcite are replaced by iron oxides
and gypsum.

In oxidized vanadiferous uranium ores the uranium is fixed
in the relatively insoluble minerals carnotite and tyuyamunite,
and the excess vanadium commonly combines with one or more
of the following: Calcium, sodium, potassium, magnesium, alu-
minum, iron, copper, manganese, strontium, or barium, or rarely
it forms the hydrated pentoxide. The relatively stable van-
adium silicates are little affected by oxidation.

The unoxidized nonvanadiferous ores contain uraninite and
coffinite in close association with coalified wood and iron and
copper sulfides, and traces of many other sulfides, arsenides and
selenides. The oxidized nonvanadiferous ores differ from the
vanadiferous ores because, in the absence of vanadium to form
a uranyl vanadate complex, a great variety of secondary yellow
and greenish-yellow uranyl minerals are formed. The uranyl
sulfates and carbonates are more common than the oxides, phos-
phates, arsenates, and silicates. Because the sulfates and car-
bonates are much less stable than carnotite, the oxidized non-
vanadiferous ores occur only as halos around cores of unoxi-
dized ore and do not form large oxidized deposits close to the
surface of the ground as do carnotite ores.

Oxidation has taken place since the lowering of the water
table in the present erosion cycle. Because of local structures
and the highly lenticular character of the fluviatile host rocks
perched water tables and water-saturated lenses of sandstone
are common high above the regional water table. Unoxidized
ore has been preserved in these water-saturated rocks and the
boundary between oxidized and unoxidized ore is very irregular.

INTRODUCTION

Vanadiferous uranium ores were discovered in sand-
stones in western Colorado in 1898 and carnotite, a
yellow secondary uranyl vanadate mineral, was named
the following year (Friedel and Cumenge, 1899); At

first the ores were mined chiefly for radium, later for
vanadium, and recently for uranium (Coffin, 1921;
Fischer, 1942 ; Fischer, 1950). For many years the pro-
duction was from oxidized ore in shallow mines, and
the Colorado Plateau ores became characterized as
carnotite ores (Hillebrand and Ransome, 1905; Hess,
1933). Recent extensive exploration and deeper
mining, in many places in the Colorado Plateau, have
penetrated black unoxidized vanadiferous ore below
perched water tables or close to the main water table.
Also nonvanadiferous ores, both oxidized and un-
oxidized, have been found. Much of the present
uranium produced in the Plateau is from relatively un-
oxidized, or primary, ore. The deposits are now gen-
erally referred to as sandstone-type uranium deposits
rather than carnotite deposits.

The chief uranium-producing beds in the Colorado
Plateau are in the Morrison formation of Late Jurassic
age and contain vanadiferous uranium ore. Important
production also comes from the Shinarump member
and other basal sandstones of the Chinle formation of
Late Triassicage. These contain vanadiferous uranium
ore in Monument Valley, Ariz.; Big Indian Valley,
San Juan County, and the Temple Mountain area,
Emery County, Utah ; copper-uranium ore in the White
Canyon and Red Canyon areas of San Juan County,
Utah; and uranium ore in other areas of Utah and
Arizona. The Todilto limestone of Late Jurassic age
on the northeast and east of the Zuni uplift in New
Mexico contains uranium and a little vanadium. The
Entrada formation of Late Jurassic age along the
eastern margin of the Plateau in Colorado contains
vanadium ore with low uranium content. Both a geo-
graphic and stratigraphic variation in metal ratios
occurs in the Platean ores (Part 8 of this volume).

Thanks are due many of our colleagues on the Geo-
logical Survey—especially the authors of the other
parts of this volume—who have advised or partici-
pated in this study. Chemists, spectrographers, and
X-ray crystallographers have done much analytical
work, and many field geologists, both of the U. S. Geo-
logical Survey and the U. S. Atomic Energy Com-
mission, and mining company employees have aided
us in this study. References to the geology and
mineralogy of various uranium deposits on the
Colorado Plateau by J. W. Gruner, P. F. Kerr, and
many others have been compiled by Cooper (1953,
1954).

CLASSIFICATION

The Plateau uranium ores are classified on the basis
of whether or not a significant amount of vanadium is
associated with the uranium (Weeks and Thompson,
1954). The presence of vanadium has an important
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chemical and mineralogic control on the uranium during
the oxidation of the ore. Vanadiferous uranium ore
ranges in V: U ratio (weight percent) from more than
15:1 to 1:1 and contains traces of copper and other
metals, but in general the copper content is less than
in nonvanadiferous ores. The uranium ores referred
to in this report as nonvanadiferous may contain traces
of vanadium and commonly contain minor amounts of
copper and other metals, locally as much as 1 percent of
copper. The two main types may be subdivided
according to the degree of oxidation that has taken
place. Mineralogically the types differ greatly because
the affinity of vanadium for uranium tends to make
the uranyl vanadates carnotite and tyuyamunite the
chief uranium minerals in oxidized vanadiferous ore,
whereas the oxidation of uraninite in nonvanadiferous
ore produces a greater variety of secondary yellow and
greenish-yellow uranyl minerals such as hydrated
oxides, carbonates, sulfates, phosphates, arsenates, and
silicates (tables 1 and 2). Subdivision of the non-
vanadiferous uranium ores on the basis of copper con-
tent (Finch, 1954) is unnecessary because the copper
is unimportant commercially and it does not control
the uranium during oxidation by complexing as does
vanadium. The uranium ore at Temple Mountain in
the eastern part of the San Rafael Swell in Utah has
been referred to as asphaltite ore (Hess, 1922) because
of the abundance of asphaltic or other carbonaceous
material. However, higher-than-average carbon con-
tent does not prevent classifying this ore on the basis
of mineral assemblage with the other vanadiferous
uranium ores. All the Plateau uranium deposits have
associated carbonaceous material, and the Temple
Mountain ores differ more in degree than in kind.
Much more vanadiferous than nonvanadiferous
uranium ore has been mined on the Colorado Plateau.
This is due to the influence of intensive mining of
vanadium just prior to the recent interest in uranium
mining. Seven of the nine processing plants on the
Plateau in 1955 handled vanadiferous ore and recovered
both vanadium and uranium (Ritter, 1955). Recently
the production of low vanadiferous and nonvanadi-
ferous ores has increased rapidly. The sandstone-type
uranium deposits on the south and west flanks of the
Black Hills, in South Dakota and Wyoming, are
moderately vanadiferous and resemble the carnotite
ores of the Colorado Plateau. However, the sandstone-
type uranium deposits in the Ambrosia Lake district
of McKinley County, New Mexico and in the Powder
River basin of Wyoming seem to be low vanadiferous
and those in the Wind River basin of Wyoming and
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in Karnes County, Tex., many contain more uranyl
phosphates and arsenates than uranyl vanadates.

ORE MINERALOGY

TaBLE 1.—Uranium minerals found on the Colorado Plateau

Oxides:

Uraninite, UO,+

Becquerelite, 2U0;-3H;0

Schoepite, UOy(OH);-H,O

Fourmarierite, PbU,0.3-7TH,0 (?)

Gummite (fine-grained mixture consisting in part of hy-
drated oxides)

Carbonates:

Rutherfordine, (U0s) (CO3)

Schroeckingerite, NaCas(UO,) (CO;)3(S0,) F-10H,0
Bayleyite, Mgz(UOz) (COa)s‘].SHgO

Swartzite, CaMg(UO,) (CO;)s-12H,0

Andersonite, Na;Ca(UO;) (CO;);-6H;0

Liebigite, C&z(UOz) (003)3'10—11H20

Rabbittite, CazMg;(U0;)3(CO3)(0H),- 18H,0

Sulfates:

Ura.nopilite, (UOQ)Q(SO;) (OH) 10-12H;3;0
Johaxmite, CH(U02)2(SO4)2(OH)26H30
Zippeite, K4(U02)5(SOq)s(OH) 100H,0 1
Zippeite-like minerals containing Na; Co, Ni, Fe, or Mg

Phosphates:

Autunite, Ca(UO0,),(PO,)e-10~-12H,0
Torbernite, Cu(UQ;):(P0O,).-12H,0
Bassetite, Fe(UO2)2(PO4)a'8H20
Meta-autunite, Ca(UOQ,);(PO;),-8H,0
Metatorbernite, Cu(UOQ.)s(POy4),-8H,0
Phosphuranylite, Ca(UQ;)4(PO,);(OH)7H;0
Sabugalite, HAI(UO;);(PO«);-lﬁHQO

Saléeite, Mg(UO,).(PO,).-8H;0

Arsenates:

Zeunerite, Cu(UO;)2(As0y).-10-12H,0
Abernathyite, K:(UQ,)3(As0y),-8H,;0
Metazeunerite, Cu(UO,),(AsOy),-8H,0
Novacekite, Mg(UO,;),(AsOy),-8-10H,;0

Silicates:
Coffinite, U(SiO4)1—x(OH) 4,
Uranophane,” Ca(Hao)z(UOz)z(Si04)g3H20
Beta-uranophane, Ca(H;0):(U0;)2(Si04),-3H;0
Boltwoodite, Kz(UOz)z(SlOs)z(OH)2'5H20
Cuprosklodowskite, Cu(UO;)2(Si03)2(0H)s-5H,0
Sklodowskite, Mg(UO,):(Si0;)2(0H),.6H,0
Soddyite, (U0;)5(Si04),(0H)s-5H,0
Vanadates:
Carnotite,3 KQ(U02)2V203'1—3H20
Tyuyamunite, Ca(UO,) V,05-5-8%H,0
Metatyuyamunite, Ca(UQ,),V,04-3-5H;0
Rauvite, Ca0-2UQ0;-5V,05-16H;0
Uvanite, 2U0;-3V;0;-15H,0

Unknowns: Several carbonates, sulfates, phosphates, and sili-
cates
1 Written communication, Clifford Frondel.

2 Structural formula, Smith, Gruner, and Lipscomb, 1957,
8 Structural formula, Appleman and Evans, 1957,
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- TaBLE 2.—Vanadium minerals Jound on the Colorado Plateau

Ocxides:
Montroseite, VO(OH)
Higgite, V,0,(0H)s
Paramontroseite, VO,
Doloresite, 3V;,044H;0
Duttonite, VO(OH),
Navajoite, V,0;3H,0
Phosphates:
Sincosite, CBV303(PO4)3-5H20
Vanadite:
Simplotite, CaV,0-5H,0
Vanadyl vanadates:
Melanovanadite, 2Ca0-2V;0,.3V.0;-H,0 (?)
Sherwoodite, Ca:3VsOn-15H20
Fernandinite, Ca0-V;0,5V30;14H,0
Corvusite, V204‘6V205'IIH20
Corvusite-like mineral, V0, 5V,0512H,0
New calcium vanadyl vanadate
New sodium calecium vanadyl vanadate
New potassium iron vanadyl vanadate
Vanadates:
Descloisite, (Zn,Cu)Pb(V0O,)(OH)
Santafeite, Na,0-3MnO;-6(Mn,Ca,Sr) 0-3(V,As);0; 8H;0
Tangeite, CuCa(VOy) (OH)
Vésigniéite, Cu;Ba(VO,).-(0OH);
VOlbOI’thite, CU3(VO4)2-3H30
Vanadinite, Pb;(VO,)sCl
Camotite,l Kz(UOz)2V203~3H30
Tyuyamunite, Ca{U0,);V,0¢-5-8%4H;0
Metatyuyamunite, Ca(UOQ;),V;05-3-5H,0
Fervanite, Fey(VO,),-2%H,0
Steigerite, Al;(VO,);-6%H,0
Brackebuschite, PbyMnFe(VO,)2H,0
New vanadate, SrO-Ca0-V;043H;0
Rossite, CaV;04-4H,0
Metarossite, CaV;0-2H,0
Pascoite, Caz Vg4 16H,0
Hummerite, K;Mg; V105 16H;0
Uva,nite, 2U03°3V205~15Hzo (7)
Rauvite, Ca0-2U0;-6V,0;-20H;0 (?)
Hewettite, CaV3015-9H,0
Metahewettite,? CaV3016-3H,0
Barnesite, Na3V06:3H,0
Silicates:
Roscoelite, K(Al,v)z(AI,Si;) O]Q(OH,F);
Vanadium-bearing hydrous mica
Vanadium-bearing chlorite

! Appleman and Evans, 1957.
9 Burnes, 1955.

MINERALOGY OF THE PRIMARY (UNOXIDIZED) ORES

VANADIFEROUS ORES

The primary vanadium-uranium ores are character-
ized in general by their black color and by the presence
of low-valent uranium and vanadium oxides and sili-
cates, and by copper, iron, lead, and zinc sulfides, ar-
senides, and selenides (table 8). These ores should not
be confused with the blue-black or corvusite ores which
represent an intermediate stage of oxidation. The ores
have a wide range of vanadium content and for con-

venience in description they have been divided into
groups on the basis of their vanadium-uranium ratios.

TABLE 3.—Sulfides, arsenides, selenides, and other accessory
metallic minerals found on the Colorado Plateau

Elements:

Native arsenic
Native selenium

Sulfides:
Pyrite, FeS,
Cobaltian pyrite (Fe,Co)S,.
Selenian pyrite, Fe(S,Se);.
Marcasite, FeS,
Selenian marcasite, Fe(S,Se),.
Galena, PbS.
Sphalerite, ZnS
Chalcocite, Cu,S
Digenite, Cug-,S
Bornite, CusFeS;
Chalcopyrite, CuFeS,
Greenockite, CdS
Covellite, CuS
Molybdenite, MoS,
Jordisite,! Mo sulfide (?)
Realgar, AsS
Tennantite (Cu,Fe)12As:S;3

Arsenides:
Domeykite, CuzAs
Selenides:

Clausthalite, PbSe
Eucairite, CuAgSe
Ferroselite, FeSey

1 Gruner and Gardiner (1952).

As much as 1 percent Co.
As much as 5 percent Se.

As much as 1 percent Se.

VANADIUM-URANIUM RATIO GREATER THAN 15: 1

Vanadiferous ores with low uranium content are
characterized by the dominance of vanadium silicates
over vanadium oxides and by the general lack of fos-
sil wood. The unoxidized ores in the Entrada sand-
stone (Jurassic) of the Rifle and Placerville districts
in western Colorado are repesentative of this group
and appear to have a monotonous and simple minera-
logic composition (pl. 1). At Placerville roscoelite is
the dominant vanadium mineral occupying the inter-
granular areas as fine-grained micaceous aggregates,
and at Rifle it is accompanied by some vanadium-bear-
ing chlorite and mixed layer mica-montmorillonite (or
so-called. hydrous mica). No vanadium hydrous mica
is present in the primary roscoelite ore at Placerville.
The chemical analyses of Placerville samples (table 4)
indicate that vanadium substitutes for aluminum; the
high potassium and low water content are character-
istic of roscoelite and not of vanadium hydromica. In
roscoelite-rich thin layers either concordant with or
cutting across bedding planes the quartz is strongly
corroded and microstylolites (Fischer, 1942, p. 380) de-
velop where the quartz grains are in juxtaposition.
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TABLE 4.—Chemical analyses of roscoelite

1 4 Metal atoms
44,81 40. 40 3.045
.56 .20 o1 4.000
B 183 vews{ O3
20.41 17.57 1.061
........... 1.69 . 092 1.967
1.58 .61 . 039
.83 .83 . 093
8. g@; 11.26 1.081 1. 081
3.87 354
. 33 .40
_________ (_) g: 13 }Oalclto impurity
W02 .
1) S,
None _.o_....
.15 <0.10
01 e
00.75  100.33
0. 06
99. 69

1. Roscoo]lto from Placerville, Colo. (Fischer, Haff, and Rominger, 1947, p. 124),

Analyst, V. Nort
2. oscoollte from Fall Creek mine, Placerville, Colo., collected by A. L. Bush.
Analyst, H. Levine.

Montroseite (Weeks, Cisney, and Sherwood, 1953) is
interleaved with the roscoelite aggregates as small dis-
crete crystalline rosettes. Paramontroseite (Evans and
Mrose, 1955) may locally supersede montroseite where
oxidation has commenced. Calcite or dolomite com-
monly accompanies the montroseite and roscoelite and
appears to be contemporaneous with the vanadium
mineralization. Minor but persistent galena-clausthal-
ite (selenium and sulfur in solid solution) and chalco-
pyrite are accompanied by sparse pyrite and marcasite.
Small amounts of uranium are present, but its min-
eralogic occurrence has not been determined completely.
The deposits at Rifle, Colo., are more fully described in
Part 19 of this volume.

VANADIUM-URANIUM RATIO BETWEEN 15:1 AND 1:1

Ores with vanadium-uranium ratios ranging between
15:1 and 1:1 occur extensively in the Salt Wash sand-
stone member of the Morrison formation (Late Juras-
sic) and to a lesser extent in the Shinarump member
and other basal sandstones of the Chinle formation
(Triassic) and in other formations.

The uranium occurs in uraninite and coffinite (Stieff,
Stern, and Sherwood, 1956) in the primary ore and al-
most without exception is associated with coalified wood
or other carbonaceous material and with pyrite or other
sulfides. Thorium and rare earths are conspicuously
absent in analyzed uraninites (table 5) from the Colo-
rado Plateau and the U(IV) is found to be in excess of
U(VI). Various stages of uranium saturation of the
coalified wood have been observed. An ordinary X-ray
diffraction powder photograph of mineralized wood
may not detect uraninite or coffinite unless several per-
cent uranium is present.

Uraninite preferentially replaces the cell walls of
the wood structure (pl. 1C). Commonly the cell
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TABLE 5.—Analyses of uraninites ! ?

92.22
8.6
80=5.43

Upeeiﬂc gravity

- 9.1
nit cell.ouo oo .- -| 8e=5.43

1 Analyst: Glen Edgington, U. S. Geological Survey.
(13 5%)ge eterminations on these uraninites have been published by Stieff and Stern

1. Happy Jack mine, White Canyon, Utah. Probably contains quartz, pyrite
2. Shclgssfrcggga'Nagdlcg?llgg,pg?vtgnnsl\ﬂligoé;{lnﬁ)%mgrsand County, Utah. Probably
contains pyrite, quartz, calcite, and barite as minor impurities.
lumens (cavities) are filled by sulfides (pl. 10), but
if the lumens are vacant the uraninite also forms in
this area. Where the original wood structure was
collapsed or vitrainized or both during diagenesis, the
uraninite intimately impregnates or replaces the coal
and faithfully retains the coaly structures. Uraninite
deposited in the sandstone bordering fossil wood may
show replacement of earlier sulfides, or detrital quartz,
or be intimately intergrown with calcite or dolomite.
Coffinite is found within coalified wood where it fills
the cell cavities. Most of the occurrences of coffinite
are in vanadiferous ores, and many of these are in the
Salt Wash sandstone member of the Morrison forma-
tion in the Uravan mineral belt of western Colorado
(Fischer and Hilpert, 1952).

Detailed study of polished sections of mineralized
carbonaceous material indicates that much of the so-
called asphaltite ore is sandstone containing many
small detrital fragments of coalified wood with some
interstitial insoluble carbonaceous matter that is aniso-
tropic and does not show any cell structure. The
quartz grains in the impregnated sandstone bordering
the wood are commonly corroded. Particularly in the
Temple Mountain area this type of ore is further im-
pregnated or coated along joint surfaces with thick
brown crude oil. The chemical character of these
carbonaceous materials is discussed in Part 12 of this
volume.

In the primary ores of this group vanadium oxides
appear to be more abundant locally than vanadium
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silicates. 'The chief primary oxide, montroseite
VO(OH), is easily oxidized to the more commonly
observed paramontroseite. Another primary vana-
dium oxide higgite V.0.(OH); has been identified
from near Carlile, Wyo. (Evans and Mrose, 1958) and
from several mines in McKinley and Valencia Coun-
ties, N. Mex. In places montroseite impregnates 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 (pl.
24, B) or in interstitial areas of the sandstone (Weeks,
Cisney, and Sherwood, 1953, p. 1237).

Associated with the montroseite and paramontrose-
ite in the intergranular matrix are vanadium silicate
minerals. Vanadium-bearing chlorite may be one of
the most important vanadium silicates in the primary
ores. Intensive study of a small number of samples
by Hathaway (Part 11 of this volume) indicates that
roscoelite is not an important mineral in this group,
but that vanadium hydromica, characterized as a mixed
layer mica-montmorillonite clay, is commonly present
and may contain considerable amounts of vanadium.
The vanadium silicates impart a deep greenish or
brownish color to the rock and in thin section show
a moderate birefringence and a marked pleochroism.
Kaolinite is common in the ores of the Grants district
in New Mexico but only a small amount is present lo-
cally in the Uravan district of Colorado. XKaolinite
does not contain substituted vanadium.

Pyrite and marcasite are the most common sulfides
associated with the primary ores and two distinct
generations of iron sulfides have been recognized.
Sulfides formed during diagenesis impregnate or form
pseudomorphs of wood or occur as nodules and are
considered pre-ore. KEuhedral and massive pyrite as-
sociated with uraninite and galena are considered
penecontemporaneous with the mineralization (pl.
2C). Detailed study of the iron sulfides shows that
those associated with mineralization have been en-
riched in cobalt and nickel relative to the diagenetic
sulfides. Galena is commonly present within the
uraninite and as later vein material cutting uraninite,
indicating two generations. Chalcopyrite, chalcocite,
digenite, sphalerite, molybdenite, greenockite, native
arsenic, and realgar occur sparingly in the primary
vanadiferous ores.

Minor amounts of selenides including clausthalite,
eucairite, and ferroselite are found along ore boundaries
or associated with coalified logs in the Salt Wash mem-
ber of the Morrison formation. Selenian marcasite,
pyrite, and chalcocite are also common in the Salt

Wash and may contain as much as 5 percent selenium
substituting for sulfur. Although selenium has been
detected in many ore bodies from other stratigraphic
horizons, the only primary selenide identified as yet in
the Chinle formation is ferroselite from a mine at
Temple Mountain, Emery County, Utah. Ferroselite
is a new mineral named by Buryanova and Kom-
kov (1955) from Tuvinsk Autonomous Territory.

‘In addition to galena and clausthalite, lead occurs in
small quantity in several unusual minerals. The rare
lead vanadates—descloizite, vanadinite, and bracke-
buschite—form thin bands along ore borders in several
mines in the Uravan district (Weeks, Truesdell, and
Haffty, 1957). Also in this district the lead molybdate,
wulfenite, was found in a mineralized log.

Calcite and dolomite or either with a smaller amount
of barite make up a large part of the gangue. The pri-
mary ore from some mines contains less than 6 percent
CaCO;, the limit allowed in the mill processing of
low-lime ores, but some primary ore contains much
more calcite. At Mi Vida mine, San Juan County,
Utah, coarsely crystalline white calcite is intimately as-
sociated with both montroseite and uraninite and fills
spaces originally occupied by flattened branches and
twigs of fossil wood. Small remnants of coalified wood
as well as the shape of the calcite masses indicate that
wood was replaced by calcite. The outer border of the
calcite mass is commonly penetrated by montroseite
needles forming a thing black shell. Gross (1956) esti-
mates that the calcite content of Mi Vida ore averages
16 percent or higher and that the calcite content of the
host rock (Chinle formation) averages between 22 and
28 percent. Samples of barren Salt Wash sandstone
from drill core at depths of several hundred feet have
a wide range of calcite content (oral communication,
N. Archbold, 1955). Locally the sandstone host rock is
cemented with pre-ore gypsum as in the Jo Dandy area
on the faulted margin of the Paradox salt anticline,
Montrose County, Colo. Detailed descriptions of ores
from the J. J. and Mineral Joe mines in the Jo Dandy
area are given in Parts 18 and 15 of this volume.

NONVANADIFEROUS ORES

Deposits in which vanadium is negligible and urani-
um is the only metal of importance—except where cop-
per may be locally of commercial value—occur chief-
ly in the Shinarump member and other basal sand-
stones in the Chinle formation (Triassic). The ore is
found mainly in channels that contain carbonaceous
material and mudstone beds; these channels are along
the thin edge (pinch-out) of the formation where
conglomerate and sandstone beds fill cuts in the under-
lying formation (Finch, 1955). The Happy Jack mine,
San Juan County, and the Delta (Hidden Splendor)
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mine, Emery County, Utah, are good examples of non-
vanadiferous ore.

In general these primary ores are lighter in color
than the vanadiferous ores because the black vanadium
oxide, montroseite, is lacking, but a few ores with high
sulfide content are dark colored. Uranium is contained
chiefly in uraninite, and coffinite is scarce or lacking.
Coalified wood and diagenetic sulfides are the main con-
trols of uraninite deposition, and the wood is replaced
in the same manner as described above.

Abundant sulfides are associated with uraninite in
some of these ores— for example, the Happy Jack
mine, in Utah—and a more complicated mineralization
sequence is evidenced by ambiguous relations between
the uraninite and the sulfides. Two generations of
pyrite have been established in these primary ores with
the pyrite in the uraninite showing rims of unidentified
nickel and cobalt minerals—further evidence of nickel-
cobalt enrichment accompanying the uranium minerali-
zation (pl. 2D). Copper sulfides, including chalco-
pyrite, bornite, chalcocite, and covellite are dominant in
some mines and lead, zinc, and iron sulfides dominate
in others. Galena is commonly associated with urani-
nite either as early euhedral cubes or as late vein ma-
terial. Sphalerite is very light colored with a low iron
content (as at Happy Jack and Delta mines), indicat-
ing a temperature of formation below 138° C according
to the method of Kullerud (1953). Molybdenum sul-
fide(?) in trace amount commonly occurs in mineral-
ized wood. Silver has been noted in spectrographic
analyses of sulfide concentrates, but no silver min-
erals—other than those previously known at Silver
Reef, Washington County, Utah, and the eucairite at
Cougar mine, San Miguel County, Colo.—have been
identified. Some uraninite ores have very little accom-
panying sulfide; these ores are difficult to recognize in
the field and must be prospected by careful search with
a Geiger or scintillation counter.

Calcite content is high in some mines as at Seven-
mile Canyon, north of Moab, Utah. Barite is present
in small quantity in some nonvanadiferous ore, as at
Dirty Devil No. 6 mine, Emery County, Utah, and
seems to be less common than in the vanadiferous ores
of the Morrison formation.

OXIDATION SEQUENCE AND MINERALOGY OF
VANADIFEROUS URANIUM ORES

EARLY STAGE OF OXIDATION

The primary ores are stable in reducing environ-
ments after emplacement and generally retain their
original minerals and textures if they are not exposed
to oxidizing conditions. Those ores which have re-
mained below the zone of oxidation (water table) re-
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tain their primary character. In the Colorado Plateau
various stages of oxidation may be found superimposed
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 vanadium minerals are
very sensitive to changes in oxidation potential and
pH. Most of them have small fields of stability (Gar-
rels, 1953 ; also Parts 6 and 7 of this volume) and there-
fore serve as convenient, indicators of the degree of oxi-
dation and the pH of the environment during oxidation.
Montroseite, VO(OH), oxidizes readily to paramon-
troseite, VO,, (Evans and Mrose, 1955) when exposed
to air, as evidenced by the fact that montroseite speci-
mens in the laboratory commonly alter to VO, in a few
months’ time. Other new vanadium (IV) minerals—
doloresite, duttonite, and simplotite—are possibly all
alteration products of montroseite (Stern and others,
1957, and Thompson, Roach, and Meyrowitz, 1958).
Detailed study of these minerals has been made at the
Peanut mine, Montrose County, Colo. (Part 17 of
this volume).

Uraninite is altered, uranium (IV) oxidizing to ura-
nium (VI), without producing any megascopically ob-
servable change. Coffinite seems to be slightly more
resistant to oxidation than uraninite. The early oxida-
tion of the primary uranium minerals apparently dis-
perses the uranium into a black amorphous colloidal
phase, an intermediate step between uraninite or coffi-
nite and the yellow uranyl minerals. No X-ray pattern
of any uranium minerals can be obtained from slightly
oxidized ore. Considerable oxidation of vanadium
takes place between the time of alteration of uraninite
and coffinite and the appearance of uranyl vanadates in
corvusite ore. The sulfides are still fresh and unaltered
after oxidation of uraninite and montroseite has begun.

ORE MINERALOGY

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 also appear at this
stage. As soon as all the vanadium (III) has oxidized
to vanadium (IV), the vanadium (IV) minerals alter
to a group of compounds containing various propor-
tions of vanadium (IV) and (V) with some calcium,
iron, sodium, or potassium.

Available vanadium (V) combines with uranium
(VI) to form the widespread but ill-defined and some-
times inconspicuous mineral rauvite (Hess, 1925) which
may be dispersed in microscopic grains in massive cor-
vusite or form glassy or gel-like coatings on quartz
grains, pebbles, or contraction fractures in mineralized
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wood. Rauvite ranges in color from purplish black
and brownish red in the gell-like varieties to orange
red in the powdery aggregates. Its chemical formula
is uncertain because samples giving the same X-ray
powder pattern have slightly different chemical com-
positions. The calcium content may not be essential
but all rauvite samples have a higher V: U ratio than
carnotite and tyuyamunite. The rare and even less
well known mineral uvanite is intermediate in V:U
ratio between rauvite and carnotite and was found
with rauvite at Temple Mountain, Utah, by Hess
(1925).

Small amounts of several uranyl minerals including
meta-autunite, phosphuranglite, saléeite, novacekite,
uranophane, and boltwoodite, have been found in corvu-
site ore. These minerals form locally where uranyl ions
are present and where the vanadium has not reached
the quinquevalent state or where the pH is too low for
formation of carnotite.

The best crystallized of the vanadium (IV-V) min-
erals is melanovanadite, for many years known only
from the type locality in Peru and now recognized in
a number of mines in the Plateau. A new calcium
vanadyl vanadate from the J. J. mine, Montrose Coun-
ty, Colo., and from Eastside Carrizo mines, San Juan
County, N. Mex., occurs in black bladed microscopic
crystals and is under investigation. Microscopic tetrag-
onal crystals of a bluish-black to greenish-black vana-
date sherwoodite (Thompson, Roach, and Meyrowitz,
1958) have been noted in many mines. Most of the
vanadium (IV-V) material, however, is poorly crystal-
lized and shows a very complex and intimate mixture
of minerals quite similar in appearance and generally
referred to in the field as “corvusite” or fernandinite.
A common feature associated with the growth of cor-
vusite between quartz sand grains is microscopic frac-
turing of the quartz parallel to the corvusite-rich band
or normal to the columnarlike aggregates of corvusite;
this was noted especially in corvusite-rich nodules at
the Monument No. 2 mine, Apache County, Ariz., and
in many mines in the Uravan mineral belt of western
Colorado. The molecular ratio of vanadium (V) to
(IV) ranges from 6 in the corvusite originally de-
scribed (Henderson and Hess, 1933) to somewhat lower
values in other corvusitelike minerals (analyzed by
A. M. Sherwood and R. Meyrowitz, 1954). The vana-
dium (V) to (IV) ratio decreases in this group of min-
erals as the calcium content increases, with a possible
series from corvusite (6) through fernandinite (5) to
melanovanadite (114), somewhat like the navajoite-
hewettite-pascoite-rossite series described below. A
new vanadium (IV) and (V) mineral containing some
iron and potassium occurs in the Hummer, Van, and

Peanut mines, all in Montrose County, Colo. It is a
dark-red fibrous mineral similar in appearance to hew-
ettite and is being studied. A new sodium calcium
vanadyl vanadate found in the Section 33 mine near
Grants, N. Mex. and in the Bowen and LaSalle mines
near Uravan, Colo., occurs in thin seams of dark green
fibrous or bladed microscopic crystals.

By the time the corvusite stage is reached, some of
the associated minerals begin also to show a response
to the oxidizing conditions. The sulfides alter to oxides
and sulfates, and the selenides alter either directly or
indirectly to native selenium. Occurrences of native
selenium have been described from South Dakota,
Colorado, and Utalr (Thompson, Roach, and Braddock,
1956) and many additional occurrences in Wyoming,
Utah, New Mexico, and Colorado are known. Depend-
ing on the relative abundance of calcite with respect to
pyrite in the primary ore, a wide range of pH is pos-
sible when the pyrite oxidizes during the corvusite stage
and the oxidizing solutions may remain acid or be
neutralized by calcite. Part or all of the calcite gangue
and cement in the sandstone may be dissolved and the
sandstone may be partly recemented by gypsum and
iron oxides. (The possible addition of calcium carbon-
ate as recent caliche is noted below.)

CARNOTITE ORE, HIGHLY OXIDIZED

As oxidation progresses, carnotite and tyuyamunite
develop chiefly from rauvite, and some may form in
other ways (investigation in progress). Once crystal-
lized, the carnotite is remarkably stable and fixes the
uranium very effectively. The minerals containing va-
nadium (IV) and (V) of the corvusite stage oxidize
to form vanadium (V) minerals. The specific ones
formed depend closely on pH conditions (see Parts 6,
7, and 8 of this volume), on the presence of certain
cations to combine with vanadium, and on several other
factors. Vanadium fixes all available uranium in ura-
nyl vanadates, and the excess vanadium may form
the hydrated pentoxide, navajoite (Weeks, Thompson,
and Sherwood, 1955), or much more commonly it com-
bines with other elements—these include calcium to
form hewettite and pascoite (Hillebrand, Merwin, and
Wright, 1914) and rossite (Foshag and Hess, 1927), po-
tassium and magnesium to form hummerite (Weeks
and Thompson, 1954), sodium for sodium vanadate
(Weeks and Thompson, 1954), aluminum for steigerite
(Henderson, 1935), iron for fervanite (Hess and Hen-
derson, 1931), copper for volborthite and tangeite
(formerly known as calciovolborthite), or barium and
copper for vesignieite (Guillemin, 1955). These
vanadates range in color from brown through red,
orange, yellow, and green to nearly colorless. Hewett-
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ite readily dehydrates to metahewettite (Barnes, 1955)
and rossite dehydrates to metarossite. Other new
vanadates include santafeite, a manganese vanadate
(Sun and Weber, 1957), and a strontium calcium
vanadate being studied by M. E. Thompson.

Although the presence of tyuyamunite in the “carno-
tite ores” of the Colorado Plateau has been known for
many years (Hillebrand, 1913 and 1924), the relative
abundance of the two minerals is not known quanti-
tatively. Neither is it known how much tyuyamunite
has been converted to carnotite (or vice versa) by cation
exchange (Hillebrand, 1913, 1924; Murata, Cisney,
Stieff, and Zworykin, 1951). The common assumption
that carnotite is more abundant than tyuyamunite in
the Uravan mineral belt of Colorado is difficult to evalu-
ate in this mineralogic study, because more identifica-
tions have been made of mineral specimens from joint
coatings and mineralized logs than of average ore sand-
stone with fine-grained uranyl vanadates disseminated
interstitially between the quartz grains and impreg-
nated in clay. Most of the yellow coatings on joints
and some of the richly mineralized logs (such as those
found in 1950 in the Charles-T No. 2 mine in the Slick-
rock district, San Miguel County, Colo.) are tyuyamu-
nite, but these account for a small part of the total
uranium that has been mined from oxidized ore, and
carnotite may be the dominant mineral in the Uravan
belt. However, in the Lukachukai group of mines,
Apache County, Ariz., and especially in the mines in
Todilto limestone in the Grants district, McKinley and
Valencia Counties, N. Mex., tyuyamunite seems to be
more abundant than carnotite. The recent formation
of tyuyamunite on joints and fractures is related to the
calcium content and alkaline nature of the ground water
caused by the present semiarid climate and to the high
calcite content of the country rock (as at Mi Vida
mine, p. 70). Phoenix (Part 4 of this volume) classed
most of the ground-water samples from the Salt Wash
sandstone member of the Morrison as calcium bicar-
bonate waters. He found these water samples were
alkaline as did R. F. Marvin during fieldwork in 1954
and 1955 with the senior author.

Although in the laboratory, tyuyamunite is readily
base-exchanged to carnotite in the presence of potas-
sium-bearing solutions, evidence is lacking that the bulk
of Plateau carnotite has undergone exchange. A gen-
eral rule for the Plateau is that carnotite is typically
finer grained than tyuyamunite although some excep-
tions to this rule are known. If much of the carnotite
had formed by exchange, one would expect the grain
size and habit to be similar to that of tyuyamunite.
Carnotite apparently occurs where potassium is avail-
able in the interstitial hydrous mica of the sandstone,

and tyuyamunite forms where calcium is available from
the host rock or ground water. Tyuyamunite contains
more water than carnotite, and when tyuyamunite ores
are mined, the mineral readily dehydrates to meta-
tyuyamunite (Stern, Stieff, Girhard, and Meyrowitz,
1956).

In the oxidized ores of the Uravan belt carnotite,
tyuyamunite, and the various brightly colored vana-
dates are locally abundant but in the bulk of the
ore are actually less abundant than the fine-grained
greenish-gray and light-brown vanadium silicates that
contributed much of the vanadium mined in the
Plateau (Fischer, 1942) previous to World War IL
Mineralogic and chemical study of these vanadium sili-
cates by the Geological Survey, is in progress and
therefore the present description of these minerals is
tentative. The outcrop of ore sandstone is commonly
gray with little or none of the brightly colored min-
erals. The probable leaching of the vanadates from the
outcrop is discussed below. 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 Rifle and Placer-
ville districts of Colorado. In the Uravan belt
vanadium-bearing chlorite, and hydrous mica or mixed-
layer clays seem to be more abundant than true roscoe-
lite. Some of the vanadium silicate interstitial in the
sandstone probably has persisted practically unchanged
from the unoxidized ore, whereas some clay may have
become impregnated with vanadium solutions migrat-
ing during oxidation.

At the Rifle mine near Rifle, Colo., where the vana-
dium silicate ore is affected very little by oxidation,
small amounts of the uranyl carbonates bayleyite and
swartzite form efflorescences on the mine walls. Here
probably little or no soluble vanadium is available to
combine with the uranium.

In areas where the vanadium-uranium ratio is low
or the vanadium is moderately low and irregularly dis-
tributed, small amounts of other uranium minerals may
occur, as uranophane near Grants, N. Mex., and autu-
nite, andersonite, schroeckingerite, and zippeite in the
Thompsons district, Grand County, Utah. Study isin
progress on the uranium deposits in the Morrison for-
mation and in the Todilto limestone of the Grants and
Laguna areas in New Mexico which range from low to
nonvanadiferous.

MINERALOGY OF OXIDIZED NONVANADIFEROUS
URANIUM ORES
URANIUM MINERALS

The nonvanadiferous uranium ores differ notably
from the vanadiferous because oxidation of uraninite
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in the absence of a significant amount of vanadium pro-
duces a greater variety of secondary uranium minerals.
These include hydrated oxides, carbonates, sulfates,
phosphates, arsenates, and silicates. They are micro-
crystalline or massive and range in color from orange
through yellow, and greenish yellow to green. They fill
pore spaces or minute fractures in sandstone, conglom-
erate, or fossil wood and coat joint surfaces and mine
walls. Among these minerals none is as predominant
as carnotite and tyuyamunite are in the oxidized vana-
diferous ore (Weeks and Thompson, 1954). In general
these secondary minerals form irregular rims around
unoxidized remnants of the primary minerals. They
develop next to the core of unoxidized minerals and are
removed from the outside of the rim until the source is
gone. These secondary uranium minerals generally do
not form large deposits of completely oxidized ore as
does carnotite, because their relative solubilities are
much greater than that of carnotite.

The hydrated uranium oxides are small in quantity
and found in only a few mines because sulfate, car-
bonate, or some other anion is usually present to com-
bine with uranium. Small amounts of becquerelite,
schoepite, and fourmarierite are closely associated with
oxidizing uraninite.

In the oxidation of sulfide-rich uraninite ore the most
abundant secondary uranium minerals are the uranyl
sulfates: johannite, uranopilite, zippeite, and other un-
identified zippeitelike minerals. These green, yellow-
ish-green, and deep-yellow minerals are beautifully
developed by evaporation on the walls of Happy Jack
mine in White Canyon, San Juan County, Utah (Part
16 of this volume; and Trites and Chew, 1955).

The uranyl carbonates are commonly developed
wherever the sulfide content of the ore is low and host
rock, or gangue, contains sufficient carbonate, as at
Shinarump No. 1 mine, Utah (Finch, 1954), or where
the ground water is carbonate rich. Seven uranyl car-
bonates have been identified on the Colorado Plateau,
including rutherfordine (rare), liebigite, and schroeck-
ingerite ; and four new carbonates—andersonite (Axel-
rod and others, 1951), bayleyite (Axelrod and others,
1951; Stern and Weeks, 1952), rabbittite (Thompson,
Weeks, and Sherwood, 1955), and swartzite (Axelrod
and others, 1951). Two additional uranyl carbonates
were unidentified. Small amounts of rutherfordine are
found associated directly with uraninite. All the uranyl
carbonates except rutherfordine form on mine walls
and on fracture surfaces by evaporation of uranyl car-
bonate solutions. Only because of the semiarid climate
on the Plateau are these carbonates temporarily pre-
served. Occasional heavy rains wash away the car-
bonates, such as bayleyite at Hideout mine and ander-

sonite at the Atomic King mine in San Juan County,
Utah, and then they gradually accumulate again during
a dry season.

The uranyl phosphates are rare in the Plateau, be-
cause the sandstone host rock is low in phosphate except
very locally where fossil bones are preserved. Small
amounts of autunite, meta-autunite, phosphuranylite
(possibly an alteration product of autunite), torber-
nite, metatorbernite, and bassetite have been found.
Small amounts of uranyl arsenates are present: meta-
zeunerite at a number of localities in White Canyon
and in the San Rafael Swell, in Utah; and novacekite
(Stern and Annell, 1954), abernathyite (Thompson,
Ingram, and Gross, 1956), and zeunerite at one locality
each. The uranyl silicates—uranophane, boltwoodite
(Frondel and Tto, 1956) sklodowskite, and cuprosklo-
dowskite-~ are not abundant in the Plateau. The un-
known sulfates, phosphates, and silicates that are being
studied probably include several new minerals,

{ SECONDARY MINERALS OF COPPER AND
OTHER METALS

Copper, the chief associated metal in some of the non-
vanadiferous ore as well as in some of the vanadiferous
deposits, occurs in many secondary minerals, commonly
as malachite, azurite, chalcanthite, antlerite, brochan-
tite, and chyrsocolla, and rarely as conichalcite, chal-
coalumite, and volborthite. Several other metals differ
in abundance from one mine to another: iron and man-
ganese in limonite and wad; cobalt in bieberite (com-
monly dehydrated), cobaltocalcite, cobaltomenite,
erythrite, or cobaltoan pickeringite; molybdenum in
ilsemannite, powellite, or ferrimolybdite; and traces of
lead, zine, nickel, and silver.

The presence of brightly colored copper, cobalt, and
molybdenum secondary minerals on the rock outcrop or
on joint surfaces within a few feet of the cliff face is
helpful to the prospector, but many small copper de-
posits on the Plateau do not contain commercial quan-
tities of uranium.

ASSOCIATED MINERALS

Clay lenses in the ore and mudstone or shale under-
lying ore are commonly bleached. During oxidation,
especially of the sulfide-rich ores, the clays are altered
further by development of one or more of the follow-
ing: Kaolinite, jarosite, alunite, or gibbsite. Fluores-
cent uraniferous opal and allophane coat some joint
surfaces and serve as prospecting guides.

RELATION OF OXIDATION TO WATER SATURATION

OF ORE

Second only in importance to the range of primary
composition of the Colorado Plateau uranium ores is
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PROFESSIONAL PAPER 320 PLATE 1

A. PRIMARY VANADIFEROUS ORE, 1,700 FT IN FROM THE PORTAL, FALL
CREEK MINE, PLACERVILLE, COLO.
The irregular white areas are strongly corroded quartz-sand grains. The gray ground-
ma is roscoelite and the black opaque areas are montroseite, some showing
radiating bladed crystals. Thin section.

B. PRIMARY VANADIFEROUS ORE, 7,000 FT IN FROM THE PORTAL, GARFIELD
MINE, RIFLE, COLO.
The irregular white areas are quartz grains showing some corrosion. The gray
intergranular areas are roscoelite and the black opaque grains are montroseite.
Thin section.

C. PRIMARY VANADIUM-URANIUM ORE, MI VIDA MINE, SAN JUAN COUNTY,
UTAH.

Uraninite (light gray) replaced cell walls of coalified wood and partially infilled
the lumens. Calcite (dark gray) filled the remainder of the lumens and fractures
along the wood rays. Polished section.

D. PYRITE ASSOCIATED WITH PRIMARY ORE, MARSHBA
TEMPLE MOUNTAIN, EMERY COUNTY, UT/

CANYON MINE,

Pyrite (white) replaced the cell walls of coalified wood and impregnated the lumens.
The dark particles are quartz. Polished section.
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4 mm
R e Y

A. PARTLY OXIDIZED URANIUM-VANADIUM ORE, MI VIDA MINE, SAN JUAN

COUNTY, UTAH.

Light-colored needlelike paramontroseite crystals replaced by dark-gray massive

doloresite. Polished section.

04mm

C. PRIMARY URANIUM-VANADIUM ORE, MI VIDA MINE, SAN JUAN COUNTY,

UTAH.

The mottled dark-gray groundmass is an intimate mixture of uraninite and coffinite.
Zoned crystals of pyrite show selective replacement
coffinite. Two well-developed crystals of galena are
picture. The light irregular patches also are pyrite, and they show strong corrosion

by the uranium minerals.

Polished section.

by

in

galena, uraninite, and

the lower left

of the

PROFESSIONAL PAPER 320 PLATE 2

B. PRIMARY URANIUM-VANADIUM ORE, OVERSIGHT MINE, MONTROSE
COUNTY, COLO.

Banded aggregates of montroseite fractured and healed later by calcite (dark gray).
The medium-gray patch along the bottom is coalified wood. Polished section.

D. PRIMARY NONVANADIFEROUS ORE, DELTA MINE, EMERY COUNTY, UTAH.

Detrital quartz (gtz) and massive pyrite (py) replaced by calcite (cec). The light-
colored zone crystals in the uraninite (z) are second generation cobalt-rich pyrite.
A band of sphalerite (sp) is along the right-hand border of the picture. Polished
section.
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their range in degree and depth of oxidation. Oxida-
tion depends on access of air to the ore, as in exposed
rocks with no soil cover and where evaporation is high,
in relatively continuous permeable sandstone beds above
the water table, and in strata truncated downdip by a
canyon. Oxidation has been prevented or retarded
where water is held in the pore space of the ore sand-
stone, as in strata protected by thick soil cover, in
lenticular sandstone beds surrounded by clay, in strata
below a perched water table or the main water table,
and in strata that dip away from the valley wall.

UNOXIDIZED ORE IN WET MINES AT OR CLOSE TO
THE WATER TABLE

A good example of wet unoxidized ore is at the School
Section No. 36 mine, T. 80 S., R. 25 E., near the south
end of the floor of Lisbon Valley, San Juan County,
Utah. At a depth of about 70 feet a relatively sharp
boundary occurs between partly oxidized ore and wet
unoxidized ore containing fossil wood replaced by
uraninite and calcite. The mine is at the foot of a long
northward-facing slope that rises nearly 2,000 feet to
the Monticello Plateau; the slope is covered with vege-
tation and holds considerable moisture.

The Basin No. 1 mine on the east side of Cottonwood
Creek, west of Blanding, San Juan County, Utah, is wet
because it is below the level of the creek bed. The mine
is in a blanket-type deposit and the wettest and least
oxidized ore is spotted, cemented with calcite, and con-
tains small coalified wood fragments. Updip, above the
west side of the creek, are many old mines in more oxi-
dized ore.

The unoxidized ore at the Peanut mine, Montrose
County, Colo., is described in Part 17 of this volume.
During mining operations at the Peanut mine, the
School Section No. 36, and many other mines in unoxi-
dized ore, considerable water was released from satu-
rated sandstone lenses that contained unoxidized ore.

PARTLY OXIDIZED DEPOSITS, ABOVE THE MAIN
WATER TABLE BUT IN PROTECTED LOCATIONS
WHERE SOME MOISTURE IS HELD

The Corvusite mine on Beaver Mesa, Grand County,
Utah, is a good example of partly oxidized ore with
small remnants of unoxidized ore. The deposit was
mined intermittently for more than 40 years and was
the type locality for the mineral corvusite (Henderson
and Hess, 1933). The mine is located on the updip side
of the mesa toward the La Sal Mountains, and the ore
is in richly mineralized fossil trees and relatively small
sandstone lenses interbedded with thick clay so that the
ore remains saturated with water. The mesa is more
than 7,500 feet above sea level, has considerable soil

cover and vegetation, cool temperature, low evaporation,
and possibly more rainfall than the lower parts of the
Plateau. These factors all contribute to the continued
dampness of the ore and they have prevented more than
partial oxidation although the mine is high above the
main regional water table.

At the Bitter Creek mine on the north side of Paradox
Valley, Montrose County, Colo., the Salt Wash sand-
stone member of the Morrison formation dips 15° to the
northeast, away from Paradox Valley. These strata
are truncated by the San Miguel River some distance to
the north, and water in the mine drains slowly down-
dip. At Bitter Creek the ore at the surface of the
ground is oxidized, is lower than average grade in both
vanadium and uranium, and contains gypsum. Mining
has progressed several hundred feet downdip through
a thick transition zone of partly oxidized ore consisting
chiefly of corvusite and rauvite with remnants of un-
oxidized montroseite or paramontroseite and pyrite.
The water-soluble efflorescence, pascoite, forms on the
moist corvusite-rich layers. At depth, gypsum and iron
oxides are absent and the barren rock is gray rather
than buff. Partly oxidized rich ore pockets commonly
contain a small amount of radioactive barite. This in-
dicates that recent oxidation of the primary uranium
minerals separated trace amounts of radium which,
probably as sulfate, formed a coating on the crystals of
barite in the gangue. Inasmuch as radium has a half-
life of about 1,500 years, the radioactive coating on the
barite would lose more than 99 percent of its radio-
activity in 15,000 years. Possibly the radioactive coat-
ing was formed considerably less than 15,000 years ago.
The lower grade of the ore in the old open-pit workings
is probably due to leaching at the outcrop rather than
to dissemination or spreading of small high-grade ore
bodies as proposed by Heyl (1956).

The J. J. mine, Montrose County, Colo., described in
Part 18 of this volume, shows the transition from un-
oxidized to oxidized ore at a perched water table.

DRY MINES WITH OXIDIZED VANADIFEROUS ORE

The dry mines with highly oxidized ore may be clas-
sified in three groups. Many carnotite deposits ap-
parently have been oxidized in place with practically
no movement of material. Some have been modified
during an intermediate stage of oxidation by downdip
migration of vanadium and possibly of uranium. Ore
sandstone directly at the surface of the ground prob-
ably has been leached of some uranium and vanadium
by alkaline surface and ground water.

OXIDATION IN PLACE

Where there is little or no catchment area to supply
ground water to the ore sandstone, moist-air oxidation
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takes place without significant migration of vanadium
and uranium. The supply of ground water is small
or negligible in isolated knolls, in small fault blocks
along the borders of the collapsed salt anticlines, or
where strata dip away from a valley wall. ' Examples
of mines situated thus are the Rattlesnake mine in the
north end of Lisbon Valley, San Juan County, Utah;
several mines in the Jo Dandy group along Paradox
Valley; and the Dolores group of mines on the bench of
Atkinson Mesa above the Dolores River, Montrose
County, Colo.

The Rattlesnake mine in Lisbon Valley had (in 1954)
highly oxidized ore in dry friable sandstone. The yel-
low and brown ore had spotted and banded textures
resembling those in unoxidized ore and giving the ap-
pearance of oxidation with little or no movement of
material. Hewettite, the red calcium vanadate, seems
to be more abundant in the ores of the Jo Dandy and
Dolores groups of mines than in the ores of the Club
group (see below) of mines through which oxidizing
solutions probably have migrated. In general, if the
vanadium-uranium ratio is high, ores that have been
oxidized in place by moist air have more of the brightly
colored vanadates than other ores.

The carnotite- and tyuyamunite-rich logs found in
various mines appear to be the oxidized product of
fossil wood partly replaced with uraninite and impreg-
nated with montroseite. Some of these have been ox-
idized with very little spreading or dissemination of
uranium and vanadium. The detailed wood cell struc-
ture so commonly observed in polished sections of uran-
inite (pl. 1C) is destroyed by volume changes during
oxidation, and carnotite logs show only the gross fea-
ture of the wood. Only one instance of wood cell struc-
ture preserved in secondary minerals has been noted—
that of a narrow rim of becquerelite around uraninite-
replaced fossil wood at Monument No. 2 mine, Apache
County, Ariz. (oral communication, D. H. Johnson).

MODIFICATION DURING OXIDATION

Ores in strata that have a ground-water catchment
area updip and that are truncated downdip by a canyon
may have been modified during oxidation by migration
of water-soluble vanadium and possibly selenium and
other constituents, especially if the strata are moder-
ately permeable. Vanadium is readily leached from
partly oxidized ore by water; 50-g samples of blue-
black ore (from the Bitter Creek mine, Montrose
County, Colo., and the Corvusite mine, Grand County,
Utah) in 500 ml of distilled water yielded solutions
with pH below 2 which contained uranium as well as
vanadium. Oxidizing ground water moving downdip
through ore would leach vanadium from the vanadyl
vanadates more easily than from the vanadium silicates.

The water would be acid until neutralized by solution
of carbonate cement.

The Club group of mines (Fischer, 1942, p. 386) on
the bench formed by the Salt Wash sandstone member
of the Morrison formation above the San Miguel Can-
yon at Uravan, Montrose County, Colo., are dry with

chiefly oxidized ore and the ore rolls have “breakaway

surfaces.” The strata dip toward the canyon allowing
water to drain through the more permeable sandstone
beds. Higher on Club Mesa the Lasalle Mining Co.’s
260-foot shaft mine also is dry and has well-developed
rolls in oxidized ore; a little corvusite ore and radio-
active barite in mineralized logs; and some blanketlike
spotted ore with calcite cement in the deepest, least
oxidized part of the mine. The barite is coated with
radioactive daughter products, probably radium sul-
fate, precipitated from recently oxidized primary ore
minerals. Evaporation of moisture on certain beds of
sandstone along the mine walls forms pascoite. Still
higher on Club Mesa the Shattuck Denn Co.’s 500-foot
shaft mine is moderately dry although certain horizons
in the Brushy Basin shale member of the Morrison
formation had considerable water when the operators
were sinking the mine shaft. The ore is partly oxi-
dized with a few remnants of coffinite and montroseite
and a trace of secondary yellow appearing on the joint
surfaces. The ore has an undulating surface but no
typical “breakaway roll surfaces.”

The Cougar mine in the Lower Group at Slickrock,
San Miguel County, Colo., is on a bench of sandstone
of the Salt Wash that dips toward the Dolores River
canyon and has the same structural situation as the
Club mines. Around the rim of the bench are many
old adits and on top of the bench old open-pit workings
which show mined-out rolls with “breakaway sur-
faces.” The underground workings have numerous
rolls in several sandstone lenses separated by thin clay
beds. Away from the surface and cliff face some less-
oxidized patches of ore persist and locally copper sul-
fides and copper, lead, and silver selenides occur, and
the vanadiferous ore is in the corvusite stage. Up the
hill a few hundred yards from the Cougar mine is the
Little Muriel shaft about 35 or 40 feet deep. In the
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