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CHEMICAL COMPOSITION AS A GUIDE TO THE SIZE 

OF URANIUM DEPOSITS IN THE SALT WASH MEMBER OF THE MORRISON FORMATION,

COLORADO PLATEAU 

by A. T. Miesch, E. M. Shoemaker, ¥. L. Newman, and ¥. I, 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. Linear correlation coefficients between log-element concen­ 

trations and log sizes in tons range from I 0.37 1 for uranium and
1 I-

yttrium to for nickel. The lowest significant correlation

coefficient for 75 pairs at the 95 percent leve.1 of confidence is 

0,228.

The elements listed above have played a variety of roles in the 

formation of the deposits. Zirconium is an intrinsic element, con­ 

tained principally in the detrital syngenetic fraction of the host 

sandstone. Calcium, manganese, and sodium are intrinsic elements 

contained principally in epigenetic or diagenetic carbonate in the 

host sandstone. Uranium, yttrium, and nickel are principally 

extrinsic elements, introduced into the host sandstone by processes 

cf or related to uranium mineralization. Somewhat more than half the 

iron is probably intrinsic and the remainder is extrinsic.
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Three methods can be used to estimate sizes of uranium deposits 

in the Salt Wash member within broad limits. One is based on simple 

linear regression theory (method 1); and two are based on multiple 

regression theory, long method (2) and short method (3).

For methods 1 and 2 the estimated log sizes of deposits may be 

computed from tables of their known concentrations of U, Y^ Na, Fe, 

Zr, Mn, Ca, and Ni as determined by semiquantitative spectrographip 

analysis. For the third method the estimated size or log size may 

be read directly from a table with known concentrations of U and Y 

only.

About 80 percent of the tonnage size estimates from method 1, 

will be within a factor of 13 (12-l^f) of the true sizes. The pre­ 

cision of size estimates from method 2, the long multiple regression 

method, is highly variable. Some estimates 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 *K) 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 factor of 15 

(13-16) of the true size.

A group of kO 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 precisions of the methods correctly.



The methods of size estimation will be useful in estimating sizes 

of deposits where exposures of the qre are limited or where an estimate 

is desired that is independent of other estimates. The error of the 

estimates may be quite large, as is indicated by the confidence limits 

given above, but they may at least distinguish very large from very 

small deposits. They may serve to encourage or discourage further 

e:xpenditure in development exploration. The methods may be of particu­ 

lar usefulness in attempts to appraise or compare groups of deposits 

or mining districts, inasmuch as the average estimate of size for the 

group is more precise than any single estimate.

The methods of estimating size are established 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 

to estimate sizes of deposits in other stratigraphic units, such as 

the Moss Back and Shinarump members of the Chinle formation. A further 

restriction on the methods, not completely evaluated at present, is 

that semiquantitative spectrographic or comparable analyses of mill- 

pulp samples be used. However, no tests 'have been made to determine 

whether other types of samples, such as drill core, will greatly alter 

the precision and accuracy of the methods.
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IKTBOIUCTION

This study is part of a broader investigation of the distribution 

of elements in rocks and ores of the Colorado Plateau, conducted by 

the Geological Survey on behalf of the Division of Raw Materials of 

the U. S. Atomic Energy Commission. In the course of the investigation 

significant correlations were discovered between the concentrations of 

certain elements in the uranium deposits and the calculated -/ sizes of

-/Calculated size of a uranium deposit is determined by consider­ 

ation of past production and total reserves and is assumed to be the 

true size. Estimated or predicted size is determined by the methods 

described in this report.

the deposits in tons. The uranium deposits discussed in this report 

are all in sandstone of the Salt Wash member of the Morrison formation 

of Jurassic age and are located in widely separated areas on the 

central part of the Colorado Plateau (fig. l).
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Uranium deposit or group of deposits

Figure 1* Ibtp of part of the Colorado Plateau showing locations of 
75 uranium deposits in the Salt Wash member of the Morris on formation 
sampled for this investigation*
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Elements whose concentrations appear to be related to the sizes 

of the deposits are uranium, nickel, yttrium, zirconium, iron, man­ 

ganese, sodium, and calcium. Hence known concentrations of these 

elements in a deposit in the Salt Wash member on the Colorado Plateau 

may be used to estimate the size of the deposit. Though such an 

estimate will have a rather broad range of error, it will be a sig­ 

nificantly better estimate than could be obtained by considering the 

deposit to be of mean size (i. e., equal to the mean size of all 

deposits in the Salt Wash member). For many deposits, a geologist 

with a knowledge of the geologic habit of the ores may be justifiably 

confident in estjjtnating the size of a deposit within a much narrower 

range than can be done with the methods given in this report. For 

other deposits, however, in areas where the deposits have a consider­ 

able range in size and where exposures of the ore are limited, the 

methods suggested here may be used to advantage.

Lasky (1950) has shown that within certain porphyry copper 

deposits there is an inverse relationship between tonnage and grade 

and that this relationship may be used to predict ore reserves. That 

is, larger amounts of low-grade ore than of high-grade ore are present, 

and the amount of ore is inversely related to a specified grade. He 

has found similar relationships in bedded manganese deposits in the 

Artillery Mountains, Arizona, in the Idaho-Wyoming phosphate-vanadium 

deposits, in the Falconbridge nickel deposit and in the Alaska-Juneau 

gold deposit. The tonnage-grade or 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.
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Three methods for estimating sizes of uranium deposits in the 

Salt Wash member of the Morrison formation on the Colorado Plateau 

are given in this report. Two of the methods are "based on multiple 

regression theory, the third on simple linear regression. The 

multiple regression equations were computed for the writers "by statis­ 

ticians of the National Bureau of Standards. Churchill Eisenhart, 

Chief of the Statistical Engineering Laboratory of the Bureau, sug­ 

gested 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 entire sections on size 

estijnates by multiple regression and most of the analysis of variance 

(appendix II, table 8) are based on their work.

Mary Epling of the National Bureau of Standards read the manu­ 

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 kindly read 

the manuscript and helped us to interpret the meanings of 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 commonly 

partly replaced, by uranium minerals. The deposits range i,n 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 bed­ 

ding of the sandstone host rocks whereas the margins of others cut 

across bedding along wavy or curved structures called "rolls" 

(Fischer, 19^2, p. 36?; Shawe, 1956, p. 239-2^1). Some uranium 

deposits are highly irregular in shape. For the distribution of 

known uranium deposits on the Colorado Plateau areas see the map 

prepared by Finch (1955).

The mineralogy of uranium deposits on the Colorado Plateau has 

been summarized by Weeks and Thompson (195*0* ^e uranium deposits 

contain two contrasting suites of ore minerals: 1) a suite of low- 

valent oxides and silicates, and 2) 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

and cof finite ^(SiOi^i-xtOE)!^. Vanadium is generally more 

abundant in these deposits than uranium, and occurs chiefly in 

montroseite \VOORJ, doloresite [j5v2c%* ̂ 2^) y and micaceous vanadium 

silicates. In most uranium deposits in the Salt Wash mined to date 

the uranium is contained chiefly in the uranyl vanadates caraotite

and tyuyamunite
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SELECTION OF DEPOSITS FOR STUDY

In the "broader investigation of the distribution of elements, the 

mill pulp samples of some 200 deposits were analyzed by semi-quantitative 

spectrographic methods. Of these deposits, 75 were selected to provide 

a range in size from very small (less than 1 ton) to very large (more 

than 100,000 tons), and to provide a representative geographic sampling 

of the area of uranium deposits in the Salt Wash member of the Morrison 

formation.

METHODS OF SAMPLING AND SAMPLE PREPARATION

The samples of uranium ores were obtained from mills and buying 

stations and 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 plant
*

at Monticello, Utah, operated at the time by the American Smelting and 

Refining Company. The pulps were ultimately ground to 120 mesh in 

cast-iron disk grinders and nearly all the pulps are probably contami­ 

nated slightly with 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 (appendix III).

Samples of unmineralized sandstone from the Salt Wash member were 

collected by geologists of the U. S. Geological Survey and furnished 

to the writers by Robert A. Cadigan. They are hand samples selected 

to represent typical lithology of the Salt Wash member in widely 

separated areas on the Colorado Plateau. Analytical data from these 

samples are given in figures 2 to 9«
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ANALYTICAL METHOD

The analyses were made by a rapid semiguantitative 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 have 

also been made by P. R. Barnett, G. W. Boyes, Jr., and P. J. Dunton.

The analytical method is described by A. T. Myers as follows 

(written communication, 1957):

"In this procedure a weighed amount of the powdered sample is 

burned in a controlled d.c* arc and the spectrum recorded on a photo­ 

graphic 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 were prepared from 

mixtures of materials containing 68 elements in the following con­ 

centrations—10 percent, 4.6, 2.2, 1,0, 0,46, etc. These values were 

chosen so that the concentrations of the elements decrease from ID 

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 eacja 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); an& x" the lower (2-1).
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"The above method of reporting is used because the inherent limita­ 

tions of this particular method of spectrographic analysis make the 

precision of the determinations less than the precision attained in pre­ 

paring the standards. Major sources of error are 1) chemical and 

physical differences between the samples and the standards, 2) the omis­ 

sion of complete quantitative procedures for sample preparation, and 

plate calibration, and 3) lack of duplicate determinations. » Experimental 

•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 employed for this study. Of these elements, 20 are 

present in more than 70 percent of the samples in concentration^*"*

J Concentration is used throughout this report in the conventional 

chemical sense of fractional weight contained.

above the spectrographic limits of sensitivity, and 9 elements are 

present in less than half of the ores in concentrations above the limits
s*

of sensitivity. The remaining 31 elements looked for were not detected 

in either the ores or the unmineralized host sandstone. Study of the 

composition of the ores by the rapid spectrographic method is thus 

limited to about 29 elements; the only elements on which enough data 

are provided for detailed statistical correlation studies, are the 20 

that are detected in more than 70 percent of the ores.
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The limits of sensitivity for each element are in general those 

listed by Myers (195^, 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 reporting elements near the 

limit of sensitivity, the limit of sensitivity actually attained or 

reported for each element has varied slightly. Histograms given in 

figures 6 to 9 are cut off at the highest limits of sensitivity 

reported.

In construction of the scatter diagrams (fig. ll) and calculation 

of the correlation coefficients (table 2 and fig. 11) of size of de­ 

posits against the concentrations of uranium, yttrium, nickel, and 

sodium some spectrographic determinations below the limits of sensi­ 

tivity were used. Some of these determinations were reported as 

"trace," some as "looked for but not detected," and a few were reported 

in a concentration class Immediately below the limit of sensitivity and

given a questionable status. For construction of the scatter diagrams
i

and calculation of the correlation coefficients questionable deter­ 

minations were used, "trace" determinations were assigned to the second 

concentration class below the limit of sensitivity, and "looked for but 

not detected" determinations were assigned to the range of concentration 

immediately below that assigned to "trace" reports. As relatively few 

of the spectrographic determinations were given as questionable, "trace," 

or "looked for but not detected" this practice has not seriously biased 

the statistical calculations.
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CLASSIFICATION OF ELEMENTS IN THE URANIUM DEPOSITS

The classification of elements in -uranium deposits given in 

table 1 is taken from Shoemaker and others (in press) and is based

Table 1.—Classification of elements in sandstone-type uranium 

deposits in the Salt Wash member of the Morrison formation on the

Colorado Plateau.

largely on comparison of spectrographic analyses of 211 samples of 

urani-um ores and 96 samples of unmineralized sandstone from the Salt 

Wash member of the Morrison formation. The system of classification is 

based on the assiamptions that the ore minerals are epigenetic, 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 processes that pro­ 

duced changes in the sandstone as, for example, cementation of the 

sandstone with calcite.
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An element whose presence in the, ore is unrelated to processes 

of uranium mineralization is termed intrinsic and is either syngenetic 

or epigenetic (dlagenetic). Intrinsic syngenetic elements are contained 

in clastic fractions of the sandstone host rocks and in precipitates 

formed sinraltaneously with the deposition of the clastic fractions. 

Intrinsic epigenetic (diagenetic) elements were precipitated later by 

processes unrelated to uranium mineralization. 'They are distributed 

irrespectively of uranium and are much more widely distributed in the 

host rocks. The deposition of intrinsic epigenetic (diagenetic) 

elements 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 processes of or related to 

uranium mineralization. No Implication of 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 uranium deposits in the Salt Wash member of the 

Morrison formation, though the deposits contain a number of extrinsic 

"accessory" elements which are present in lower concentrations and do 

not add to the economic value of the ore.
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Probably no single chemical element in the sandstone-type uranium. 

ores belongs exclusively to either the intrinsic or extrinsic components 

of any given ore, as each element is present in some concentrations, 

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 ores. In table 1 an element is considered dominantly of one 

classification if the major part of the"element is believed to fall 

in a given classification in a majority of the deposits studied.

The eight elements whose concentrations in uranium deposits in 

the Salt Wash member of the Mbrrison formation appear to be significantly 

related to size of the deposits fall into all categories of the classi­ 

fication; they have played a variety of roles in the formation of the 

deposits. The geochemical habits of the eigjit elements are only briefly 

summarized here; for a more detailed account the reader is referred to 

Shoemaker and others (in press).
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Iron

The average iron content of uranium ores in the Salt Wash member 

of the Morrison formation is nearly four times higher than that of 

unmineralized sandstone of the Salt Wash (fig. 2). A part of this 

difference, however, is due to the fact that the ores contain, on the 

average, twice as much iron-"bearing clay and accessory minerals as 

the unmineralized sandstone. Another part of the *4-fold difference is 

undoubtedly due to iron contamination of the samples during grinding 

at the mills. The average amount of iron introduced from this source 

(metallic.iron removed from sample with hand magnet) is estimated at 

about 0.1 percent. The remainder of the iron in the deposits, probably 

slightly less than half of their total iron content, may be extrinsic, 

introduced by processes of or related to uranium 'mineralization. The 

iron content of an average -uranium deposit is, therefore, a function 

of both iron originally present in the sandstone and to a lesser extent 

that introduced as an extrinsic component.
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Figure 2. Histograms showing the frequency distributions of iron 
concentrations in 211 samples of uranium ore and 96 samples of ummirieral- 
ieed sandstone from the Salt Wash member of the Iforrison formation.
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Figure 3. Histograms showing the frequency distributions of zirconium 
concentrations in1* 211 samples of uranium ore and 96 samples of unmineral« 
iced sandstone from the Salt Wash member of the Morrison formation.
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Zirconium

The element zirconium is considered to be almost entirely 

intrinsic in the sandstone-type uranium deposits. Zirconium is not 

known to be an essential 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 analysis of the ore 

minerals (Weeks and Thompson, 195*0 • Zirconium is more than twice 

as highly concentrated in uranium deposits in the Salt Wash member 

of the Morrison formation as in unmineralized sandstone of the Salt 

Wash (fig. 3), but like iron, it varies directly with aluminum in 

the sandstone and is more abundant in ores because of their higher 

clay and associated heavy mineral contents.

Calcium, sodium, and manganese

Three elements contained largely in the cementing materials of 

sandstone of the Salt Wash member of the Morrison formation are 

calcium, manganese, and, to a lesser degree, sodium (figs, k, 5> 

and 6). These elements are classified as dominantly intrinsic and 

epigenetic. Calcium, the second most abundant element in the sand­ 

stone, occurs mainly in calcite, which is the dominant cement of the 

sandstone of the Salt Wash member (Cadigan, in press) but a significant 

part is also in dolomite. Locally a large part of the calcium is in 

gypsum.
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Figure 4. Histograms showing the frequency distributions of calcium 
concentration* in 211 samples of uranium ore and 96 samples of unmineral- 
iced sandstone from the Salt Wash member of the Morrison formation.
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Figure 5. Histograms showing frequency distributions of manganese 
concentrations in 211 samples of uranium ore and 96 samples of unmineral- 
iced sandstone from the Salt Wash member of the Morrison formation.
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Figure 6. Histograms showing frequency distributions of sodium 
concentrations in 211 samples of uranium ore and 96 samples of unmlneral< 
iced sandstone from idle Salt Wash member of the Morris on formation.
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Figure 7. Histograms showing frequency distributions of uranium 
concentrations in 211 samples of uranium ore and 96 samples of unmlneral- 
iced sandstones from the Salt Wash member of the iiorrlson formation
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Manganese has a very high correlation with calcium in both the 

^mineralized sandstone and in the uranium deposits (Shoemaker and 

others, in press) and is probably contained largely in calcite. A minor 

portion of the manganese is present as an oxide.

Sodium is contained principally in plagioclase feldspars and in 

nonsilicate 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 3J4- sandstones from the Salt Wash (Eobert A. Cadigan, 

written communication, 195&) suggest that the sodium in the feldspars 

represents about half of the total sodium in the sandstone. The re*- 

mainder of the sodium is thought 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, in press) suggests the bulk of 

the sodium (as bicarbonate) is physically associated with the carbonates.
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Judging from the ratios of abundance of the elements in uranium 

deposits to their abundance in unmineralized; sssdstone in the Salt Wash 

member it is very probable that essentially no calcium or sodium, and 

only very little, if any, manganese, is extrinsic. The abundance ratio 

of calcium (0.6) may be attributed to the fact that the upper sandstone 

strata of the Salt Wash member, in which most of the uranium deposits in 

the Salt Wash are located, contain about half as much calcium as 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 con­ 

sequent higher permeability. It is not improbable, however, that some 

leaching of calcium from the mineralized host rock took place with pre* 

cipitation of the ore metals, thereby pausing the 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 

uamineralized sandstone (table 1 and fig. ?)• Uranium contents of the 

samples vary considerably (fig. 7) 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 contents of the mill-pulp samples have no 

pronounced relationship to the contents of any of the other detected 

elements, except vanadium (Shoemaker and others, in press). Selective 

mining, therefore, being directed at uranium grade, has probably not 

appreciably biased the samples with regard to the other elements.
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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 

unmlneralized sandstone of the Salt Wash (table 1 and fig. 8). Nickel 

and iron have a moderately high correlation in uranium deposits in the. 

Salt Wash (Shoemaker and others, in press) probably a reflection of an 

association of nickel with iron sulfides in low--ralent ore minerals, 

perhaps bravoite or nickeliferous pyrite. The concentration of nickel 

in uranium deposits in the Salt Wash (and in deposits in the Chinle 

formation of Triassic age) tends to be broadly zoned across the central 

part of the Colorado Plateau. Nickel is higher in ores toward the west 

or northwest part of the region and lower in ores toward the east or 

southeast.

Yttrium

Yttrium is a dominantly extrinsic element in uranium deposits in 

the Salt Wash member of the Morrison formation. It is estimated to be 

about 7 times more abundant in the deposits than in unmlneralized 

sandstone of the Salt Wash (table 1 and fig. 9)« Correlation studies 

suggest some affinity of yttrium for the nickel-cobalt-molybdenum 

group of escbrinsic elements (Shoemaker and others, in press) and 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 distributions of these three elements.
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Uranium ores from the Salt 
Wash member of the Morris on 
formation*
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from the Salt Wash member 
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Figure 8* Histograms showing the frequency distributions of nickel 
concentrations in 211 samples of uranium ore and 96 samples of unmineral- 
iced sandstone from the Salt Wash member of the Iforrison formation
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SIZES OF URA1CTOM DEPOSITS

Sizes of 75 uranium deposits in the Salt Wash member of the Mor- 

rison formation were calculated "by adding their total production to 

their indicated and inferred reserves. The production data were 

compiled from the records of the Finance Division of the Grand

Junction Operations Office of the U. S. Atomic Energy Commission for
/

the period of April 19^8 through December 1953 9 and from the records 

of the U. S. Geological Survey for the time prior to 19^8. The 

figures for the reserves were compiled from records of the Ore 

Reserve Section of the Grand Junction Operations Office of the U. S. 

Atomic Energy Commission and from numerous reports of the U. S. 

Geological Survey.

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 frequency distribution of the calculated sizes of the 75 

deposits is given in figure 10. Calculated sizes of the deposits were 

classified in logarithmic classes with limits of integral powers of 10 

as in the following table:

Tonnage Log size

0-10 . 0-1
ID-100 1-2
100-1,000 2-3

1,000-10,000 3-4
10,000-100,000 4-5

100,000-1,000,000 5-6
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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, "closely spaced," is 

not rigid and is determined to some degree by mining praetice. Groups 

of ore bodies that are or can be mined as one deposit may generally be 

considered as one deposit by those estimating reserves. Barely, 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 deposits 

not completely blocked out by drilling involves a considerable amount 

of 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.

The error involved in calculation of the size of a uranium deposit 

is undoubtedly large, but probably few sizes are misclassified in the 

broad class intervals giveft on figure 10.

In estimating tons of ore reserves at particular mines no con­ 

sideration was given the grade of the ore except that it matched or 

exceeded the minimum requirements of 0.10 percent U^Og or 1.0 percent

in continuous layers a foot or more thick.
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CORRELATION OF ELEMENTS WITH SIZES OF THE DEPOSITS

In making the correlation, logs of the element concentration were 

determined from semiquantitatlve spectrographic analyses of samples 

from uranium deposits for which sizes could "be calculatedt Scatter 

diagrams (frequency distributions) were prepared, plotting the logs 

of the element concentration against the logs of the sizes of the 

deposits. The frequency distributions of the eight elements that cor­ 

relate significantly with size are bivariate (fig. 11).

Computed correlation coefficients were used to judge the statistical 

significance of the relations between size and composition of the 

uranium deposits. These coefficients require certain assumptions re­ 

garding the form of the bivariate frequency distributions. We recognize 

that these assumptions may be invalid; even if invalid, however, these 

assumptions do not affect the completely separate regression analyses on 

which the size-prediction methods are actually based. The correlation 

studies served only to point out the elements which could be useful in 

regression analyses. The test of the correlation lies in the comparison 

of the predicted size of the deposits with the calculated size. The 

usefulness of these elements is verified in an analysis of variance given 

in Appendix II and table 8, and also in tests of the methods made on kO 

"new" deposits of knows size.
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Simple linear correlation coefficients were computed between the 

logs of the element concentration and the logs of the sizes of the 

deposits. These are given in table 2. The computed linear correlation 

coefficients of the log concentrations of eight of the elements (nickel, 

calcium, manganese, zirconium, iron, sodium, yttrium, and uranium) 

against log sizes of the deposits are higher than the lowest significant 

coefficient for 75 pairs at the 0.95 level of confidence; that is, less 

than 5 times in 100 would coefficients this high be expected to occur by 

chance alone.

Significant correlations of 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 2, however, do indicate that most 

of the statistically significant correlation coefficients are not due 

to chance, and that sizes of the deposits and the concentrations of eight 

elements are in some way related. The low values of the coefficients 

indicate that the relationships are not strong.
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Uranium is the only element of those studied (table 2) whose 

concentration has a significant positive correlation with the size of 

the deposits. The relationship indicates that the higher grade ore 

shipments tend to come from the larger ore deposits. As the analyzed 

samples are of ore shipments, there may be some doubt as to whether 

this observed relationship is a function of larger deposits containing 

higher concentrations of uranium or of economic practices in mining, i.e., 

operators of jaines in larger deposits selectively'mining and 

shipping higher grade ore. The latter reason seems unlikely to be 

important because mining practices are highly variable and possibly 

random with respect to size of the deposit. The mining practice most 

pertinent to the problem considered here is that of mixing 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 Commission. It seems likely that operators of mines in 

the larger deposits shipped higher grade ore, not because they could 

afford to leave low-grade material in the mine, but because they were 

mining deposits that contained less low-grade material. A possible 

exception to this practice may occur in the case where a large deposit 

consisting of zoned high- and low-grade ore is being preferentially 

mined in the high-grade zones and the low-grade ore is not conveniently 

available for mixing or dilution of grade.
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The reason why larger uranium deposits contain higher average 

grades of uranium 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. 506-50?}.

Nickel and yttrium tend to be more highly concentrated in uranium 

deposits in the Salt Wash member of the Mbrrison formation located in 

the west and northwest parts of the Colorado Plateau where the deposits 

tend to be of smaller size. This fact alone might account for the 

significant negative correlation between nickel and yttrium concen* 

trations and the sizes of the deposits. It should, be noted, however, 

that molybdenum shows a similar regional variation within uranium 

deposits in the Salt Wash to that of nickel and yttrium, but does not 

exhibit a significant correlation with sizes of the deposits.

Calcium, manganese, and sodium are present mainly in carbonate 

cements of the host rock sandstone and their significant negative 

correlations in uranium deposits with size of the deposits might be 

explained by the hypothesis that higher cementation in the host rock 

is unfavorable to the Development of large ore deposits.

The reasons for the significant negative correlations between 

sizes of the deposits and their concentrations of iron and zirconium 

are completely unknown.
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ESTIMATION OF SIZES OF DEPOSITS

Regardless of the cause of the correlations "between element 

concentrations in uranium deposits and the sizes of the deposits, the 

relationships provide a basis for estimation or prediction of sizes 

of deposits. In the absence of any other geologic information the 

best estimate-' of the size of any single deposit would be the geometric

J "Best estimate" is used here in the sense of that estimate 

which has the smallest standard error.

mean size of all the deposits in the group—in this case the geometric 

means size of all deposits in the Salt Wash member of the Morrison 

formation. The indices of prediction^/ (Davies and Yoder, 19^1, p. 3h8)

I——5- 
J Index of prediction s 1- \ / 1-r , where r is the correlation

coefficient.

reveal that estimation or prediction of size based on the concentration 

of any one of the eight elements discussed in proceeding sections will 

improve the estimate about 3 to 7 percent. This gain is tangible, bu*t 

small. Estimates based on the concentrations of one of these elements 

would have about 97 to 93 percent of the standard error that would have 

been obtained if every deposit were estimated to be of mean size. 

Estimation of size can be improved considerably, however, if it is based 

on the concentrations of aH of the eight elements—uranium, yttrium, 

sodium, iron, zirconium, manganese, calcium, and nickel—simultaneously.
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Three methods of estimating sizes of deposits from elemental 

composition will be 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, 

National Bureau of Standards.
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Simple linear regression method

Regression lines and equations expressing the variations of size as 

a function of element concentration are given in figure 11. The standard 

errors of estimate (Waugh, 1952, p. 445) for each equation are also given, 

When the concentrations of uranium, yttrium, sodium, iron, zirconium, 

manganese, calcium, and nickel in a uranium deposit are known, it is pos­ 

sible to estimate eight different sizes for any given deposit. If the 

eight estimates are each "weighted "by the z value-/ corresponding to the

J The term z is a function of the correlation coefficient (r), 

Tout, unlike r, z_ is approximately normally distributed. (Fisher, 1950,

p. 197-201) 1 + r
£ s 1.1513 iQgjLo ]TT~r

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 in which the estimates are weighted according 

to the degree of correlation on which they are based. Thus, the estimate 

of size based on the concentration of uranium would receive more weight 

than that based on manganese. tTaJple 3 has been prepared to facilitate 

calculation of the "weighted average size estimate." The constants on 

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 concentrations to obtain the log of the weighted estimate of 

the size. It is important that all eight elements be considered. The 

sum of the uppermost constants in table 3 is the log^Q of the "weighted 

average size estimate."



The logs of the "weighted average size" estimates of each of the 

75 deposits on which the study is based are compared with the logs of
/•

their calculated or true sizes in figure 12. The correlation coeffi­ 

cient of these two variables is 40.6l* The index of prediction 

calculated from this coefficient indicates that the size estimates 

using all eight elements can be improved about 21 percent in comparison 

to the approximate 3 to 7 percent Improvement obtained using any single 

element. The regression line of y on x is,

y = 3.85x~7.0963, (1)

where y is a second estimate of log-^Q of the size and x is log-^Q of the 

weighted average size estimate. Thus, if the log of the weighted 

average size estimate is computed from table 3 and inserted in the above 

equation another weighted average size estimate is obtained. This 

second estimate is here called the "expanded weighted average size 

estimate," as the regression equation, y » 3•8j?x*7•09&3> expands the 

range of sizes that may be estimated. For example, 109 weighted average 

sizes of 2 and 3 computed from table 3, which correspond to tonnages of 

100 and 1,000, win be expanded with the equation to 0.6037 aa& ^537 

respectively, corresponding to tonnages of k and 28,*i-30. The log of 

the "expanded weighted average size estimate" is computed by summing the 

eight appropriate lower values from table 3, which is constructed to in­ 

clude all computational steps given above. For example if a spectrographic
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analysis of a mill-palp sample from a mine in the Salt Wash, member of 

the Morrison formation gives U = O.X-, Y - G.OOX-, Na = O.X-, Fe ** O.Xf, 

Zr s C.OX, Mh = O.OX, Ca = X., and Ni ̂  O.OOX" the appropriate constants 

are 0.6919, 0.6172, 0.3127, 0.3485, 0.2160, 0.1394, 0.0659, and 0,Q6kO. 

The stmi of these factors (2.4556) is the estimated log sise of the 

deposit in tons.

The standard error (sy/x) of the regression line (equation 1) is 

0.836 (appendix II, table 8). The standard error measures the devi--

of points 'from the fitted regression line in terms of y£(£ig. 12).



The error involved in the prediction of y from any specific

value of % may "be obtained "by the following expression:
^ 1

(x«d£)

n

(la)

(Anderson and Bancroft, 1952, p. 156-16^) where t is taken from a 

table of t for a given confidence level, sy/x is the standard error 

of estimate given above (0.836), and n is the number of pairs of 

values of x and y (75)« To estimate the error of a size prediction 

from equation 1 at the 95 percent confidence level constants are 

inserted and the expression becomes where x is the log weighted

,0 ^ /

1.99 (0.836) ^ 1.0133* !fll_°~X ~

2.09

average size obtained by summing the appropriate upper values from 

table 3» Thus the error of a prediction varies with the difference 

between the mean x on figure 12 and the value of x with which we 

wish to predict. This is understandable when it is considered that 

an error in the slope of the fitted regression line (fig. 12) is 

most serious in terms of the dependent variable at its extremities 

and least serious near the mean.



Size predictions and errors for two cases are given "below, one 

where all the element concentrations are in the same spectrographic 

group or frequency class as the mean of the element*-/ in the 75

J For the mean case (example A) U r O.X-, Y = O.QOX-, Na e O.X-, 

Fe a o.X*, Zr = O.OX, Mn * O.QX, Ga • X., Ni * O.OOX-.

deposits (example A) and another where they are in extreme classes-/

J For the extreme case (example B) U = O.X.f-, Y » O.OOOX-J-, 

Na « O.OOX, Fe f» O.X, Zr « O.OOX-, Mn • O.XH-, Ca » XX.-, and 

Ni • C.OOOOX. The values for Y, Na, and Ni for the extreme case 

are "below the spectrographic limits of sensitivity for these elements; 

however, spectrographic reports of "looked for, not detected" for 

these elements were assigned to these respective classes for all 

calculations. See section on statistical treatment of data.

(example B). The error of size estimates at the 95 percent level 

of confidence will practically always "be intermediate "between these

two cases.



Example x y
log log expanded

weighted average weighted average
size size - Error of y

(from table 3) (from table 3) (95 percent confidence)

A.

B.

2.4809

2.9780

2.4556 

• 4.3690

* 1.67^ (t-47.3)-^ 

* 1.761*6 (f 58.2)

J The range y-1.67^ to y+1.67^> is equivalent to the range antilog 

yf 47.3 to antilog y x ^7.3, where antilog y • predicted size of the 

deposit in tons, rather than log tons.

If one wishes to obtain the 80, rather than the 95* percent 

confidence intervals the expression becomes

f o~l I"

-1.29 (0.836) J 1.0133 f (x-2.489) 2 12, (Ic)
2.09 ) *— -~y

and for examples A and B given above the errors would be *tuo856 

(Il2.2) and ti.i2j.39 @13.9) respectively.

Long multiple regression method

The multiple correlation coefficient between log sizes of the 

75 deposits and the logs of their concentrations of U, Y, Na, Fe, 

Zr, MB, Ca, and Ni as determined by semiquantitative spectrographic 

analysis is 0.67. The index of prediction calculated from this value 

indicates that size estimates can "be improved about 26 percent in com­ 

parison to about 21 percent improvement using the simple linear regres­ 

sion method and 3 to 7 percent improvement using a single element.



The multiple regression equation calcinated at the Bureau of 

Standards is;

y s -O.OIJO + 0.1579*(j - 0.0908x^ - 0.07093d - Q.0lf9lfx£e (2)

-G.085^£r + 0.0139^ + O.OQ98x£a - O.OtoOx^ 

where y is the estimated log ^ size of the deposit in tons aad 

x$, xj • • • 2^ are respectively six times the logs^Q of the U, I, 

Na, Pe, Zr, Mn, Ca, and Ni spectrographic determinations in percent__/.

_y As the logs-y-j of the midpoints (in pereesrt) of the semiquanti- 

tative spectrograpMc ranges in "which the analyses are reported form 

a series such as 8 1/6-10, 8 3/6-10, 8 5/6-10, 9 1/6-10. . ., multipli­ 

cation 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.

The same value of estimated log size may be obtained with less

computation by summing the eight appropriate values from 1?able k.



The standard error of equation 2 is 0.820 (table 8). The 

range of error involved in the prediction of y from any specific 

combination of x^ x£ . . . x^ is given by plus or minus the square 

root of:

t2 0.672Q1J.9 - 1+ 1, 8 (2a)

The matrices CQ are given in table 5* Expansion of this expression 

is a tedious process, and is impractical for the amount of information 

gained-/. The error in prediction will generally be within the ranges

J Procedure for^expansion of equations 2a and 3& i& given under 

short multiple regression method in the following section.

given below for the 95 and 80 percent confidence levels.

Example A Example B 
95 percent confidence f 1.6532 (|^5.0) to t 2M$k ($292.0)

80 percent confidence J 1.0717 (I11.8) to •+ 1.5982 (f39-7)

Examples A and B were calculated using values of xj xj . . . x* 

corresponding to the same spectrographic classes used in the sample 

calculations with equation lb in the previous section.



Short multiple regression method

Inasmuch as logs of the -uranium and yttrium contents of the 

deposits show the highest linear correlation with logs of the deposit 

sizes (table 2) a multiple regression equation was calculated at 

the Bureau of Standards which includes only uranium and yttrium 

contents as the dependent variables. The equation is*

y . 0.50?1*- + 0.1326:K£ - 0.159^ 9 (3) 

where x$ is 6 times the log of the percent uranium, x£ is 6 times 

the log of the percent yttrium, and y is the l®g,« of the estimated 

size of the deposit in tons. To eliminate calculation, table 6 is 

given from which the estimated log size or size may be read directly 

using semiquantitative spectrographic determinations of uranium and 

yttrium.
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The standard error of equation 3 is 0*866 (appendix II, table 8),

The range of error involved in the prediction of y from any specific 

combination of aqj aad xj is given by plus or minus the square root of*

P 0.749634 (l * p_ — »

C2 1 (3a)

The matrices Cp are given ̂dn table 5. Expanded, the square root of 

equation 3a becomes + t £0.7^963^ (1 + 0.^95^95 + 0. 0025282^ + 

0.027H736J 4- 0.0025283^

0.000237^ + O.CX)l653xJ YJ" 9 when like terms are combined the

expression is

± * /"i'12107^- + 0.003790^
P ^ 

-fr 0.0022392$ 7

^. - 0.000355^ xj
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The error in prediction will generally "be within the ranges given 

"below for the 95 and 80 percent confidence levels.

Example A Example B 

95 percent confidence f 1.7351 (^5^.1) to +1.8533 (£71-3)
** ** t

80 percent confidence -* 1.2248 (|l3.3) to .+ 1.2014 (/15-9) 

Example A was computed from equation 3a using values of x* and x| which 

correspond to the respective log midpoints of the classes in which the 

mean log concentrations of the elements fall (U r Q.X", Y = O.OQX"). 

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 from equation 3a using values of x^ and x-f which correspond 

to the respective log midpoints of extreme classes (u r 0.3C*, Y £ O.OOOX"1"). 

Unless higher concentrations of uranium or lower concentrations of yttrium 

are detected in the sample, the ranges of error of a size estimate at the 

gives confidence levels cannot be larger than those for example B.



Summary of procedures 

for estimating sizes of deposits

The type of sample and analysis required for use of 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) The sample of the deposit must he a mill-pulp sample repre­ 

senting several tons or more if it Is desired 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 analytical determinations of U, Y, Na, Fe, Zr, Jto, Ca, 

and Ni must be semiquantitatlve spectrographic and made in the Denver 

laboratory of the U. S. Geological Survey or by essentially identical 

methods as used by the Denver laboratory.

Size estimation procedure fo» the simple linear regression method 1

For each element a factor is obtained from table 3 corresponding 

to the semiquantitative spectrographic determination of the concentra­ 

tion of that element. The eight constants from table 3 are totalled, 

using the appropriate constants for expanded weighted average size. 

Use lower values. The antilog of this sum is the estimated size in tons. 

About 95 percent of such estimates will be within a factor of kj to 58 

of the true sizes of the deposits. About 80 percent of the estimates 

will be within a factor of 12 to 14 of the true sizes.
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Size estimation procedure for the long multiple regression method 2

For each element a factor is obtained from table k corresponding 

to the semiquantitative spectrographic determination of the concen­ 

tration of that element. The eight appropriate constants from table 

k are summed• The antilog, of this sum is the estimated size in tons. 

About 95 percent of these estimates will be within a factor of ^5 to 

292 of the true sizes of the deposits. About 80 percent of the estimates 

will be within a factor of 12 to kO of the true sizes.

Size estimation procedure for the sl^ort multiple regression method 3

The log size or size of the deposit in tons is read directly from 

table 6 for spectrographically concentrations 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 

to 71 of the true size of the deposit. About 80 percent of the 

estimated sizes will be within a factor of 13 to 16 of the true sizes.



SOMMAET AKD 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 con­ 

centrations of U, Y, Na, Fe, Zr, MQ, Ca, and Nl in the deposit and 

the third only on concentrations of U and Y. The element concen* 

trations 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; with one exception each represents several 

tons or more of ore. The spectrographic analyses are made by the 

U* S. Geological Survey.
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None of the methods of size estimation given in this report is 

very precisej each gives an estSjaate of size in tons that is good only 

within a factor of 12.2 or more at the 80 percent confidence level. 

For example, if the size of a deposit were estimated from equation 1 

to "be 285 tons (as in example A for method 1) one could "be only 80 

percent confident that the true size lies somewhere "between 23 and 

3 f^TJ tons. For the person concerned with appraisal of a single ore 

deposit this appears to be little help. However, 285 tons is the "best 

estimate of the size of the deposit if no other information regarding 

the size of the deposit is available, as may often be the case where 

mine development or exploratory drilling is meager and the deposits in 

the general area have a large range in size. If the size of a deposit 

were estimated with method 1 to be 23,^00 tons (as in example B) one 

co-old be only 80 percent confident that the true size lies somewhere 

between 1,700 and 325,000 tons. However, the best estimate of the 

size of the deposit is still 23,ta) tons and the miner could be en­ 

couraged toward further expenditure in exploration development. The 

method has indicated that he has a large deposit. When the estimated 

size of a deposit is small the range of error of the estimate 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 estSjaated with equation 

1 to be k$ tons, one could be 80 percent confident that the true size 3!fe 

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 to judge the likelihood that undiscovered ore is 

present. For example, a deposit may have produced 2,000 tons of ore and 

is then believed to have been exhausted. If its composition suggests 

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."

For individual deposits the methods of size estimation given here 

are useful in distinguishing only the general range of size, i. e., 

small versus intermediate versus large. The precision of estimation 

is greater, however, for the average of a number of deposits than for 

a single deposit. If the estimate of a single deposit has a frequency 

distribution with a standard deviation of &^ -fclien ^-e mean of N inde­ 

pendent estimates for this deposit has a frequency distribution with a
JT^'/-—"*"*" 

standard deviation of^- *yyN. Thus, if the precision of estimation
A *

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 the confidence interval for 

a single estimate. The precision of the mean in terms of tons of ore, 

in other words, is greata^r 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 pulps. However, 

the principles underlying the methods may serve to establish similar 

methods fbr other types of samples, such as drill core. In drilling 

exploration such methods may be extremely useful in extracting max3jaum 

information from costly drill data. It is anticipated that estimation 

of the size of ore deposits from the composition of drill core samples 

of the deposits will be considerably less precise than estimation from 

mill pulps.

The controls of the relations between size and composition of 

uranium deposits are largely unknown, though some speculation on this 

is given in a previous section. More thorough understanding of these 

controls may lead to more precise methods of estimating sizes 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 rewarding from an economic point 

of view but may certainly add to our knowledge of the nature of ore 

deposits and the controls of their localization.
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APPENDIX I 

TESTS OF THE METHODS

The logs "of the sizes of *K) uranium deposits in the Salt Wash 

member of the Marrison formation were estimated from semiquantitative 

speetrographie determinations of the eight elements in mill-pulp 

samples using equations 1, 2, and 3* These estimated log sizes are 

given in table 7 "with the range of the log of the calculated or "true" 

size for each deposit. The range of error of each estimate from 

equations 1 and 3 at the 95 and 80 percent confidence levels is also 

given. None of the *K) deposits listed in table 7 is part of the 

original, 75 deposits on which the methods of size estimate are based.

As was the case for the original 75 deposits, the "true" log 

sizes of the k) deposits, listed in table 7 are known only within 

broad ranges. For purposes of 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*
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The purpose in testing the methods of size estimation is not to 

determine the precision of the estimates^ the precision may "be calculated 

from statistical theory (equations la, 2a, and 3&)« The P^pose here 

is to determine whether the precision of size predictions fbi* a particular 

group of deposits is similar to or greatly different from that calculated 

for the method. Theoretically, a"bout 38 estimates out of ^0 for each 

equation should "be within the 95 percent confidence intervals and a"bout 

32 out of kO should he within the 80 percent confidence intervals. 

For equation 1, 39 of the estimates out of kO (97*5 percent) proved to 

he within the calculated 95 percent confidence intervals and 28 out of 

kO (70 percent) proved to he within the 80 percent confidence intervals. 

For equation 3> 37 of the estimates out of ho (92.5 percent) are within 

the 95 percent confidence intervals and 31 out of kO (77.5 percent) are 

within the 80 percent confidence intervals. Confidence intervals for 

estimates made with equation 2 were not calculated except for two 

extreme cases* Had the confidence intervals for each estimate "been 

calculated^ 38 to kO of the hQ size estimates made with equation 2 (95 

to 100 percent) would he within the 95 percent confidence intervals and 

29 to 38 (72.5 to 95 percent) would "be within the 80 percent confidence 

intervals* Thus, it is apparent that the calculated confidence inter­ 

vals describe fairly well the precision of size estimates made for this 

group of ho deposits.
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The accuracy of the to size estimates may be judged by observing 

the deviation of the estimates from the "true" log sizes or by com* 

paring the mean of the estimates with the mean "true" log size of the 

to deposits. Deviations of the estimates from the "true" log sizes 

may be expressed in terms of

? (y-y)2

which is equivalent to the standard errors of the regression equations 

(table 8). The term y is the "true" log size of a deposit, y 1 is the 

estimated log size and n is the number of estimates. For the to 

estimates made with each of the three equations this value is as 

follows:

Equation

1

2

3 1.017

Standard error

0.836

0.822

0.866
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For each equation the value
1
2 is somewhat higher

than the calculated standard error* This may "be due primarily to the 

fact that the mean log size of the to deposits (3»0p) is greater than 

the mean log size of the 75 deposits on which the ealeralations of the 

regression equations and their standard errors are based (2*^95«> 

size estimates that average nearly 2«^9 will have a value/ ^ (y^yV) 

nearer the standard error* Log size estimates greater or less than

Q
/*% I J- 

SL (y-y*) \2 greater than the standard 
n-1 -J

error because the errors in the regression equations are more serious

away from the mean when the error is measured in terms of y»

Although the standard error of equation 2 is less than those of 

equation 1 and 3 the deviation of log sizes estianated with equation 

2 from the "true" log sizes is greater than that for equation 1. How­ 

ever, this was only found to be true for this group of to deposits and 

cannot be considered representative of what might be found with other 

tests.

The "true" mean log size of the hO deposits listed on Table 7 

is 3,05. The mean of the estimates is 2.73 for equation 1, 2«80 

for equation 2, -tnd 2.70 for equation 3- Thus # the estimates from 

all three equations appear to be too low on the average with the 

bias increasingly more serious with equations 2, 1, and 3» in that 

order.



If we wish, to consider the accuracy of the equations in estimating 

the log sizes of particularly large or small deposits, or deposits 

of near average size, the following data are of interest: 

"True" mean log size of group 4,50 3,50 2.50 1.50 

Mean estimated log size of group:

From equation 1 3.37 2.78 2.58 2.05 

From equation 2 3.1*0 2.?6 2.71 2.24 

From equation 3 3.07 2.64 2.67 2.34 

Number of deposits in group 8 12 15 5

Here the hO deposits are grouped according to log size classes; 

the 8 deposits with log size in the range from 4 to 5 are considered 

to have a "true" mean size of 4.50, for example. The means of the 

estimated log sizes from equations 1, 2, and 3 are 3»37> 3*^Q? and 

3.07;, respectively. It may "be seen that the mean log sizes estimated 

from equations 1 and 2 are somewhat nearer the "true" mean log sizes 

for each class than those from equation 3» Far the test group of 

IK) deposits equation 3 is considerably less accurate in estimating 

log sizes of large depositsj equation 1 is more accurate than either 

aquation 2 or 3 for estimating log sizes of small deposits.

For the *K) deposits listed on table 7, equation 1 "based on the 

simple linear regression method of size estimation and equation 2 

from the long multiple regression method are slightly more accurate 

than equation 3»
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APPENDIX II 

COMPABISON OF THE METHODS

The precision with which estimates of size may "be made with each 

of the methods is dependent on two factors: 1) the degree of relation­ 

ship found "between size and the independent variable or variables 

used in the method, 2) 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 relationship 

"between size and x or x.1 . . . x 1 , may "be examined for the three 

methods "by a comparison of the correlation coefficients and an 

analysis of variance which is "based on these coefficients (table 8). 

The highest correlation coefficient given in table 8 is that between 

log slme, and logs of the eight element concentrations (1*2 = 0,67). 

Equation 2 (page 47 ) ignoring the second factor, the uncertainty 

of the equation, 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 due to 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 F-ratios for all three methods indicate that each of the 

equations reduce the variance by statistically significant amounts.
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With the long multiple regression method (equation 2) most of 

the reduction of sum, of squares is due to the variables x4 and xl 

(uranium and yttrium). However, the reduction in variance due to 

inclusion of the variables x£ . . . xA in equation 2 is significant 

at the 0.95 probability level.

It may be concliaajed from the analysis of variance in Table 8 

that significant reductions in variance of logs of the sizes of 

uranium deposits are caused by each of the methods and so each 

method will be useful in estimating sizes.

Equations la, 2a, and 3a give the ranges of error of individual 

size estimates at specified confidence levels. These equations con* 

sider both the degree of relationship found between log size and the 

independent variable or variables and the uncertainty of the equation 

used to express this relationship * 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 an elements are at their mean concentration 

(example A) and for the case where all elements are at extreme concen­ 

trations (example B). These are given in the appropriate sections of 

the text but may be brought together here for comparison.
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It is suggested on the basis of these comparisons and the tests 

of the methods described in the previous section that the simple 

linear regression method (equation 1) and the long multiple regression 

method (equation 2) are more accurate for estimating sizes of deposits 

than the short multiple regression method (equation 3)» In most cases 

(except where the deposit is estimated to "be of near average size) 

equation 1 ¥iH give a more precise estimate than equation 2. 

Equation 1 has the additional advantage that confidence intervals 

of estimates can be calculated more easily.
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Method Estimated log 95 percent confl- 80 percent confl- 

size (in tons) dence level dence level

Example Example Example Example Example Example
A B A B A B

Equation 1 2.4556 ^.3690 t 1.67*16 * 1.7646 + 1.0856 * 1.1439

Equation 2 2.4-939 5.8933 t 1-6532 i 2.4654 t 1.0717 £ 1.5982

Equation 3 2.55^ 4.3598 * 1.735- t 1.8533 t 1.1248 t 1.2014

Example A; U = O.X-, Y « O.OOX-, Na « O.X-, Fe e O.X+, Zr « o.OX, 

ton B O.OX, Ca c X., Ni • O.OOX-, x = 2.4809; 

aft ... x^ • -5, -17, -5, '-1, -9, -9, 3, -17-

Example B: U = O.X+, Y = 0.00007•*-, Na s O.OOX^ Fe « O.X, Zr a O.OOX-, 

Mh = 0.?+, Ca » XX.-, Ni « O.OOOOX; x s 2.9780; 

aft . . . a^± s -1, -25, -15, -3, -17, -1, 7, -27- 

It appears from these sample calculations of the range of error 

of individual size estimates, wherein the uncertainty of the regression 

equation is considered, that the rac^ge of error for estimated sizes 

is generally smaller for equation 1 than for equations 2 and 3* Tke 

range of error for estimated log-sizes from equation 2 may be especially 

large if the eight elements are at extreme concentrations (the deposit 

is extremely large or small).
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