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CONTRIBUTIONS TO ECONOMIC GEOLOGY

CHEMICAL COMPOSITION AS A GUIDE TO THE SIZE OF
SANDSTONE-TYPE URANIUM DEPOSITS IN THE MOR-
RISON FORMATION ON THE COLORADO PLATEAU

By A. T. Miescu, E. M. Suoemaker, W. L. NEwMman, and W. L.
FincH

ABSTRACT

The concentrations of uranium, yttrium, sodium, iron, zirconium, manganese,
calcium, and nickel in 75 mill-pulp samples of uranium deposits in the Salt Wash
member of the Morrison formation on the Colorado Plateau have been found, by
statistical tests, to be significantly related to the size of the deposits represented
by the samples.

The elements mentioned above are related to the formation of the deposits in
a variety of ways. Zirconium is an intrinsic element, contained principally in
the detrital syngenetic fraction of the host sandstone. Calcium, manganese, and
sodium are intrinsic elements contained principally in epigenetic (diagenetic)
carbonate in the host sandstone. Uranium, yttrium, and nickel are prineipally
extrinsic elements, introduced into the host sandstone by uranium mineralization
or related processes. Somewhat more than half of the iron is probably intrinsic
and the remainder is extrinsic.

Three methods can be used to estimate the size of uranium deposits in the Salt
Wash. member within broad limits. Method 1 is based on simple linear-regression
theory; method 2 is based on multiple-regression theory (long method); and method
3, on multiple-regression theory (short method).

For methods 1 and 2 the estimated log size of each deposit can be computed
from tables showing the known concentration of uranium, yttrium, sodium, iron,
zirconium, manganese, calcium, and nickel in the deposits, as determined by
semiquantitative spectrographic analysis. For method 3 the estimated size or
log size can be read directly from a table showing known concentration of uranium
and yttrium only.

About 80 percent of the tonnage-size estimates from method 1 will be within
a factor of 13 (12-14) of the true sizes. The precision of the size estimates from
method 2, the long multiple-regression method, is highly variable. Some esti-
mates from method 2 will be within a factor of 12 of the true size at the 80-percent
confidence level; others, within a factor of 40 at the 80-percent confidence level.
About 80 percent of the tonnage-size estimates from method 3, the short multiple-
regression method, will be within a faetor of 15 (13—-16) of the true size.

A group of 40 deposits of known size was used to test the theoretical derivation
of the confidence intervals given above. It was concluded from the test that the
confidence intervals describe the precision of the methods correctly.
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18 CONTRIBUTIONS TO ECONOMIC GEOLOGY

The methods for estimating the size of uranium deposits are useful where the
ore is poorly exposed or where an independent estimate is desired. The error of
the estimates may be quite large, as indicated by the confidence limits given above;
but the estimates can be used to, at least, distinguish very large from very small
deposits. They also may serve to encourage or discourage further expenditures
in the development and exploration of ore bodies. The methods of size estimation
can be particularly useful in attempts to appraise or compare groups of deposits
or mining districts, inasmuch as the average estimate of size of deposits in a group
is more precise than any single estimate.

The methods for estimating size are established only for deposits in the Salt
Wash member of the Morrison formation. Tests indicate that the equations
calculated for deposits in the Salt Wash fail completely if applied to deposits in
other stratigraphic units, such as the Moss Back and Shinarump members of the
Chinle formation. A further resuriction, not completely evaluated at present, is
that semiquantitative spectrographic analyses of mill-pulp samples are required.
No tests have been made to determine the precision and accuracy of the methods
when other types of samples, such as drill core, are used.

INTRODUCTION

This study is part of a broader investigation of the distribution
of elements in rocks and ores of the Colorado Plateau, conducted by
the U.S. Geological Survey on behalf of the Division of Raw Ma-
terials of the U.S. Atomic Energy Commission. During the in-
vestigation significant correlations were discovered between the
concentration of certain elements in the uranium deposits and the
calculated size ! of the deposits. The uranium deposits discussed in
this report are all in sandstone of the Sait Wash member of the
Morrison formation of Jurassic age and are located in widely sepa-
rated areas on the central part of the Colorado Plateau (fig. 3).

Elements whose concentrations appear to be related to the size of
the deposits are uranium, nickel, yttrium, zirconium, iron, manganese,
sodium, and calcium. Hence, known concentrations of these elements
in a deposit in the Salt Wash member on the Colorado Plateau can
be used to estimate the size of the deposit. Though such estimates
have rather broad ranges of error, they are significantly more accurate
than estimates obtained by considering the deposit to be of mean
size, that is equal to the mean size of all deposits in the Salt Wash
member. For many deposits, a knowledge of the geologic habit of
the ores can facilitate estimating the size of a deposit to within a
much narrower range of error than can be done with the methods
given in this report. However, in areas where the deposits have a
considerable range in size and where the ore is poorly exposed, the
methods described here can be used to advantage.

1 Caleulated size of a uranium deposit is determined by consideration of past production and total re-
serves and is assumed to be the true size. Estimated or predicted size is determined by the methods de-
scribed in this report.
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FIGURE 3.—Map of part of the Colorado Plateau showing the location of 75 uranium deposits in the Salt
‘Wash member of the Morrison formation sampled for this investigation.

Lasky (1950) has shown an inverse relation between tonnage and
grade of ore within certain porpbyry-copper deposits that can be
used to predict ore reserves; that is, more low-grade ore than high-
grade ore is present, and that the amount of ore is inversely related
to a specified grade. Lasky (1950) has also found similar relation-
ships in bedded manganese deposits in the Artillery Mountains,
Ariz.; in the Idaho-Wyoming phosphate-vanadium deposits; in the
Falconbridge nickel deposit in the Sudbury district, Ontario; and in
the Juneau gold deposit, Alaska. The tonnage-grade and tonnage-
composition relationships described in this report differ from the type
described by Lasky mainly in that they are found among, rather than
within, deposits.

Three methods for estimating the size of uranium deposits in the
Salt Wash member of the Morrison formation on the Colorado Plateau
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are given in this report. One method is based on simple linear re-
gression and two are based on multiple regression. The multiple-re-
gression equations were computed for the writers by statisticians of
the U.S. National Bureau of Standards. Churchill Eisenhart, Chief of
the Statistical Engineering Laboratory of the Bureau, suggested the
methods. The computations were made by J. M. Cameron and
W. S. Connor, with the assistance of Carroll Dannemiller and Marion
Carson. The writers wish to express their sincere thanks to these
members of the National Bureau of Standards for their very helpful
consultation on the general aspect of the problem and for the great
amount of time they devoted to it. The sections on size estimates
by multiple regression and most of the analysis of variance (table 9)
are based on their work.

Mary Epling of the National Bureau of Standards read the msnu-
script and brought to our attention several statistical and other
problems relating to the manner of presentation. We are also in-
debted to W. C. Krumbein of Northwestern University who read the
manuscript and helped to interpret some aspects of statistical theory
in terms of this problem.

GEOLOGY OF THE URANIUM DEPOSITS

Sandstone-type uranium deposits on the Colorado Plateau consist
of sandstone or conglomerate that has been impregnated, and com-
monly partly replaced, by uranium minerals. The deposits range in
size from less than 1 ton to more than 100,000 tons. Many of them
are irregularly tabular; the margins of some conform roughly to the
bedding of the sandstone host rocks, whereas the margins of others
cut across bedding along wavy or curved structures called rolls
(Fischer, 1942, p. 367; Shawe, 1956, p. 239-241). Some uranium
deposits are highly irregular in shape. The distribution of known
uranium deposits on the Colorado Plateau area is shown on a map
prepared by Finch (1955).

The mineralogy of uranium deposits on the Colorado Plateau has
been summarized by Weeks and Thompson (1954). The uranium
deposits contain two contrasting suites of ore minerals: (a) a suite of
low-valent oxides and silicates, and (b) a suite of high-valent oxygen
salts which may be interpreted as having been derived by oxidation
of the low-valent suite. Relatively unoxidized uranium deposits in
the Salt Wash member of the Morrison formation contain uraninite
[UO,] and coffinite [U(SiO,),_.,(OH),,]. Vanadium is generally more
abundant in these deposits than uranium and occurs chiefly in mon-
troseite [VO(OH)], doloresite [3V,0,-4H,0], and micaceous vanadium
silicates. In most uranium deposits in the Salt Wash mined to date,
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the uranium is contained chiefly in the uranyl vanadates, carno-
tite [K3(UOy)2(VO,),-1-3H,0] and tyuyamunite [Ca(UO,).(VO,),-
7-10%H,0].

SELECTION OF DEPOSITS FOR STUDY

In the broader investigation of the distribution of elements, mill-
pulp samples from 200 deposits were analyzed by semiquantitative
spectrographic methods. Of these deposits, 75 of known size were
used in this study. These 75 deposits provide a range in size from
very small (less than 10 tons) to very large (more than 10,000 tons),
and represent a geographic sampling of uranium deposits in the Salt
Wash member of the Morrison formation on the Colorado Plateau.

METHODS OF SAMPLING AND SAMPLE PREPARATION

The samples of uranium ore were obtained from mills and buying
stations and are pulverized quarters of splits that were assayed to
determine payment to'the shippers. Most of the samples studied
were obtained from the U.S. Atomic Energy Commission plant at
Monticello, Utah, operated at the time by the American Smelting
and Refining Co. The pulp samples were ultimately ground to 120
mesh in cast-iron disk grinders, and nearly all are probably contami-
nated slightly by tramp iron. The amount of ore represented by the
samples from each mine ranges from 1 to more than 2,000 tons and
averages about 150 tons (table 1).

Hand samples of unmineralized sandstone from the Salt Wash
member were collected by the U.S. Geological Survey and furnished
by Robert A. Cadigan. The samples represent the typical lithologic
character of the Salt Wash member in widely separated areas on the
Colorado Plateau. Analytical data from these samples are given in
figures 4 to 11,

ANALYTICAL METHOD

Each of the 75 deposits was represented by a spectrographic analysis
of a mill-pulp sample of one or more ore shipments from the mine.
The analyses were made by a rapid semiquantitative spectrographic
method under the supervision of A. T. Myers of the U.S. Geological
Survey. R. G. Havens is the principal analyst, but some analyses
were made by P. R. Barnett, G. W. Boyes, Jr., and P. J. Dunton.

The analytical method is described by A. T. Myers (written com-
munication, 1957) as follows:

In this procedure a weighed amount of the powdered sample is burned in a
controlled d.c. arc and the spectrum recorded on a photographic plate. Selected

lines on the resulting plate are visually compared with those of standard spectra
prepared in a manner similar to that for the unknowns. The standard spectra

534626 O - 60 - 2
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were prepared from mixtures of materials containing 68 elements in the following
concentrations—10 percent, 4.6, 2.2, 1.0, 0.46, etc. These values were chosen so
that the concentrations of the elements decrease from 10 percent to about 0.0001
percent by a factor of the reciprocal of the cube root of 10. This factor provides
a geometric concentration series having three members for each order of magnitude
and which is consistent with the relation between the blackness of the spectral line
and the amount of an element present. By means of a comparator showing en-
larged adjacent images of the sample spectra and the standard spectra, visual
estimates are made of concentrations of the elements in the sample which are then
reported as being between two standards in the following manner: X indicating
the middle portion (5—2) of an order of magnitude; X+ the higher portion
(10—5); and X— the lower (2—1).

The above method of reporting is used because the inherent limitations of this
particular method of spectrographic analysis make the precision of the determina-
tions less than the precision attained in preparing the standards. Major sources
of error are (1) chemical and physical differences between the samples and the
standards, (2) the omission of complete quantitative procedures for sample prepara-
tion, and plate calibration, and (3) lack of duplicate determinations. Experi-
mental work has shown that approximately 60 percent of the reported results fall
within the proper portion of an order of magnitude.

Sixty elements are detectable with one exposure by the spectro-
graphic method used in this study. Of these elements, 20 are present
in more than 70 percent of the samples in concentrations above the
spectrographic limits of detectability, and 9 elements are present in
less than 50 percent in concentrations above the limits of detectability.
The remaining 31 elements were looked for but not detected in either
the ores or the unmineralized host sandstone. Study of the composi-
tion of these ores by the rapid spectrographic method is thus limited to
about 29 elements; the only elements on which enough data are pro-
vided for detailed statistical correlation studies are the 20 that are
detected in more than 70 percent of the ores.

The limit of detectability for each element is, in general, that listed
by Myers (1954, p. 195). The limit of detectability actually attained
or reported for each element has varied slightly because the analytical
work has extended for over a 3-year period, during which some changes
were made in the details of the technique, and because of slightly
different practices followed among analysts in reporting elements near
the limit of detection. Histograms shown in figures 8 to 11 are cut off
at the highest limit of detectability reported for each element.

Some spectrographic determinations were below the limit of detect-
ability and were reported as questionable, “trace,” or “looked for but
not detected.” TIn constructing the scatter diagrams (fig. 13) and
calculating the correlation coefficients (table 3 and fig. 13) between
the concentration of uranium, yttrium, nickel, and sodium and the
size of the deposits, questionable determinations were used as reported;
“trace’”” determinations were assigned to the second concentration class
below the limit of detectability; and ‘“looked for but not detected”
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determinations were assigned to the range of concentration immedi-
ately below that assigned to ‘“‘trace” determinations. As relatively
few of the spectrographic determinations were in these three catagories,
this practice did not seriously bias the statistical calculations.

CLASSIFICATION OF ELEMENTS IN THE URANIUM
DEPOSITS

The classification of elements in sandstone-type uranium deposits
given in table 2 is from Shoemaker and others (1959) and is based
largely on comparison of spectrographic analyses of 211 samples of
uranium ore and 96 samples of unmineralized sandstone from the
Salt Wash member of the Morrison formation. The system of classi-
fication is based on the assumption that the ore minerals are epi-
genetic, that they were formed in the sandstone host rock some time
after its original deposition, and that the epigenetic process that
formed the ore minerals can be distinguished from other epigenetic
process that produced changes in the sandstone, such as cementation
of the sandstone with calcite.

An element whose presence in the ore is unrelated to uranium
mineralization is termed ‘‘intrinsic” and is either syngenetic or
epigenetic (diagenetic). Intrinsic syngenetic elements are contained
in clastic fractions of the sandstone host rock and in precipitates
formed simultaneously ‘with the deposition of the clastic fraction.
Intrinsic epigenetic (diagenetic) elements were precipitated later by
processes unrelated to uranium mineralization. They are distributed
irrespectively of uranium and are much more widely dispersed in the
host rock. The deposition of intrinsic epigenetic (diagenetic) ele-
ments may have either followed or preceded the deposition of uranium,
and no judgment of this is involved in the classification. :

Extrinsic elements were introduced by uranium mineralization or
related processes. No implication of the source of the elements is
made in the classification, nor is it implied that all the extrinsic
elements were deposited simultaneously. Uranium and vanadium
are the only ore elements in the uranium deposits in the Salt Wash
member of the Morrison formation, though the deposits contain
extrinsic accessory elements, which are present in lower concentration
and do not add to the economic value of the ore.

Probably no single chemical element in the sandstone-type uranium
ores belongs exclusively to either the intrinsic or extrinsic components
of any given ore; 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 relative importance of the roles played by each element
in the ore deposits. An element is considered dominantly in one
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classification if more than half its weight is believed to fall within
this classification in a majority of the deposits studied (see table 2).
For example, an element is considered extrinsic if it is believed to be
dominantly extrinsic in more than one-half the deposits.

The eight elements whose concentrations appear to be significantly
related to the size of the deposits fall into all categories of the classifi-
cation (table 2); they have affected the formation of the deposits in
a variety of ways. The geochemical habits of the eight elements are
only briefly summarized; a2 more detailed account is given by
Shoemaker and others (1959).

IRON

The average iron content of uranium ore in the Salt Wash member
of the Morrison formation is nearly four times greater than that of
unmineralized sandstone of the Salt Wash (fig. 4). Part of this
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FIGURE 4,—Histograms showing the frequency distribution of iron concentration in 211 samples of uranium
ore and 96 samples of unmineralized sandstone from the Salt Wash member of the Morrison formation.

difference, however, is due to the fact that the uranium ore contains,
on the average, twice as much iron-bearing clay and accessory minerals
as does the unmineralized sandstone. Another part is due to iron
contamination of the samples during grinding at the mills (metallic
iron has been removed from samples with a hand magnet). The
average amount of iron thus introduced is estimated at about 0.1
percent. The remainder of the iron in the deposits, probably slightly
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less than half the total iron content, may be extrinsic, introduced by
uranium mineralization or related processes. The iron content of an
average uranium deposit is, therefore, a function of both iron origi-
nally present in the sandstone and to a lesser extent that introduced
as an extrinsic component.

ZIRCONIUM

Zirconium is considered to be almost entirely intrinsic in the sand-
stone-type uranium deposit. Zirconium is not known to be an essen-
tial or major constituent of any of the ore minerals in the deposits, and
only rarely is it reported even as a trace constituent in qualitative
spectrographic analyses of ore minerals (Weeks and Thompson, 1954).
Zirconium is more than twice as abundant in uranium deposits in the
Salt Wash member of the Morrison formation than in unmineralized
sandstone of the Salt Wash (fig. 5); but like iron, the abundance of
zirconium varies directly with that of aluminum in the sandstone and
is, therefore, more abundant in ore because of their higher clay and
associated heavy-mineral content.
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FIGURE 5.—Histograms showing the frequency distribution of zirconium concentration in 211 samples of
uranium ore and 96 samples of unmineralized sandstone from the Salt Wash member of the Morrison
formation.

CALCIUM, SODIUM, AND MANGANESE
Three elements contained largely in the cementing materials of the

sandstone of the Salt Wash member of the Morrison formation are
calcium, manganese, and—to a lesser degree—sodium (figs. 6, 7, and
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FIGURE 6.—Histograms showing the frequency distribution of calcium concentration in 211 samples of
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formation.
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formation.



SANDSTONE-TYPE URANIUM DEPOSITS—COLORADO PLATEAU 27

8). These elements are classified as dominantly intrinsic and epi-
genetic.

Calcium, the second most abundant metal in the sandstone, occurs
mainly in calcite, which is the dominant cement of the sandstone of
the Salt Wash member (Cadigan, 1959); but a significant part of the
calcium also occurs in dolomite. Locally a large part of the calcium
is in gypsum.

Manganese has a very high correlation with calcium in both the
unmineralized sandstone and in the uranium deposits (Shoemaker and
others, 1959) and is probably contained largely in calcite. A minor
part of the manganese may be present as an oxide.
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FIGURE 8.—Histograms showing frequency distribution of sodium concentration in 211 samples of uranium
ore and 96 samples of unmineralized sandstone from the Salt Wash member of the Morrison formation.

Sodium is contained principally in plagioclase feldspar and in non-
silicate sodium salts in the sandstone of the Salt Wash member of the
Morrison formation. Flame photometric analyses of the acid-leached
sand-size fraction of 14 sandstone samples from the Salt Wash (R. A.
Cadigan, written communication, 1956) suggest that the sodium in
the feldspar represents about half of the total sodium in the sand-
stone. The remainder of the sodium is believed to be contained
mainly in soluble salts, principally sodium bicarbonate. A moderate
correlation of sodium with calcium and manganese in the sandstone
and high correlation in the uranium deposits (Shoemaker and others,
1959) suggest that the bulk of the sodium (as bicarbonate) is physically
associated with the carbonates.
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The ratios of abundance of the elements in the uranium deposits
to their abundance in unmineralized sandstone in the Salt Wash
member indicate that virtually no calcium or sodium, and only very
little, if any, manganese, is extrinsic. The low abundance ratio of
calcium (0.6, see table 2) may be attributed to the fact that the upper
sandstone strata of the Salt Wash member, which include most of
the uranium deposits, contain about half as much calcium as does
the Salt Wash as a whole. The higher frequency of occurrence of
uranium deposits in the upper sandstone strata of the Salt Wash
member may be partly a function of a relatively low carbonate-cement
content and consequent greater permeability. It is not improbable,
however, that some leaching of calcium from the mineralized host
rock occurred with the precipitation of the ore metals, thereby caus-
ing a relatively low abundance ratio.

URANIUM

Uranium is not only the principal ore element in the deposits but
also has the highest ratio of abundance in the deposits to abundance
in unmineralized sandstone (table 2 and fig. 9). The uranium content
of the samples varies considerably (fig. 9) ; but no systematic or orderly
regional pattern of variation is apparent, either because it is highly
complex or because it was obscured by the selectivity of mining or ore
mixing or both. Fortunately, the uranium content of the mill-pulp
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samples has no pronounced relationship to the content of any of the
other detected elements, except vanadium (Shoemaker and others
1959). Therefore, selective mining has probably not appreciably
biased the samples with regard to the other elements.

NICKEL

The mean nickel content of uranium deposits in the Salt Wash
member of the Morrison formation is about 20 times higher than that
of unmineralized sandstone of the Salt Wash (table 2 and fig. 10).

60

— o Uranium ore from the Sait
.g.’.g. Wash member of the
40 =2 Morrison formation
i
- §d Beometric mean equals
E — 35 8.4 ppm
O 20 |-R*=
[+
d
o
Z 0 —
>
5 60 1 l
uzJ | Unmineralized sandstone
= from the Sait Wash mem-
2 40 ber of the Morrison for-
] B mation
o o5
L -8 Geometric mean
33 Rz 0.5 ppm
20 ~ 85
_35
0 T L1 11 L1 L1 L1 1 1 1}
0 2 3 4 5 6 7 8

LOGio CONCENTRATION, IN PARTS PER MILLION

FIGURE 10.—Histograms showing the frequency distribution of nickel concentration in 211 samples of ura-
nium ore and 96 samples of unmineralized sandstone from the Salt Wash member of the Morrison forma-
tion.

Nickel and iron have a moderately high correlation in uranium deposits
in the Salt Wash (Shoemaker and others, 1959), probably reflecting
an association of nickel with iron sulfides in low-valent ore minerals,
perhaps bravoite or nickeliferous pyrite. The concentration of nickel
in the uranium deposits of the Salt Wash (and in deposits of the
Chinle formation of Triassic age) tends to be broadly zoned across the
central part of the Colorado Plateau. Nickel is more abundant in
ores toward the western or northwestern part of the region and less
abundant in ores toward the eastern or southeastern part.

YTTRIUM

Yttrium is a dominantly extrinsic element in the uranium deposits
of the Salt Wash member of the Morrison formation. It is estimated

534626 O - 60 - 3
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to be about seven times more abundant in the deposits than in un-
mineralized sandstone of the Salt Wash (table 2 and fig. 11). Corre-
lation studies suggest some affinity of yttrium for the nickel-cobalt-
molybdenum group of extrinsic elements (Shoemaker and others,
1959); and, therefore, the regional distribution of yttrium in ores in
the Salt Wash (and in ores in the Chinle formation) is similar, though
more erratic, to the regional distribution of nickel, cobalt, and molyb-
denum.
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Morrison formation
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FIGURE 11.—Histograms showing the frequency distribution of yttrium concentration in 211 samples of
uranium ore and 96 samples of unmineralized sandstone from the Salt Wash member of the Morrison
formation

SIZE OF URANIUM DEPOSITS

The size of each of 75 uranium deposits in the Salt Wash member
of the Morrison formation was calculated by adding its total produc-
tion to its indicated and inferred reserves. The production data were
compiled from records of the U.S. Geological Survey for the time
prior to 1948 and from records at the operations office of the Finance
Division of the U.S. Atomic Energy Commission in Grand Junction,
Colo., for the period April 1948 through December 1953. The data
for the reserves were compiled from records of the Ore Reserve Sec-
tion, also at the Grand Junction operations office, and from many
reports of the Geological Survey.

The frequency distribution of the calculated size of the 75 deposits
is given in figure 12. The calculated size of each deposit was assigned
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FIGURE 12.—Histogram showing frequency distribution of log size of 75 uranium deposits in the Salt Wash
member of the Morrison formation

to logarithmic classes with limits of integral powers of 10, as in the
following table:

Tons Log size
1-10 e 0-1
10-100 oo 1-2
100-1,000_ - — - 2-3
1,000-10,000_ - __ e 3-4
10,000-100,000_ . 4-5

A sandstone-type uranium deposit (as the term ‘“deposit” is used
here) is not in every case a continuous body of mineralized rock but
may be composed of more or less discontinuous, but closely spaced,
ore bodies of varying dimensions. The specification term, ‘“closely
spaced,” is not rigid and is determined to some degree by mining
practice. Groups of ore bodies that are or can be mined as one
deposit may generally be considered as one deposit in estimating
reserves. Rarely, closely spaced ore bodies that may or may not be
connected are mined by two or more companies through different
adits and are considered as separate deposits. Had they been mined
by one company they might have been considered as a single deposit.

Estimation of the extent of incompletely mined deposits or of
deposits not completely blocked out by drilling involves considerable
personal judgment. Normally the third dimension of an exposure
of ore in a mine or on an outcrop is considered nearly equal to the
length of the exposure, unless some idea of the third dimension can
be obtained in crosscuts in the mine, irregularities on the outcrop, or
from drill holes.
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The error involved in calculating the size of a uranium deposit is
undoubtedly large, but probably only a few sizes are misclassified in
the broad class intervals given on figure 12.

In estimating tons of ore reserves at particular mines no considera-
tion was given to the grade of the ore, except that the ore matched or
exceeded the minimum requirements of 0.10 percent UzOs or 1.0
percent V;0; in continuous layers 1 or more feet thick.

CORRELATION OF ELEMENT CONCENTRATION WITH
SIZE OF THE DEPOSITS

The relation between size and composition of the uranium deposits
was judged to be statistically significant on the basis of computed
correlation coefficients, wherein certain assumptions are necessary
regarding the form of the bivariant frequency distributions (fig. 13).
We recognize that our assumptions may be invalid, but this possibility
has no bearing on the completely separate regression analyses on which
the size-prediction methods are actually based. Correlation studies
served only to point out elements which could be useful in regression
analyses. The usefulness of these elements is verified in an analysis
of variance given on page 46 and in table 9, and also in tests of
the methods made on 40 other deposits of known size.

Using semiquantitative spectrographic analyses of samples from
uranium deposits for which the size could be calculated, simple linear-
correlation coefficients were computed between the log of the element
concentration and the log size of the deposits. These are given in
table 3. The bivariant frequency distributions or scatter diagrams
of element concentration in relation to size are shown in figure 13 for
the eight elements that correlate significantly with the size of the
deposits.

The computed linear-correlation coefficients of the log concentration
of the eight elements (nickel, calcium, manganese, zirconium, iron,
sodium, yttrium, and uranium) in relation to the log size of the de-
posits are higher than the lowest significant coefficient for 75 pairs at
the 95-percent level of confidence, that is less than 5 out of 100 coeffi-
cients of this magnitude would be expected to occur by chance alone.

Significant correlations of the size of the uranium deposits with
element concentration do not indicate, necessarily, that elemental
composition controls the size or that size controls the composition.
The probability values given in table 3, however, indicate that most
of the statistically significant correlation coefficients are not due to
chance, and that the size of the deposits and the concentration of the
eight elements are in some way related. The low values of the coeffi-
cients indicate that the relationships are not strong.
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FIGURE 13.—Scatter diagrams of minor-element concentration in 75 uranium deposits and the size of the
deposits, showing regression lines and regression equations; standard errors, Sy, of the equations; and
correlation coefficients, r. The positions of numbers in parentheses on the scatter diagrams are based on
determinations reported as ““trace,” “looked for but not detected,” or ‘‘questionable” (see p. 22).

Uranium is the only element of those studied (table 3) whose con-
centration has a significant positive correlation with the size of the
deposits. The relationship indicates that the higher grade ore ship-
ments tend to come from the larger ore deposits. As the analyzed
samples are from ore shipments, there may be some doubt as to
whether this observed relationship is a function of larger deposits
containing a greater concentration of uranium or of mining practices
in which higher grade ore in larger deposits is selectively mined and
shipped. The latter reason seems unlikely to be important because
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mining practices are highly variable and are possibly selected without
consideration for the size of the deposit. The mining practice most
pertinent here is the mixing of ore, not to reach a high grade, but to
maintain a grade that will give the highest return under the various
payment procedures administered by the U.S. Atomic Energy Commis-
sion. It seems likely that mine operators shipped higher grade ore
from the larger deposits, not because they could afford to leave low-
grade material in the mines, but because these deposits contained less
low-grade material. A possible exception to this practice may occur
where a large deposit consisting of zoned high- and low-grade ore is
mined in the high-grade zones and, therefore, the low-grade ore is not
conveniently available for dilution of grade by mixing.

The reason why larger uranium deposits contain higher average
grades of uranium ore is not clear, but it may be partly due to the
distribution of a uranium-precipitating agent, such as organic carbon,
in the host rock (McKelvey, Everhart, and Garrels, 1955, p. 506—-507).

Nickel and yttrium tend to be more highly concentrated in uranium
deposits in the Salt Wash member of the Morrison formation in the
western and northwestern parts of the Colorado Plateau where the
deposits tend to be smaller. This fact alone might account for the
significant negative correlation between nickel and yttrium concen-
tration and the size of the deposits. However, molybdenum shows a
regional variation within the uranium deposits similar to that of nickel
and yttrium but does not exhibit a significant correlation with the
size of the deposits.

Calcium, manganese, and sodium are present mainly in carbonate
cement of the host-rock sandstone; in uranium deposits their signif-
icant negative correlation with size of the deposits might be explained
by the hypothesis that larger amounts of cement material in the host
rock are unfavorable to the formation of large ore deposits.

The reasons for the significant negative correlation between size of
the deposits and their concentration of iron? and zirconium are un-

known.
ESTIMATION OF SIZE OF DEPOSITS

Regardless of the reasons for the correlations between element
concentrations and the sizes of the deposits, the relationships pro-
vide a basis for estimation or prediction of the sizes of uranium de-
posits. In the absence of any other geologic information, the best
estimate ® of the size of any single deposit would be the geometric
mean size of all the deposits in the group—in this case, the Salt Wash
member of the Morrison formation. The indices of prediction *

? Subsequent study indicates that the regional variation of iron concentration in uranium deposits is
similar to those of nickel and yttrium. Thus, the negative correlation of iron concentration with size may
also be related to regional variation.

3 Estimate with the smallest standard error.

4 Index of prediction=1~— /1—r?, where 7 is the correlation coefficient.
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(Davies and Yoder, 1941, p. 348) reveal that estimation or prediction
of the size of deposits based on the concentration of any 1 of the 8
elements will improve the estimate by about 3 to 7 percent. This
gain is tangible, but small. Estimates based on the concentration of
one of these elements would have about 93 to 97 percent of the stand-
ard error that would have obtained if every deposit were estimated to
be of mean size. Size estimates can be improved considerably,
however, if based simultaneously on the concentration of all the eight
elements—uranium, yttrium, sodium, iron, zirconium, manganese,
calcium, and nickel.

Three methods of estimating size of the deposits from elemental
composition are given. The first method is based on simple linear
regression; the statistics were computed by the writers. The other
two methods are based on multiple regression; these statistics were
computed at the Statistical Engineering Laboratory of the U.S.
National Bureau of Standards.

SIMPLE LINEAR REGRESSION (METHOD 1)

Regression lines and equations expressing the variations of size as a
function of element concentration are given in figure 13. The stand-
ard error of estimate (Waugh, 1952, p. 445) for each equation is also
given. When the concentrations of uranium, yttrium, sodium, iron,
zirconium, manganese, calcium, and nickel in a uranium deposit are
known, it is possible to estimate eight different sizes for any given
deposit. If the eight estimates are each weighted by the z value®
corresponding to the correlation coefficient of the element with size
of the deposits, a weighted average-size estimate can be computed.
In other words, an average estimate is computed from a group of
estimates that are weighted according to the degree of correlation of
the element on which each is based. Thus a size estimate based on
the concentration of uranium would receive more weight than one
based on manganese. Table 4 has been prepared to facilitate calcula-
tion of the weighted average-size estimate. The constants in the table
have been weighted by the proper z values, and it is necessary only to
sum the eight constants that correspond to the proper elements and
their concentration to obtain the log of the weighted estimate of the
size. Itisimportant that all eight elements be considered. The sum
of the upper constants in table 4 is the log 1, of the weighted average-
size estimate.

5z is a function of the correlation coefficient, r; but unlike r, z is approximately normally distributed
(Fisher, 1950, p. 197-201). The equation for z may be written

2=1,1513 ]ogw}%':-
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The log of the weighted average-size estimate is compared graph-
ically on figure 14 with the log of the calculated or true size for each
of the 75 deposits on which the study is based. The correlation co-
efficient of these two variables is +0.61. The index of prediction
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FIGURE 14.—Scatter diagram of log weighted average-size estimate of 75 uranium deposits and log true
size of the deposits.

calculated from this coefficient indicates that by using all eight ele-
ments, a size estimate can be improved by about 21 percent as opposed
to about 3 to 7 percent by using only a single element. The regression
line of y on z is,

y=3.852—"7.0963, n

where y is a second estimate of log,, of the size and z is logy of the
weighted average-size estimate. Thus, if the log of the weighted
average-size estimate is computed from table 4 and used in equation 1,
another weighted average-size estimate is obtained. This second
estimate is herein called the expanded weighted average-size estimate,
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as the use of equation 1 increases the range of sizes that may be
estimated. For example, log weighted average sizes of 2 and 3
(computed from table 4), which correspond to 100 and 1,000 tons,
will be expanded with the equation to 0.6037 and 4.4537 respectively,
corresponding to 4 and 28,000 tons.

The log of the expanded weighted average-size estimate is computed
by summing the eight appropriate lower values from table 4, which is
constructed to include all computational steps. For example, if a
spectrographic analysis of a mill-pulp sample from a mine in the Salt
Wash member of the Morrison formation gives U=0.X—,Y=0.00X—,
Na=0.X—, Fe=0.X+, Zr=0.0X, Mn=0.0X, Ca=X.0, and Ni=
0.00X—, the respective constants are 0.6919, 0.6172, 0.3127, 0.3485,
0.2160, 0.1394, 0.0659, and 0.0640. The sum of these constants
(2.4556) is the estimated size of the deposit, in log tons.

The standard error Sy of the regression line (equation 1) is 0.836
(table 9). The standard error measures the deviation of points from
the fitted regression line in terms of y (fig. 14).

The error involved in the prediction of y from any specific value
of z may be obtained by the following expression:

1, (z—72)2 :I%
2 2 el 7
i ey ei=05 1 (1a)
(Anderson and Bancroft, 1952, p. 156-164), where ¢ is taken from a
table of ¢ for a given confidence level, Sy is the standard error of
estimate (0.836), n is the number of pairs (75) of values of z and y,
and Z is the mean . To estimate the error of a size prediction from

equation 1 at the 95-percent confidence level, constants are inserted
and the expression becomes

+1.99(0.836) {1.0133+(’”-22—$W}%, (1b)

where z is the log of the weighted average-size estimate obtained by
summing the appropriate upper values from table 4. Thus the error
of a prediction varies with the difference between the mean z on
figure 14 and the value of z that is actually used to predict. This
is understandable when it is considered that an error in the slope
of the fitted regression line (fig. 14) is most serious in terms of the
dependent variable at its extremities and least serious near the mean.

Size predictions and errors for two examples are given below. In
example A, all the element concentrations are in the same spectro-
graphic group or frequency class as the mean of the element® in the

¢ For the mean case (example A): U=0.X—, Y=0.00X—, Na=0.X—, Fe=0.X+, Zr=0.0X, Mn=0.0X,
Ca=X., and Ni=0.00X—.

534626 O - 60 - 4
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75 deposits. In example B, the concentrations are in extreme classes.’
The error of size estimates at the 95-percent confidence level will
almost always be intermediate between these two examples.

Log of weighted | Log of expanded Error of y
Example averaeze) size ! | weigh t;ad zalwemsze (95-percent confidence level’
z size
(€2}
A .. 2. 4809 2. 4556 24 1.6746( §47.3)
: S 2.9776 4. 3677 + 1.7646( _§58.2)

1 Computed from table 4.
2 The range y—1.6746 to y+4-1.6746 is equivalent to the range antilog y-+-47.3 to antilog yX47.3, where anti-
log y=predicted size of the deposit in tons rather than in log tons.

To obtain the 80-percent, rather than the 95-percent, confidence
interval the expression becomes

1.0133+ (z—2.489)2Y }
2.09 ’

and the errors given for examples A and B would be +1.0856 (512.2)

(Le)

+ 1.29(0.836){

and £+1.1439 (5_13.9) respectively.

LONG MULTIPLE REGRESSION (METHOD 2)

The multiple correlation coefficient between the log size of the 75
deposits and the logs of their concentrations of uranium, yttrium,
sodium, iron, zirconium, manganese, calcium, and nickel—as deter-
mined by semiquantitative spectrographic analysis—is 0.67. The
index of prediction calculated from this value indicates that a size
estimate can be improved by about 26 percent in comparison to about
21 percent by using the simple linear-regression method and from 3
to 7 percent improvement by using a single element.

The multiple-regression equation calculated at the U.S. Bureau of
Standards is:

y=—0.01704+0.15792; —0.0908zy —0.0709zy, —0.0494 x5,
—0.085427,+0.013924, +0.009825, —0.0400zy;, (2)

where y is the estimated log,, size of the deposit, in tons, and =y,
Ty . . . Tw; are respectively 6 times the log,, of the spectrographic

7 For the extreme case (example B): U=0.X+, Y=0.0000X+, Na=0.00X, Fe=0.X, Zr=0.00X—,
Mn=0.X4, Ca=XX.—, and Ni=0.0000X. The values for Y, Na, and Ni are below the spectrographic
limits of detectability. However, spectrographic reports of ‘‘looked for but not detected’’ for these elements
were assigned to these respective classes for use in all calculations. See section on statistical treatment of
data (p. 22).
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determinations,?® in percent, for uranium, yttrium, sodium, iron,
zirconium, manganese, calcium, and nickel.
The same value of estimated log size may be obtained with less
computation by summing the eight appropriate values from table 5.
The standard error of equation 2 is 0.820 (table 9). The range of
error involved in the prediction of y from any specific combination of
Ty, Ty . . . T 1S given by

1 3
£2(0.672049)  14[1,20, 7% . . . Ti) ¢s | Ty
Ty

+ . . (2a)

7
TN

The values of the matrices Cs are given in table 6. Expansion of this
expression is a tedious process,” which is impractical. The error in
prediction will generally be within the ranges given below for the
95- and 80-percent confidence levels.

Range
/
Confidence level (percent) From— To—
Example A Example B
98 . +1.6532 (545.0) +2.4654 (5292.0)
80 .. +1.0717 (fu.s) 15082 (Xs0.7 )

Examples A and B were calculated using values of g, % .
ry; corresponding to values in the same spectrographic classes as
those used in the sample calculation with equation 1b.

SHORT MULTIPLE REGRESSION (METHOD 3)

Inasmuch as the logs of the uranium and yttrium contents of the
deposits show the bighest linear correlation with the log size of the
deposits (table 3), a multiple regression equation which includes only
uranium and yttrium contents as the independent variables, was
calculated at the U.S. Bureau of Standards. The equation is

/ ’
¥=0.5074+0.13262y —0.1594zy, (3)
8 As the logyo of the midpoints of the semiqu antitative spectrographic ranges, in which the analyses are
reported in percent, form a series, such as 8% —10, 83—10, 8§10, 94—10 . . ., multiplication of each
value by a factor of 6 reduces the series to one of simple whole numbers, such as —11, —9, —7, —5. . ., which

are easier to handle in calculation.
¢ Procedure for expansion of equation 2a and 3a is given on page 40.
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where 2y is 6 times the log of the percentage of uranium, ¥ is 6 times
the log of the percentage of yttrium, and y is the log,, of the estimated
size of the deposit, in tons. To eliminate calculation, table 7 is
given from which the estimated log size or size may be read directly,
using semiquantitative spectrographic determinations of uranium
and yttrium,

The standard error of equation 3 is 0.866 (table 9). The range of

error involved in the prediction of y from any specific combination of
zy and zy is given by

1
+ [t2(0.749634) { 141, 25, 23] Cs [‘”i’] } ]% (3a)
Ty

The values of the matrices C; are given in table 6. Expanded
equation 3a becomes

+4[0.749634 (14+0.495495-+0.002528xy
+0.0271172%+0.002528x; +0.001140252—0.000237 252y
+0.0271172%—0.000237 2,2y 4-0.001653x%2)])*;

when like terms are combined the expression is

+#[1.121074+0.0037902% +0.040656
—0.000355z4 +0.000855,2+0.001239z, .

The error in prediction will generally be within the ranges given
below for the 95- and 80-percent confidence levels.

Range
Confidence level (percent) From— To—
Example A Example B
95 17351 (X543) +1.8533 (5713)
80 oo +1.1248 (133) +1.2014 (3159)

Example A was computed with equation 3a using values of zy
and % which correspond to the respective log midpoints of the classes
in which the mean log concentration of the elements fall (U=0.X—
and Y=0.00X—). Calculated errors for example A are about the
minimum that will be obtained from equation 3a at the 95- and 80-
percent confidence levels with any combination of uranium and
yttrium concentrations. Example B was computed with equation
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3a using values of 2y and «% which correspond to the respective log
midpoints of extreme classes (U=0.X+, Y=0.000X-+). Unless a
higher concentration of uranium or a lower concentration of yttrium
is detected in the sample, the computed range of error for size esti-
mates at the given confidence levels cannot be larger than those for
example B.

SUMMARY OF PROCEDURES FOR ESTIMATING SIZE OF DEPOSITS

The type of sample and analysis required for use in the equations
and tables given in this report are as follows:

1. The uranium deposit must be in the Salt Wash member of the
Morrison formation on the Colorado Plateau.

2. A mill-pulp sample representing several tons or more of the deposit
is required to estimate the error of the prediction. Other types
of samples, such as drill core, could be used but the precision
and accuracy of estimation for such samples is indeterminate.

3. The analyses for uranium, yttrium, sodium, iron, zirconium,
manganese, calcium, and nickel must be made by the semi-
quantitative spectrographic method used at the Denver, Colo.,
laboratory of the U.S. Geological Survey.

Simple linear-regression method.—A constant corresponding to the
semiquantitative spectrographic determination of the concentration
for each element is obtained from table 4. The eight constants are ,
totaled, using the appropriate constants for expanded weighted-
average size. The antilog of this sum is the estimated size, in tons.
About 95 percent of such estimates will be within a factor of 47-58
of the true size of the deposits, and about 80 percent of the estimates
will be within a factor of 12-14 of the true size.

Long multiple-regression method.—A constant corresponding to
the semiquantitative spectrographic determination of the concen-
tration for each element is obtainied from table 5. The eight appro-
priate constants are summed. The antilog of this sum is the esti-
mated size, in tons. About 95 percent of these estimates will be
within a factor of 45-292 of the true size of the deposits. About
80 percent of the estimates will be within a factor of 12-40 of the
true size.

Short multiple-regression method.—The log size or size of the deposit,
in tons, is read directly from table 7 for the concentration of uranium
and yttrium determined by semiquantitative spectrographic analysis.
About 95 percent of the estimated sizes, in tons, will be within a
factor of 54-71 of the true size of the deposit. About 80 percent of
the estimated sizes will be within a factor of 13-16 of the true size.
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SUMMARY AND CONCLUSIONS

Three methods have been given for estimating the size of a uranium
deposit in the Salt Wash member of the Morrison formation on the
Colorado Plateau. Two of the methods are based on the concen-
tration of uranium, yttrium, sodium, iron, zirconium, manganese,
calcium, and nickel in the deposit and the third only on the concen-
tration of uranium and yttrium. The element concentrations are
determined by semiquantitative spectrographic analyses of mill-pulp
samples obtained from uranium-ore mills and buying stations. The
samples are splits of those assayed to determine payment to the ore
shipper; each represents several tons or more of ore. The spectro-
graphic analyses were made by the U.S. Geological Survey.

The methods of size estimation given in this report are not very
precise; each can be used to estimate size, in tons, only to within a
factor of 12 or more at the 80-percent confidence level. For example,
if the size of a deposit were estimated with equation 1 to be 285 tons
(as in example A by method 1), one could be only 80 percent con-
fident that the true size is somewhere between 23 and 3,477 tons.
Thus appraisal of a single ore deposit by method 1 appears to be of
only little use. However, 285 tons is the best estimate if no other
information regarding the size of the deposit is available, as may
often be true where mine development or exploratory drilling is
meager and the deposits in the area have a large range in size. If
the size of a deposit were estimated with method 1 to be 23,300 tons
(as in example B) one could be only 80 percent confident that the
true size is somewhere between 1,700 and 324,000 tons. However,
the best estimate is still 23,300 tons, which may encourage further
expenditure in exploration development. The method has indicated
that a relatively large deposit is present. Where the estimated size
of a deposit is small, the range of error is also small, in terms of tons,
because the error is a function of the estimated size. For example, if
the size of a deposit were estimated with equation 1 to be 43 tons,
one could be 80 percent confident that the true size is less than 600
tons. Known production or reserves may serve to place a lower limit
on the size of the deposit.

As applied to individual deposits the methods may be useful in
appraisal of old mining property. A deposit thought to have been
mined out may be tested in order to judge the likelihood of undis-
covered ore. For example, a deposit may have produced 2,000 tons
of ore and is then believed to have been exhausted. If its composition
indicates that the deposit is 20,000 tons, further exploration may be
encouraged. However, if the deposit is estimated to be near 2,000
tons or less, the methods would tend to confirm the belief that the
deposit is mined out.
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For individual deposits the methods of size estimation given here
are useful in distinguishing only the general range of size, such as
small compared to intermediate or large. The precision of estimation
is greater, however, for the average of a number of deposits than for
single deposit. If replicate estimates of a single deposit have a
frequency distribution with a standard deviation of o, then the mean
of N independent estimates for this deposit has a frequency distribu-
tion with a standard deviation of s;=¢/4/N. Thus, if the precision
of estimation does not vary too widely for deposits of different
estimated size, the confidence interval (expressed in log values) for the
estimated mean of 10 deposits, for example, is about one-third of the
confidence interval for a single estimate. The precision of the mean
in terms of tons of ore, in other words, is greatly increased. The
methods of size estimation given in this report, therefore, may be
most useful in appraising groups of deposits or ore districts.

The precision and accuracy of the methods of size estimation have
not been determined for ore samples other than mill pulp. However,
the principles underlying the methods may serve to establish similar
methods for other types of samples, such as drill core. Such methods
may be extremely useful in gathering maximum data from costly
drilling exploration. Size estimation of ore deposits from the com-
position of drill cores is expected to be considerably less precise
than estimation from mill pulp.

The controls of the relations between size and composition of
uranium deposits are largely unknown, though some speculation is
given on pages 33-34. More thorough understanding of these con-
trols may lead to more precise methods of estimating the size of
uranium deposits in the Salt Wash member of the Morrison formation.

Similar relations may also be found among other types of ore
deposits and may be useful in estimating their size. A search for
such relationships may not only be economically rewarding but may
also add to our knowledge of the nature of ore deposits and the controls
of their localization.

TESTS OF THE METHODS OF ESTIMATION

The log size for each of 40 uranium deposits in the Salt Wash
member of the Morrison formation was estimated from semiquanti-
tative spectrographic determinations of the 8 elements in mill-pulp
samples using equations 1, 2, and 3. These estimated log sizes are
given in table 8 together with the range of the calculated or true log
size for each deposit. The range of error for each estimate from equa-
tions 1 and 3 at the 95- and 80-percent confidence levels is also given.
None of the 40 deposits listed in table 8 is part of the original 75
deposits on which the methods of size estimate are based.
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Like the original 75 deposits, the true log sizes of the 40 deposits
listed in table 8 are known only within broad ranges. For comparison,
the true log size of each deposit may be taken as the midpoint of the
range of the true log size. Errors arising from this assumption are
probably compensating.

The methods of size estimation are not tested to determine their
precision, which may be calculated from the statistical theory (equa-
tions la, 2a, and 3a), but to determine whether their precision for a
particular group of deposits is similar to, or greatly different from,
that calculated for the method. Theoretically, about 38 out of 40
estimates for each ‘equation should be ‘within the 95-percent confi-
dence interval and about 32 out of 40 should be within the 80-percent
confidence intervals. Actually, 39 out of 40 estimates (97.5 percent)
made with equation 1 proved to be within the calculated 95-percent
confidence interval and 28 out of 40 (70 percent) proved to be within
the 80-percent confidence interval. Similarly, 37 out of 40 estimates
(92.5 percent) made with equation 3 proved to be within the 95-
percent confidence interval and 31 out of 40 (77.5 percent) proved
to be within the 80-percent confidence interval. Confidence intervals
for estimates made with equation 2 were not calculated except for
two extreme cases. Had equation 2a been used to calculate the confi-
dence interval for each estimate, 38—40 out of 40 estimates (95-100
percent) would be within the 95-percent confidence interval and 29-
38 (72.5-95 percent) would be within the 80-percent confidence in-
terval. Thus the calculated confidence intervals describe fairly well
the precision of size estimates made for this group of 40 deposits.

The accuracy of the 40 size estimates may be judged by observing
the deviation of the estimates from the true log sizes or by comparing
the mean of the estimates with the mean true log size of the 40 deposits.
Deviation of the estimates from the true log sizes may be expressed
in terms of [Z(y—y’)?/(n—1))}, which is equivalent to the standard
errors of the regression equations (table 9). The term ¥ is the true
log size of a deposit, y’ is the estimated log size, and » is the number
of estimates. For the 40 estimates made with each of the three equa-
tions this value is as follows:

Deviation of esti-
Equation mate from true Standard error
log size

0. 905 0. 836
. 944 . 820
1. 017 . 866
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For each equation the value [Z(y—¥’)?/(n—1)]* is somewhat higher
than the calculated standard error. This may be due primarily to
the fact that the mean log size (3.05 tons) of the 40 deposits is greater
than the mean log size (2.49 tons) of the 75 deposits on which the
calculations of the regression equations are based. Log-size estimates
that average nearly 2.49 tons will have a value [S(y—y’)?/(n—1)}** that
is near the standard error. Log-size estimates greater or less than
2.49 tons will have a value [Z(y—y’)?/(n—1)]** that is greater than the
standard error because the errors in slopes of the regression lines are
greater at some distance from the mean when the error is measured
in terms of y.

Although the standard error for equation 2 is less than those for
equations 1 and 3, the deviation of log sizes estimated with equation
2 from the true log sizes is greater than that for equation 1. However,
this was only found to be true for this group of 40 deposits and cannot
be considered representative of what might be found with other tests.

The mean true log size of the 40 deposits listed on table 8 is 3.05.
The mean of the estimates made with equation 1 is 2.73, with equation
2 is 2.80, and with equation 3 is 2.70. Thus the estimates from all
three equations appear to be too low on the average, the bias becoming
respectively more serious with estimates made with equations 2, 1,
and 3.

The accuracy of the equations used in estimating the log size of
particularly large or small deposits, or deposits of near average size,
is shown by the following data.

The 40 deposits are grouped according to log-size classes (p. 46) ; for
example, the 8 deposits with a log size ranging from 4 to 5 tons are
considered to have a true mean log size of 4.50 tons. The mean of the
log-size estimates made with equation 1 is 3.37 tons, with equation
2 is 3.40 tons, and with equation 3 is 3.07 tons. The mean log sizes
estimated with equations1and 2 are somewhat nearer to the true mean-
log size for each class than are those estimated with equation 3. For
the test group of 40 deposits, log-size estimates of large deposits made
with equation 3 are considerably less accurate than those made with
equations 1 or 2; log-size estimates of small deposits made with equa-
tion 1 appear to be more accurate than those made with either
equations 2 or 3.

For the 40 deposits listed on table 8, slightly more accurate size
estimates can be made with equation 1, based on the simple linear-
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regression method, and equation 2, based on the long multiple-
regression method, than with equation 3.

Mean true log Mean estimated-log size (tons)
Number of deposits in group size (tons)
Eq1l Eq2 Eq3
8 . 4. 50 3. 37 3. 40 3.07
12 o ____. 3. 50 2. 78 2.76 2. 64
15 e ____ 2. 50 2. 58 2.71 2. 67
L U 1. 50° 2. 05 2.24 2. 34

COMPARISON OF THE METHODS OF ESTIMATION

The precision with which estimates of size can be made with each
of the methods is dependent on two factors: (a) The degree of relation-
ship found between size and the independent variable or variables
used in the method, and (b) the error or uncertainty of the equation
used to express the relationship between size and the independent
variable or variables. The first factor, the actual degree of relation-
ship between size and  or zy . . . 2y, may be examined for the three
methods by a comparison of the correlation coefficients and an
analysis of variance (table 9). The highest correlation coefficient
(r*=0.67) given in table 9 is that between the log size of a deposit
and the logs of the eight element concentrations. Equation 2 reduces
the sum of squares of the true log size more than either of the other
two methods and has a smaller standard error. The reduction in the
sum of squares with equation 1 is somewhat less than that obtained
with equation 2, and- the standard error of equation 1 is slightly
greater. Equation 3 causes the least reduction in the sum of squares
and has the greatest standard error. The Fratios for all three methods
indicate that each of the equations reduce the variance by statistically
significant amounts.

Most of the reduction of sum of squares with the long multiple-
regression method (eq 2) is due to the variables z’, and ', (functions
of uranium and yttrium concentrations). However, the reduction
in variance owing to inclusion of the variables 2’; . . . 2’3 in equation 2
is significant at the 95-percent probability level.

It may be concluded from the analysis of variance in table 9 that
the variance of the log size of uranium deposits is significantly reduced
by each of the methods and, so, each method will be useful in esti-
mating size.

Equations 1a, 2a, and 3a give the ranges of error for individual size
estimates at specified confidence levels. Both the degree of relation-
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ship found between log size and the independent variable or variables
and the uncertainty of the equation used to express this relationship
are considered in these equations. The ranges of error at the 95-
and 80-percent confidence levels have been computed for each of the
three methods for the case where all elements are at their mean con-
centration (example A) and for the case where all elements are at
extreme concentration (example B). These are given in the appro-
priate sections of the report but are brought together below for
comparison.

Confidence level

Estimated log
size (tons)
Method and equation 95 percent 80 percent

Example A | Example B | Example A | Example B | Example A | Example B

2.4556 4.3677 +1.6746 =+1.7646 +1. 0856 +1.1439
2.4939 5.8933 +1. 6532 +2. 4654 +1.0717 +1. 5082
2. 5542 4. 3598 +1.7361 +1.8533 +1.1248 +1.2014

Log of
weighted . Logo of element
Example average Element concentration (percent) concentrationxX6
size @y - - - 2w)
(z)
A 2.4809 | U=0.X—, Y=0.00X—, Na=0.X-, Fe=0.X+, Zr= | —5, —17, =5, —1, -9,
0.0X, Mn=0.0X, Ca=X., Ni=0.00X—~ =9,3, —17
B 2.9780 | U=0.X+, Y=0.000X+, Na=0.00X, Fe=0.X, Zr= | -1, —25, —15, -3, —17,
0.00X—, Mn=0.X+, Ca=XX.~, Ni=0.0000X 21,7, -2

It appears from these sample calculations, wherein the uncertainty
of the regression equation is considered, that the range of error for
individual estimated sizes is generally smaller for equation 1 than for
equations 2 and 3. The range of error for log size estimates made
with equation 2 may be especially large if the eight elements are at
their extreme concentration, that is, the deposit is extremely large
or small.

It is suggested on the basis of these comparisons and the tests of the
methods described previously on pages 43—46 that the simple linear-
regression method (eq 1) and the long multiple-regression method
(eq 2) are more accurate for estimating the size of deposits than is the
short multiple-regression method (eq 3). Usually, estimates made
with equation 1 are more precise than those made with equation 2,
except where the deposit is estimated to be of near-average size.
Equation 1 has the additional advantage over equation 2 that the
confidence interval of an estimate can be calculated more easily.



48 CONTRIBUTIONS TO ECONOMIC GEOLOGY

REFERENCES

Anderson, R. L., and Bancroft, T. A., 1952, Statistical theory in research:
New York, McGraw-Hill Book Co., 399 p.

Cadigan, R. A,, 1959, Characteristics of the host rock, in Garrels, R. M., and
Larsen, E. 8., 3d, Geochemistry and mineralogy of the Colorado Plateau
uranium ores: U.S. Geol. Survey Prof. Paper 320, pt. 2, p. 13-24.

Davies, G. R., and Yoder, Dale, 1941, Business statistics: New York, John Wiley
and Sons, 2d ed., 616 p.

Dixon, W. J., and Massey, F. J., Jr., 1957, Introduction to statistical analysis:
New York, McGraw-Hill Book Co., 3d ed., 370 p.

Finch, W. 1., 1955, Preliminary geologic map showing the distribution of uranium
deposits and principal ore-bearing formations of the Colorado Plateau region:
U.8. Geol. Survey Min. Inv. Field Studies Map MF-16.

Fischer, R. P., 1942, Vanadium deposits of Colorado and Utah, a preliminary
report: U.S. Geol. Survey Bull. 936-P, p. 363-394.

Fisher, R. A., 1950, Statistical methods for research workers: New York, Hafner
Publishing Co., 11th ed., 354 p.

Lasky, S. G., 1950, How tonnage and grade relations help predict ore reserves:
Eng. Mining Jour., v. 151, p. 81-85.

McKelvey, V. E., Everhart, D. L., and Garrels, R. M., 1955, Origin of uranium
deposits: Econ. Geology, 50th anniversary volume, p. 464-533.

Myers, A. T., 1954, Spectrographic methods, Denver, ¢n Geologic investigations
of radioactive deposits—Semiannual progress report, Dec. 1, 1953, to May
31, 1954: U.S. Geol. Survey TEI-440, p. 194-195, issued by U.S. Atomic
Energy Comm. Tech. Inf. Service, Oak Ridge, Tenn.

Shawe, D. R., 1956, Significance of roll ore bodies in genesis of uranium-vanadium
deposits on the Colorado Plateau, in Page, L. R., Stocking, H. E., and
Smith, H. B., compilers, Contributions to the geology of uranium and thorium
by the United States Geological Survey and Atomic Energy Commission for
the United Nations International Conference on Peaceful uses of atomic
energy, Geneva, Switzerland, 1955: U.S. Geol. Survey Prof. Paper 300,
p. 239-241.

Shoemaker, E. M., Miesch, A. T., Newman, W. L., and Riley, L. B., 1959, Ele-
mental composition of the sandstone-type deposits, in Garrels, R. M., and
Larsen, E. 8., 3d, Geochemistry and mineralogy of the Colorado Plateau
uranium ores: U.S. Geol. Survey Prof. Paper 320, pt. 3, p. 25-54.

Waugh, A. E., 1952, Elements of statistical method: New York, McGraw-Hill
Book Co., 3d ed., 531 p.

Weeks, A. D., and Thompson, M. E., 1954, Identification and occurrence of
uranium and vanadium minerals from the Colorado Plateaus: U.S. Geol.
Survey Bull. 1009-B, p. 13-62.



SANDSTONE-TYPE URANIUM DEPOSITS—COLORADO PLATEAU 49

‘31q¥) JO PUD }8 83}0UJ00] 3
X000° -'X -X0- =X0’ X ] —X00 +X0" 000 ‘1-001 =" “odewAy
+Xx000° X X0 -X0* X 1L EA/RE o < RN b g°gy 60298-A
X000° -'X -X0 -X0° X- 0 -X00° b.<\ M S 99E 91,89~
X000° -'X -X0* -X0" X 0 —X00° =-X" 000 ‘T-001 1788 QuL89-0 | 31
—=X0° X -X0° X00° -'X +x0° 0 X 000 ‘001000 ‘01 el
+X000" X -X0- -X0’ X X0 —X00" -X" 001-01 (4] 09.2L-d | 21
—X00" +x° -X0" -X0- -'X -X —-X00" -X"* 000 ‘1-001 9191 20.89~-(1 | 11
+X000" +x p-C N -X0" +X - 4L X00" +X° 000 ‘01-000 ‘1 -ed8AY
+x000° [+X° -X0° -X0° X 1L | —X00* -X" 8002 10L08-Q
—X00" -'X X0 X0 +x* 0 X00°" -'X 8608 00L98- A
-~X000" -'X +X00" p.<\ =X 0 +X00° +X . 0°g LL088-(Q
+X000" X' +X00 -X0" +x- X0 X00° —-'X 000°01-000‘1 | 0°022 9L088-d | 01
—X000" X -X0* -X0" —-'X X0° +X000" b. & 000 ‘001-000 ‘01 |~ ToTTTTTEETe 93e10AY
—X000" X —X0" -X0" -'X X0 —X00" X ; -3 - D A SIVE0Z
—X000" -'X +X00" -X0* +X - X0 X000 X 000°001-000°01 | 0°98 |TTTTTTTTTTTRomeoemTeete SL0B8-d | 6
0 |+X —X0° +X0° +x- -X’ —-X00" [+X0° 001-01 L S D “09LL8- | 8
+X000 " X —X0°* -X0°* X +x0° a3, X" 000 ‘01-000°1T |~""""TTTTT - 98eIeAY
+X000° +xX -X0" -X0- +x- +X0°" ~X00" Lo SHE 083 8LLL8-A
+X000° X ~X0" -X0" X’ +X0° 1L X 000 ‘01-000°1 | 0°6¥%1 LLLIS-(OQ | L
X0 |+X -X0° —X0° X +Xx0° X00'  |+XO0° 001-01 8°01 TR | 9
—X0- -'X -X0" +Xx00° X X0° -X00° -X" 001-01 A0 S hht i £E298-Ad | ¢
X000 +x -X0" —X0- X* b.( N +Xx000 -X 000°01-000°‘T |~""""""TTTT oo “g 08819AY
X000° +x -X0" -X0" b:& X0 X000° =X TTTTTmmmomesses 0°013 Z189-A
+X000" +X —-X0 -X0- X +X0’ X00° X 000 ‘01-000*" | 9°2L1 8-a | ¥
+X000" +x —X0* Xo* +X- +X0* X00° =X 000 ‘1-001 Z'61 T8O | €
X000 b.¢) —-X0- -X0- b. ¢ 0 —-X00" 0 000°01-000°‘T | €°¥61 90.89-d | 2
X00 X —X0 X0°0 ~'X -X0 +X00°0 +X°0 001-01 €1 o 98L98- | T
IN L:0e) unN 1z o4 BN X n ids sem
(suo3) oduss
¢ J1s0dop JO 021§ |YoIYM woJ) ojdwmsg jisodeq
1 sesA[eue ojqdeldolioeds aajis)jjusnbimeg 910 jO SUoJ,

‘yjowisg ‘Y ‘Jd ‘SudA%
spoyjeul 9AfjBIjUSDD

%

{Aeamg 189130100 *§' ) ‘uoun(y ‘f *d pus “if ‘sefod "M ‘D

‘| :s)sA[BUY  SUOIIBUINIISISD oY) JO jueosed (g Jnoqe Uy oNfBA 9AJ1BIIIULND oY) SOPNIIUI [BAIOJU] SSB[O BAIBIIIUBNDIWES pouB[sse 8] J8Y) Moys
OUIBIQO 050U [IIM BIBD JE[JUI[S JO SUOSLIBdmIO) ‘poyldw uospsdmoo-Tensja pidel o3 Aq opem SuUOpBUIMIISEp ojqdsidoiroods 9ayelyuenbimeg]

noIv)J 0pDL010)) Y] U0 UODULLOf UOSLLLIOPY Y] ur spsodap wniuvin fo sapdwps fo sasfippup dvydo.ibospads aayvpyuonbrwag—:1 ATAV],



CONTRIBUTIONS TO ECONOMIC GEOLOGY

(=
Yol

+x00° ‘X X0* X0° X +x- +X00" X [171] 1) S ittt ettt 9B8RAY
+x00° ‘X X0° X0 X +x +x00° b SIE M 86 o 81295
+X00° X X0 X0° X +X- X00° X’ 001-01 g9 |TTTommemmmomecorecmommemeen QL8 | S
+X000" -'X X0 —X0" +X -X' —X00" +X0° 000 ‘1-001 9°Ly 82C8-A | ¥C
+x000° -'X x0° -X0" +x X’ —X00" -X- 001-01 TToTTTmTmmmommToTmmmsommmmmommeso 838104V
+x000° X +Xx0° -X0" X" b' LA IS SO 682 05298-a
+X000" -'X X0 -X0° +X- b’ —X00" e S R 0°¢9 - 61298-d
+X000" ‘X +x0° X0 +X- X X00° X 001-01 6°'8% SeemomoTeseneonees 1829 4
X000 ‘X x0° X0° +x +X0° -X00" b’ 000°0T-000“1 |~~~ "==TTTon[ToTTTTTTsmsossommommsssmmoocesesos 038104V
1Y, ‘X X0 X0° +x: +X0° —X00° b SEE | 5172 G R £L698-A
—X00° +'X X0- X0 +X +X0° X00° b S A Pk S 20698-A
X000° |+X° —-X0° X0* +x- X0° -~ X00 b’y 000°01-000‘T | 0°GL 8L088- | 22
—X00" +°x X0 X0" +x- +x0- X00° +X0° (110738 €11 SR i ieteintel et 938194V
X00°' X X0 X0° +Xx +X0" +x00° [ I ) 29698-A
X00° +X +X0° X0° +X - +X0° X00° b S | T - 19698-Q
—X00° +X X0 X0 +X +X0° —X00" 0 S 0°'8¥% - 05698-A
X000° X +X0° -X0" X X0 X00° X0° 000°1-001 6 06 20189~ | 12
X00" |+X° X0- Xo0° -'X -X° X00° X" 000 ‘1-001 2% - it ¥hL98-A | 02
-X00° ‘X X0- X0° -'X -X* L | -Xx 000°01-000‘T |~~""""TTTTTn|TTTTTT e m s mmos s mmmemmomee s 8deieAy
X000° -'X —-X0* -X0°* -'X X0° —X00" £ S [ 2 6.088-(1
X00° +'X +X0* X0° -'X -X 0 | -X |- 0888  |TTTTTTTTmmoommmomoomoooes g6L8-A
=X00" ‘X X0* X0° -'X -X- 0 b'g 000°01-000‘T | 1'818  |TTTTTTTTmmeTrommosomosooes ¥5L8-d | 61
—-X00" [+X° X0° —X0" +x- X0° —X00° X 11071 ) 1 e 83810aY
-X00° |+X: X0- -X0° -'X +x0° —X00" B2 'SHEEEE 19 SYES0Z
X00° [(+X° -X0° -X0" -'X -X° —-X00" B S e F A S 96L.8-(
X000° X X0° X0* X -X0" X00° X 000°01-000‘1 | 832  [TTTTTToTomeeemt 69298 | 81
+X000* b'e -+X00° Xo0° +X- X0- —-X00" X 000 ‘01-000‘T | 0°082 TLORR-Q | L1
+X000" X —X0° -X0° X —X00° 001-01 181 evL98- | 91
—X00°0 -'X —-X0°0 —X0°0 -'X -X0 —X000 |+X0°0 001-01 % 4 20N e 00289-Q | ST
IN 80 up iz LY § 8N X n N1ds s8M
(suo3) opdwes
¢ )1sodop Jo 3Z18 |OIgM WO} ordueg ysodo(x
| sesAyeus 2yqdeidolosds 9apy8)jjusnbrmeg 910 JO SU0J,
panurjuo,

—NnDIV]g 0PD.0J0)) YY) U0 UCYDULLOS UOSILIOY Yy} ui spsodap wniuvin fo sapdwvs fo sasfippun ydvibospads nyvppuonbiuag—1

A4V ],



*3[q ¥} JO PUI }B §3)0U)00] 3ag

0

+
W

4]
F

LA AR

+
el I i

-+
+
T pipdbdd
1Lk
el

+

“hdndndpaibd | 34 [ pdndpdbdndidbdbdid | 04 || Mibdndbdindid | 4

pdpdpdnd |

¥
ala

M
Wb IM T LT

T+ F+
Ve

00001-000‘y |~~~ """Tt 93vioAy
................ 6501
T 8°8L
000 ‘01-000‘t | G'8 99
01-1 T°L <9
001-01 03t ¥
00101 ¥'e £
000 ‘01-000°1 |*""""TTm0m odBloAy
................ gLl

000‘01-000°1 | 6°1IT (4]

000 ‘01-000 ‘T | ¥°99 19
00101 S8 0%
001-01 081 6%
001-01 8¥ 8¥
001-0T 112 Ly

000 ‘01-000‘T | 0°Z¥2 9%
001-01 g1t i

000°1-00T |~"TTTTToo- aduvloAy
................ 18
T 8°L8
............... g'6L

+
+

Dbdbind | B B
¥

NENENT IV

SANDSTONE-TYPE URANIUM DEPOSITS—COLORADO PLATEAU 51
+
R
bdpdbipdbibdpdd
+
MBI | 134 M1 )
s

+

000 ‘T-00T -4 id
000°01-000°T | 228 £
000°01-000‘T | 0°9L€ (44
000 ‘1-001 c6 14
000°01-000‘1 | 0°cLe 0%
000°01-000°T | 1°8€ 6¢

I 03810AY

................ 56

001-01 99 8¢
001-0T 9ge L
000 ‘1-001 881 98
00101 z9 e
001 -01 ¥'6 43
001-01 691 28
001-01 £'g %
000010001 | ¥ 691 18
000 ‘0T-000'T | € 00T 08
000 ‘001-000‘0T | 1°STH 1 62

000 ‘T-001 ¥°21 4
000010007 | 9728 iz
000°01-000‘T | ¢°0¢ 9%



—X00 +X +X0° +x0° -'X X —X00" -X- (1) G G e ettt et afviony
—X00" 4+ X +X0" X0 —'X X —X00" =X |7ttt 0¢e  |TTTTTTommTTTommmeemmeseooos ZoLL8-A
—X00° +X X0 X0 =X X X00° X 001-01 g9  |TTmmmmmmmrommommommsoceses 1eL8-a | o
-X00- [+X- —X0- -X0° +Xx- +X0° 0 |H+X0° T I O 112981 | 1L
X00° 3x +X0° +X0° -'X -X X00° X 000°0T-000°T | ¥ 06T """ "TTTmmmmmomommeeooeoes 9cL28-0 | oL
X000 +X +X0* -X0- +X- -X- -X00" 1L 001-01 A | Ry €1298-(T | 69
X00° +X +x0* X0 +x -X- —X00" +X0° 001-01 $ 81 TTTeTTmmTeasToTm e £2298-(1 | 89
o | +x | +Xo -Xo* X -X L [+X0 000 ‘00100001 |~~~ W e By
© i | +X +X0° —X0" X —X* (U o' L |8 N 86028~
Q X000° X X0* +X00° +X° +X0° +X000° -X- 00000100001 | 0°91€  [~T7-mommrmmmmeeomememmm ey 09055 | L9
= 4+X000° X X00° —X0° +X X0° - X00" X 000°01-000'T | 0-ezg  |-TomTmoTemommeememmeed 20088-I | 99
g X00° +x +Xo0° +Xo0° =X -X" X0~ | +X 000010001 | 0°95  [TTTmTeTemmoooeemesoemeess L9608~ | 99
© xow -x |+X0° | -X0 |4X -X’ X000 X LR T e H eduioay
8 +xo00r -X +X0° -x0° |+X -X- X000° X semmmmseeeesee LR L S LS~
g w | ¥x Xo0- X0 |+x X X00© | -X- 00001-000'T |BHT  [rmmmmmmmtemmemeeneeee HLIS-CI | %9
m X00 + X +x0- -X- -'X -X" —X00 -X" 000°T-001 |77 TTTro|TTTT oo Temmmommmmmsmms e 23810AY
m —X00° +X +X0° +X0° -X -X- -X00° b N e P | S £8LI8-(
=} X00° XX | +X0° -X* -X —X - X00* D SEEE e L) S 23698-(O
o X00° +X X0° -X -X +x0° ~X00" -X- 000 ‘T-00T 7% 2 SR e 12698-C | €9
= X00° ‘X +X0° +x0° —-'X X —X00° -X 001-01  |~"""--mmooofmormommmmmoomooomosemoomeoooee a8e10A Y
2] X0 ‘X +X0- +X0- -'X X —X00" b SEE [ 9698~
Z X00° - X +X0° X0° -X X X00° X" 001-01 P N 776081 | €9
=} X00° +'X —X" +X0° -X +X +X00" X0 001-01 [ ) S SH698-1 | 19
E 1y, XX | +X0° X0° +x- -X- +x000° [ -X° 001-0T 3 T 6¥698-1 | 09
) 0 XX X X0° =X X 0 0 001-01 e | S 9zLL8-(L | 69
0 0 +X +X0° —X0" X" X 0 - 000°00T-000°0T | €31 | ~"""TTTTTTToTommmomeeoo 99298-CI | 8¢
-
m 1L | +°X +x0* X0* —'X X" -X00 -X- 000°1-00r  |-mmmmmmToonpTomm e me oo mom s mm e 03eAY
7z IL | +X +X0° Xo0° +xX- X -X00° [+X0°  |TTvomommmetes (< S et 18698-C
m L | +X +X0°0 X0 0 -X X0 -X000 |—-X0 000 ‘1-00T LX) S Rttt 08608—CT | LS
IN €0 upW iz oF N X o yds seam
(su03) opdures
¢ 31sodop JO 971 {oTqM WOy erduwes ysodeq
1 sasAeus orgderdorioads eArjeipauenbiusg 910 JO SUOJ,
panunuo)

oy ol 0pp.i0jo)) 2y} U0 uoDULIOf UOSILOPY Y7 ur spsodap wniuv.n o sapdwips fo sasfippup d1ydvibossvads aayppuonbruwsg—1 FTAV],
10



SANDSTONE-TYPE URANIUM DEPOSITS—COLORADO PLATEAU 53

*sen[eA Jo uorreusdxd
102z *d99g  ‘o[dures ay) £q P)YUSsIIAVI 310 JO SUOY £q sossepd orydsidolioads ay) Jo syujodpyux eyy Jo sof 3y) Supgydem Aq peyndwmos sy e Inoysnoays SISATBUSB 938I0AY ¢
“UO1IBUWLIOJUY §3AJ8501 pus uojanpord paysigndun woly PIUjwWLIANIP IZIS ¢
"PI329%9p 10U N 10} PIFOO[ ‘O * (AINAIIISUIS JO JTUII] MO[3] ) PIOYSIY3 JBAU ‘1T, |

X00° +X +X0° Xo- -'X -X* X00©  |+XO0° 00101 130 4 S L8~ | 6L
—X0° X +X0° X0- -X +X0° Xo0©  [+Xo- 001-01 ) S 78598~ | ¥L
—X00 +X +X0- +X0- -X -X" X00° X" 001-01 001 | |$608-T | €L



54 CONTRIBUTIONS TO ECONOMIC GEOLOGY

TaBLE 2.—Classification of elements in sandstone-type uranium deposits in the
Salt Wash member of the Morrison formation on the Colorado Plateau

Elements are— Element |Abundance ratio !
Dominantly intrinsie..____ Dominantly syngenetic_ __ Al 2.1
Fe? 3.8
K =1
Ti 2.0
Zr? 2.4
B ~2
Cr 2.6
Zn =2(?)
Ag =2(?)
Sb =, 5(?)
Dominantly epigenetic Mg 3.0
(diagenetic). Ca? .6
Na? ~1
Mn 2 1.4
Ba 2.4
Sr 2.5
Dominantly extrinsic. .. __ Ore elements._. . - ___ U? >1, 000
A4 500
Accessory elements______ Co ~20
Niz =20
Cu 7
As >17
Se >6
Y? ==
Mo >3
Pb >9

1 Ratjo of estimated geometric mean concentration in uranium deposits to estimated geometric mean con-
centration in unmineralized sandstone.

2 Concentration in uranium deposits significantly related to the size of deposits (see table 3).
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TABLE 3.—Correlation coefficients between elements in 75 uranium deposits in the
Salt Wash member of the Morrison formation and sizes of the deposits

Element

Correlation co-
eificient ! (r)

Probability level 2

Magnesium._ _____________________________
Chromium______________________________._
Titanium_ _____________________________
Molybdenum.____________________________
Barium______ . ____._

Manganese_ - . - . ____ .. ________._____
Zirconium._ __________ . __________________

0. 05>P>0. 02
.055PS |02
.05SPS 02
.02SPS 01
J02SPS o1
-01SPS | 002
P< . 001
P< . 001

t Correlation coefficient, r, between log element concentration and log size of the deposits is given by

Zzy—n(@) )

V@) @ y-ni)

where z is the log of the concentration of the element in a sample from the deposit and y is the log of the size
of the deposit, in tons; T is the mean z and ¥ is the mean y for the 75 samples; n is the number of pairs (75).
Values of r may range from +1.00, indicating a perfect direct correlation, to —1.00, indicating a perfect inverse
correlation. Lowest significant coefficient at 95-percent level of confidence is 0.228. Lowest significant

coefficient at 90-percent level of confidence is 0.192.

2 Probability of val'ies greater than absolute r occurring by chance. Probability values derived from table

of t (Fisher, 1950, p. 193). The cquation for ¢ is

(T2

Vit
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TABLE 4.—8ize-estimation factors for use in method 1

[Upper figures are constants for weighted average size; lower figures, for expanded weighted average size.

Values in parentheses are for extrapolated element concentrations beyond the spectrographic limit of
detectability]

Log
Concentration ! | concen- | Uranium {Yttrium | Sodium | 1ron Zirco- | Manga- |Calcium | Nickel
(percent) tration 2 nium nese
(ppm)
D 9. SE NN [i553  3 () DR R NN (U RO (0.2125) | ..o
....................................................... (—.0689) ...
XA 434-5 0.5946 |—0.0832 | 0.1675 | 0.1881 | 0.0561 0. 0847 .2300 | 0.0042
1.4022 |—1.0983 | —. 2421 | —.1628 | —.6710 | —.5609 | —. 0015 ; —.5243
D O, 414434 .5577 | —.0401 . 1963 L2324 . 0890 . 1107 . 2475 . 1080
1.2601 |—1.0414 | —.1312 L0077 | —.5443 | —. 4608 L0659 t —.4712
D Or 4414 . 5208 . 0030 . 2251 . 2766 . 1220 . 1367 . 2651 L1219
1.1181 | —. 8754 | —.0204 L1779 | —. 4173 | —. 3607 L1336 | —. 4177
X 3254 . 4839 . 0461 . 2540 . 3208 .1549 .1627 . 2826 . 1358
.9760 | —.7095 . 0909 3485 | —-.2906 | —. 2606 .2010 | —.3642
Xl 314-324 . 4470 . 0892 .2828 . 3651 . 1878 . 1886 . 3002 . 1497
.8340 | —.5436 . 2018 .5186 | —.1640 { —. 1609 .2688 | —.3107
. € 3314 . 4101 L1322 . 3116 . 4094 . 2207 . 2146 L3177 . 1636
.6919 | —. 3780 L3127 .6892 | —.0373 | —. 0608 .3361 | —.2571
OX+ 2%4-3 3733 .1753 . 3405 . 4537 . 2536 . 2406 . 3353 L1775
L5502 1 —. 2121 . 4239 . 8597 . 0894 . 0393 . 4039 | —. 2036
OX .. 234-224 . 3363 . 2184 . 3693 .4979 . 2865 . 2666 . 3528 . 1914
L4078 | —. 0462 .5348 | 11,0299 . 2160 . 1394 L4713 | —.1501
OX—_ 2-214 (. 2994) .2615 (. 3981) . 5422 . 3195 . 2926 . 3704 . 2053
(.2657) L1198 (.6457)( 1.2005 . 3431 .2395 .5390 | —.0066
00X+ .. 135-2 (. 2625) . 3045 (. 4270) . 5864 . 3524 . 3186 . 3879 . 2192
(. 1236) . 2853 (.7570)| 1.3706 . 4697 . 3396 .6064 | —. 0431
00X 114124 (. 2256) . 3476 (. 4558) . 6307 . 3853 . 3446 . 4055 . 2331
(—.0184) . 4513 (.8678)| 1.5412 . 5964 . 4397 . 6742 . 0104
00X~ . | B0 2 T TR L3907 |- . 6750 . 4182 . 3706 . 4230 . 2470
,,,,,,,,,, L6172 | o] L7118 .7231 . 5398 . 7416 . 0640
000X+ .. 241 |oo.... .4338 | (.7182)| (.4511)| .3966 | (.4405)( .2609
.......... L7831 |......__.| (1.8819)} (.8467) . 6399 (. 8089) L1175
000X 14-2¢4 | __..__. (.4769) ! ... (.7635) (.4840)| (.4226)| (.4581) . 2748
.......... (9491) (. ___.____| (2.0525)| (.9764)| (. 7400)| (.8767) L1710
000X —______ 0-34 |.....oo.. (.5199) ... (.8077) (.5169) (.4486)| (.4756)| (.2886)
.......... (1.1146) | .| (2.2226)| (1.1031)| (.8401)| (.9441)| (.2241)
0000X+_____ 40 | (.5630) |- oo | (.4746) | ... (. 3025)
,,,,,,,,,, (1.2806) |- oo |eomecome ]| (9402) || (.2776)
L0000X_______ Bk 2 et~ [N SR PSP RS RPN B HO (.3164)
................................................................ (. 3311)

1 See page 22 for explanation of values.
2 To obtain ranges of log concentration, in percent, add —4 to each limit given here.
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TABLE 5.—S¢ze-estimalion constanis for use tn method 2

[Leaders indicate concentration beyond spectrographic limit of detectability. Valuesin parentheses are for
extrapolated element concentrations beyond the spectrographic limit of detectability.]

Log
Concentration ! | concen- |Uranium?|Y ttrium |Sodium Iron Zirco- | Manga- |Calcium | Nickel
(percent) tration nium nese
(ppm)
b 3 <7 PSRN (R RN SR R R ——— (0.0686)|...__.___
424-5 0. 0695 .0490 |—0. 2000
413434 . 0417 L0204 | —.1200
4-41 0139 .0098 | —.0400
3344 —.0139 { -2.0098 . 0400
314-334 —. 0417 | —.0204 . 1200
3-3 —.0695 | —.0490 . 2000
234-3 ~.0973 | —.0686 . 2800
214-2%4 —.1251 | —. 0882 . 3600
2-2 —.1529 | —.1078 . 4400
124-2 —.1807 | —. 1274 . 5200
114-134 —.2085 | —. 1470 . 6000
1-114 —.2363 | —. 1666 . 6800
34-1 —.2641 |(—.1862)| 7600
15-%4 (—.2919)](—.2058)| .8400
0-1% (—.3197){(—.2254)| (.9200)
—14-0 —. 3475) (1. 0000)
S 7 V1 IR IR AN SN AU A (1. 0800)
! See p. 22 for explanation of values.
2 The y intercept of equation 2 is included with all factors listed for uranium.
TaBLE 6.—Values of the matrices Cs and C; for equations 2a and 3a
Matrices C;
Column 1 Column 2 Column 3 Column 4 Column 5
1. 7400 998 0.0063 5119 72 0. 0247 0828 9 0. 0060 7675 46 —0.0425 6645 3
.0063 5119 71 .0014 4998 92 0000 9537 4681 —. 0001 0718 575 ~—.0005 3859 083
0247 0828 8 . 0000 9537 4679 0024 1109 32 . 0000 9868 9965 —. 0003 3651 925
0060 7675 43 —. 0001 0718 575 0000 9868 9960 0030 3101 63 —.0017 0201 47
—. 0425 6645 2 —. 0005 3859 083 —. 0003 3651 925 —. 0017 0291 47 .0080248091
0197 6463 1 —.0007 6943 667 —. 0012 5080 55 . 0000 3643 —. 0009 9022 844
0897 7376 7 . 0007 7461 663 0003 2079 756 —. 0016 0953 64 —. 0002 6965 054
—. 0619 2568 7 .0002 1164 578 —. 0000 3164 3963 —. 0006 6375 175 . 0003 0703 967
0071 7884 35 —. 0001 0565 453 —. 0005 0361 664 —. 0000 1028 1318 —. 0007 8078 125
Matrices Cs—Continued
— Matrices C;
Column 6 Column 7 Column 8 Column 9
Column 1
0.0197 6463 0 0.0897 7376 7 —0.0619 2568 7 0.0071 7884 36 0.4954 9473
—. 0007 6943 667 . 0007 7461 662 . 0002 1164 579 —. 0001 05665 453 . 0025 2836 06
—. 0012 5080 55 . 0003 2079 750 —. 0000 3164 3933 —. 0005 0361 664 .0271 1699 0
Column 2
0000 3643 5302 —. 0016 0953 64 —. 0006 6375 174 —. 0000 1028 1318 0. 0025 2836 06
—. 0009 9022 843 —. 0002 6955 050 . 0003 0703 964 —. 0007 8078 126 .0011 4016 08
. 0049 3239 01 -. 0009 5422 205 —. 0009 3374 780 . 0002 9117 682 —. 0002 3692 412
Column 3
—. 0009 5422 208 . 0097 5397 26 0044376866 . 0001 6653 749 0.0271 1699 0
—. 0009 3374 778 —.0044 3768 66 9 8278 68 . 0000 2077 6805 —. 0002 3692 412
- 0002 9117 682 . 0001 6653 749 0000 2077 6807 .0007 1798 808 .0016 5261 89
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TABLE 7.—Log size and size, in tons, of uranium deposits, estimated with equation 3,
based on uranium and yttrium contents

[Upper figures are log size based on concentration class; lower figures give size in tons]

Concentration classes, uranium !

Concentration 0.00X 2 [0.00X+43{0.0X—- | 0.0X {00X+| 0.X—!| 0.X | 0.X+
classes, yttrium !:
\ ’
AN 777
\ —15 -13 ~11 -9 -7 -5 -3 -1
vy O\
N _
000X+ ... —13 0. 5906 0.8558 | 1.1210 | 1,3862 | 1.6514 [ 1.9166( 2.1818 [ 2, 4470
4 7 13 24 45 83 152 280
00X .. -15 . 9094 1.1746 | 1.4398 | 1.7050 | 1.9702 | 2.2354 | 2.5006 | 2.7658
8 15 28 51 93 172 317 583
00X — . -17 1.2282 1.4934 | 1.7586 | 2.0238 | 2.2890 | 2.5542 | 2.8194 | 3.0846
17 31 57 106 195 358 660 1215
000X+ ... —19 1. 5470 1.8122 | 2.0774 | 2.3426 | 2.6078 | 2.8730 | 3.1382 | 3.4034
35 65 120 220 405 747 1375 2532
000Xl -21 1. 8658 2.1310 | 2.3962 | 2.6614 | 2.9266 | 3.1918 | 3,4570 | 3.7222
73 135 249 459 845 1555 2864 5275
000X -3 -23 2.1846 2,4498 | 2.7150 | 2.9802 | 3.2454 | 3.5106 | 3.7758 | 4.0410
153 282 519 955 1760 3240 5968 | 10,990
0000X+2 ... . . —25 2.5034 2.7686 | 3.0338 | 3.2990 | 3.5642 | 3.8204 | 4,0046 | 4.3508
319 587 1081 1991 3666 6752 | 12,430 | 22,900

t See p. 22 for explanation of values.
2 Looked for but not detected.

2 Trace.
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TaBLE 8.—Comparison of the log size of 40 uranium deposits, estimated with
equations 1-3, with the range of the true log size

[Estimated log size: Upper figures preceded by = are ranges of error at 95-percent confidence level; lower
figures, at 80-percent confidence level]

True Estimated log size (tons) True Estimated log size (tons)
De- | log De- | log
posit | size posit | size
(tons) Eq1 Eq2 Eq3 (tons)| Eq1l Eq?2 Eq 3
1.___ 2-3| 2.66+1.68] 2.64::1.65-2.47|2.82£1.75 || 21.___ 3-4| 3.44:£1.70] 3.20 3. 51+1.78
+1.09 =+1. 07-1. 60| +1.14 +1.10 +1.16
2. 34| 2.54-£1.67) 2.79 2.504+1.75 || 22__._ 4-5| 2.81+1.68( 2.97 2.82+1.75
+1.09 +1.14 +1.09 +1. 14
3. 3-4] 2.26:11.68| 2.55 2.504+1.75 || 23____ 4-5| 4.28+1.76] 3.95 2.82+1.75
+1.09 +1.14 +1.14 +1. 14
4. __ 34| 2.91+1.68| 2.82 2.87+1.74 || 24____{ 34| 2.20+1.68| 1.26 1.23+1.81
+1.09 +1.13 +1.09 +1.18
5 . 2-3| 2.94-+1.68; 2.80 2.5541.74 |} 25____ 2-3] 2.20+1.68] 2.03 2. 55+1.74
+1.09 +1.13 =+1.09 +1.13
6__.. 2-3) 2.54141. 67 2.46 2.29-4+1.74 || 26____ 3-4] 3.0241.68] 3.02 2.50-£1.76
+1.09 +1.13 +1.09 +1.14
7 ... 1-2| 2.04-41.68 2.35 2.56-41.74 || 27____ 2-3| 3.13+1.69( 3.55 4.04+1. 81
+1.09 +1.13 =+1.09 +1.17
8 ... 2-3| 2.67+1.68( 2.75 2.501.75 || 28_.__ 1-2( 2.28+1.68| 2.43 2. 50+1.75
+1.09 +1.14 =+1. 09 +1.14
9 . 4-5/ 3.89-£1.73| 4.21 4.00+1.83 || 29____ 4-5| 2.98-+1.68| 3.06 2.82+1.75
+1.12 +1.19 +1.09 +1.14
10____ 4-5| 3.34+1.69| 3.78 4.09-+1.83 || 30____ 1-2] 1.63+£1.69| 1.69 1.97+1.74
=+1.10 +1.19 +1.10 +1.13
1. 3-4| 1.90+1.68] 2.00 2.61+:1.74 || 31____ 2-3| 2.51£1.67| 2.54 2.29-+1.74
+1.09 +1.13 +1.09 +1.13
12 3-4{ 2.96-:1. 68| 3.00 2.56+1.74 || 32_.__ 1-2| 2.20-£1.68| 2.34 2. 50-+1.75
+1. 09 +1.13 +1.09 +1.14
13 1-2 2.1141.68| 2.38 2.18-:1.76 3..__| 3-4] 4.46+1.78] 4.60 3. 83+1. 84
+1. 09 +1. 14 +1.15 +1.19
4 __. 2-3] 4.24-+1.76| 4.37 3.51+£1.78 || 34____ 4-5| 3.37=1.70| 3.06 2. 551, 74
+1. 14 +1.16 =+1.10 +1.13
15 2-3| 2.86-11.68| 2.95 2. 55:+1.74 || 35.__. 2-3| 2.41+1.67) 2. 54 2.61+1.74
+1.09 +*1.13 +1.09 +1.13
16 __ 2-3| 1.704£1.69] 2.40 2. 504:1.75 || 36_._. 4-5{ 3.191.69{ 2.93 2. 55+1.74
+1.10 +1. 14 =+1.09 +1.13
17 3-4| 2.00+1. 68} 2.13 2.184-1.76 || 37-.__ 3-4| 3.46£1.70( 3.31 2.82+1.76
+1.09 +1.14 +1. 10 +1. 14
18 .. 3-4} 2.25+1.68( 2.43 2. 5541.74 || 38..__ 4-5| 3.08+1.68| 3.24 2. 821, 75
+1.09 +1.13 +1.09 +1.14
19 2-3] 1.63+1.69] 1.84 2.2441.76 || 39.___ 2-3] 1.924-1.68| 2.38 2.24+1.76
=+1. 10 +1.14 +1.09 +1. 14
20.__. 2-3| 2.27+1.68) 2.23 2.55=£1.74 || 40.___| 2-3) 3.02+1.68| 3.21 2.87+1. 74
‘ +1.09 +1.13 +1.09 +1.13
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TABLE 9.—Analysis of variance of log size of uranium deposits for comparing three
methods of predicting size of deposits

[Variance ratio (F): Significant at 0,95 level of probability; critical Fratios: 0.95 (1, 73)=3.9; 0.95 (8, 66) =2.0-
0.95 (2, 72) =3.1; 0.95 (6, 66) =2.2; 0.995 (1, 73) =8.4; 0.995 (8, 66)=3.0; and 0.995 (2, 72)=5.7]

Sum of squares De%’iees Mean Mean | Variance
freadom | SAUBTe square | ratio (F)
Zyr=54475. . | m=T6 | | ..
n(7)?=463.7633 . _
Z(y—¥)2=80.9866. _ .05 |
R?((iuct:')ofrixl) due to z with eq | r}(Z(y—7)2=20.9326__ _..._.| L.___.__.| 29.9326 . .._...... 42.8
71=0.61).
Deviation fromeq 1__.___.__. A—rHZ(y—7)2)=51.0540. . _ _ 10.836 |......._.
Reduction due to zj . ..z§ with | r[Z(y—§)?=366314____ . [8 . .| 4578 | .. . . 6.8
eq 2 (r2=0.67). 3) -
Deviation fromeq2.... . | (1—rj) [Z(y—~1)?=44.3652_ ___ 10,820 ... ...
Reduction due to z} and z, with | f2[Z(y—7)N=27.0130__ .| 2.______| 13.5065 | .. ______ 18.0
eq 3 (r3=0.58). ,
Deviation fromeq 3. .. _.__ A—r)Zw~7?=53.9736. ___ 10,866 [..._____..
Reduction due to z; . ..z, with | (3—rDIZ(y—-P1=96184..___| 6. | 1.6080 [ 2.4

eq 2.

! Standard error of the equation, or standard error of estimate, which may also be obtained from methods

given by Wai

h (1952, p. 445) or by Dixon and Massey (1957, p. 197). The standard error is equivalent to

[Z(y—y')¥/d.£13, where y is the true size of a deposit, ¥’ is the estimated or predicted size [Z(y—y")?=
(1—r)Z(y—75)?%, and d.f. is the number of degrees of freedom.
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