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CHEMICAL COMPOSITION AS A GUIDE TO THE SIZE
OF URANTUM DEPOSITS IN THE SALT WASH MEMBER OF THE MORRISON FORMATION,
COLORADO PLATEAU

by A. T. Miesch, E. M. Shoemaker, W. L. Newman, and W. I. Finch
ABSTRACT

The concentrations of uranium, ytfrium, 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 ‘ 0.37 \‘for uranium and

yttrium to

0.2k ‘ for nickel. The lowest significant correlation
coefficient for 75 pairs at the 95.percent level 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, cone-
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 niékel are principally
extrinsic elements, introduced into the host sandstone by processes

¢f or related to uranium mineralization. Somewhat more than half the

iron is probably intriusic and the remsinder is extrinsic.



Three methods can be used to estimate sizes of uranium deposits
in the Salt Wash member within broéd limits. Ome is based on sim.ple~
linear regression theory (method 1); and two are based on multiple
regression theory, long method (2j 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 b& semiquantitative spectrographic
analysis. For the third method the estimated sizelor log size may
be read directly from a table with kﬁown concentrations of U and Y
only. .

About 80 percent of the tonnage size estimates from method 1,
will be within a factor of 13 (12-14) of the true sizes. The pre-
cision of size estimates from methéd 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 &O 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 40 deposits of known size was used to test the
theoretical derivatioﬁ 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 ore are limited or where an estimate
is desired that is indeperndent of other estimates. The error of the
estimates may be gquite 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
expenditure in development exploration. The methodg 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 semiguantitative 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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INTRODUCTION

This study is part of a broader investigatior 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. 1).
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Figure 1. Map of part of the Colorado Plateau showing locations of
76 uranium deposits in the Salt Wash member of the Morrison 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 cduld be obtained by considering the
deposit to be of mean size (i. e., equal to the mean size of all
deposits in ﬁhe Salt Wash member); For many deposits, a geologist
with a knowledge of the geologic habit of the ores may be Jjustifiably
confident in estimating the size of a deposit within & much narrower
range than can be done with the methods given in this report. TFor
other deposits, however, in areas ﬁhere the deposits bhave & 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 certair porphyry copper
deposits there is an inverse relationship between tonnage and grade o
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 amcunt 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 uraniﬁm deposits in the
Salt Wash member of the Morrison fbrmatiop 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
maitiple regression equations were computed for the writers by statis=-
ticians of the Natiornal Bureau of Standards. Churchill Eisenhart,
Chief of the Statistical Engineering Laboratory of the Bureau, sug-
gested the methods. The computati&ns were made by J. M. Cameron and
We Se Cornor, with the assistance 6f 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
emount of time they devoted to it. The entire sections on size
estimates by multiple regression ahd most of the analysis of varlance
(appendix II, table 8) are based on their work.

Mary Epling of the National Bureau of Standards read the manu-
seript and brought to our attention several statistical and other
problems relating to the mauner 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.
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GEOLOGY OF THE URANIUM DEPOSITS

Sandstone~type uranium deposits on the Colorado Plateau consist
of sandstone or conglomerate that bas been impregnated, and commonly
partly replaced, by uranium minerals. The deposits range in sizs
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 cul
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. 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 sumarized by Weeks and Thompson (1954). The uranium deposits
corntain 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 Morris?m formation contain uraninite
Ejoa] and coffinite EJ(Siou)l-x(OH)uxj. Vanadium is generally more
abundant in these deposits than uranium, and occurs chiefly in
montroseite EOOHJ, doloresite E3V204-1+H2(ﬂ, and micaceous vanadium
silicates. 1In most uranium deposits in the Salt Wash mined to date

the uranium is contgined chiefly in the uranyl vanadates carnotite

Ecg(mg)g(vou)g-l-sﬁgcz] and tyuyamunite [(Ja(UOe)g(vou)2~7-1o-1/aﬂga .

\
/

/

~—
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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-guantitative
spectrographic methods. OFf these deposi‘aé s 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 menmber of the Morrison
forms.tion.’

METHODS OF SAMPLING AND SAMPLE PREPARATTON

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 cobtained from the U. S. Atomic Energy Commission's plant
at Monticello, Utah, operated at 'b.he t:Lme‘ 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 contemi-
nated slightly with tramp iron. The smount 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 sandétone 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 date from these

samples are given in figures 2 to 9.
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ANATYTTCAL METHOD

The analyses were made by & répid seﬁiqpantitative spectrographic
method under the supervision of A. T. Myers of the U. S. Geological
Survey. R. G. Havens 1s the principal analyst, but some analyses have
also been made by P. R. Barmett, 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. Thg 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 10
percent to about 0.0001 percent by a factor of the reciprocal of tﬁe
cube root of 10, This factor provides a geometric concentration series
having three menmbers 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 ﬁeans 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

+ -
megnitude; x the higher portion (10-5); and 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 spectrogrdphic 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 procédures 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 ofder of magnitude.”

Sixty elements are detectable with one exposure by the spectro-
graphic method employed for this sﬁudy. Of these elements, 20 are

!

present in more than 70 percent of the samples in concentration

_/ Concentration is used throughout this report in the conventional

chemical sense of fiIactional weight contained.

ebove the spectrographic limits of sensitivity, and 9 elements are
present in less than half of the ores in concentrations above the limits
of sensitivity. The remaining 31 elements looked for were not detécted
in either the ores or the ummineralized host sandstone. Study of the
composition of the ores by the rapi& 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 TO percent of the ores.
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The limits of sensitivity for each element are in general those
listed by Myers (1954, p. 195). As the analytical work has extended 7
over & period of 3 years and some changes were made in the details
of the technigue during this time, and as the‘individual analysts
followed s3lightly different practices in reporting elements near the
limit of semsitivity, 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 ﬁighest limits of sensitivity
reported.

In construction of the scatter diagrams (fig. 11) and calculation
of the correlation coefficients (table 2 and fig. 11l) of size of de=-
posits against the concentrations of uranium, ybttrium, nickel, and
sodium some spectrographic determinations below the limits of sensi-
tivity were used. Some of thesevdeterminations were reported as
"trace," some as "looked for but not deteéted," and a few were reported
iz a concentration class immedigtely below the limit of sensitivity and
given a questionable status. For construction of the scatter diagrams
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 glven as questionable, "trace,"

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

the statistical caleulations.
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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 l.==Classification of eiements 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
urarium ores and 96 samples of ummineralized sandstone from the Salt
Wash member of the Morrison formation. The system of classification is
based on the assumptions 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.



An element whose presence in the ore is unrelated to processes
of uranium mineralization is termed intrinsic and is either syngenetic
or epigenetic (diagenetic). Intrinsic syngenetic elements are céntained
in clastic fractions of the sandsﬁone host rocks and in precipitates
formed simultaneously 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 Jjudgment 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 meﬁber 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.



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 emsll, in the detrital minerals of the sandstone and a certain
amount, howeverﬁsmalit'was probably carried in the solutions that
introduced the uranium. The problem of classification, therefore, is
tn assess the relative importance‘of the roles played by each element
in the ores. 1In table 1 an element is considered dominantly of one
clasgsification if the msjor part o% the ‘element is believed to fall
in a given classification in a majority of the deposits studied.

The eight elements whose concéntrati&ns in uranium deposits in
the Salt Wash member of the Morrison formation appear to be significantly
related to size of the deposits fall into all categories of the classi-
fication; they have played a varié%y of roles in the formation of the
deposits. The geochemical habits of the eight 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 ;res 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 O.1 percent. The remainder of the iron in the deposits, probably
slightly less than half of their total iron content, may be extrinsie,
introduced by pfocesses of or related to uranium mineralization. The
iron content of an average uranium deposit is, therefore, a function
of both iron origimally present in the sandstone and to a lesser extent

that introduced as an extrinsic component.
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Figuro 2. Histograms showing the frequency distributions of iron
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ized sandstone from the Salt Wash member of the Morrison formation.
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Zirconium
S ————

The element zilrconium is cons;idered 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 X
minerals in the deposits and only rarely is it reported even as a
trace constituent in gqualitative spectrogrephic analysis of the ore
minerals (Weeks and Thompson, 1954). Zirconium is more than twice
as highly concentrated in uranium deposits in the Salt Waéh member
of the Morrison formation as in uwmminerslized sandstone of the Salt
Wash (fig. 3), but like iron, it varies directly with aluminum in
the sandstone and is more abundanﬁ'in ores because of their higher

clay and assoclated heavy mineral contents.

Calcium, sodium, and manganese

Three elements contained largely in fhe cenenting materlials of
sandstone of the Salt Wash member of the Morrison formation are
calcium, mangsnese, and, to a lesser degree, sodium (figs. U4, 5,
and 6). These elements are classified as dominantly intrinsic and
epigenetic. Calecium, the second most abundant element in the sand-
stone, occurs mainly in calcite, which 1s 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 caleium is in

gypsum.
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Figure 6. Histograms showing frequency distributions of mAnganese
concentrations in 211 samples of uranium ore and 96 samples of umnmineral-
ized sandstone from the Salt Wash member of the Morrison formation.

57309



Uranium ores from the Selt Wash | §'A 7.5 pot.
member of the Morrison formation © 2301 less
§220 than
& 220 p.p.m
10
Geometric Meen = 910 p.p.m.
i
|
407 16 pot. |
Ummineralised sandstones from the 3 loss |
Selt Wesh menmber of the Morrison than

Frequency
( pct . )
X3
o Q
A |

formation 220 p.p.mJ
10 -
Geometrio Mean = 890 p.p.m.
3 4 6
Loslo conc. (p.p.n.)
SODIUM

Filgure 8. Histograms showing frequency distributions of sodium
concentrations in 211 samples of uranium ore and 96 samples of unmineral-
ized sandstone from the Salt Wash member of the Morrison formation,

> 40
~ Urenium ores from the Salt Wash member §43 80-
of the Morrison formation %3. 20
£
10
Geometrio Mean = 1090 p.p.m.
l
Unmineralized sandstones from the Salt 100 pot. less than
Wash member of the Morrison formation 220 pepem.
I
SEEEl
f

11 i

3
Loglo conoc. (p.p.m.)
URANIUOM |

Figure 7. Histograms showing frequency distributions of uranium
oconcentrations in 211 samples of uranium ore and 96 samples of unmineral-
ized sandstones from the Salt Wash member of the Morrison formation.
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Manganese has a very high correlation with caleium in both the
unmineralized sandstone and in the uranium deposits (Shoemaker and
others, in press) and is probably contained largely in calcite. A minor
portion of the manganese ls present as an oxlde.

Sodium is contained principally in plagioclase feldspars and in
nonsilicate sodium salts in the sandstone of the Salt Wash member of
the Morrison formatlion., Flame photometric analyses of the acid leached
sand-size fraction of 14 sandstones from the Salt Wash (Robert A. Cadigan,
written communication, 1956) 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 moderaste correlation of sodium with '
calcium and manganese in the sandstone and high correlation in the
uranium deposits (Shoemsker 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 sbundance of the elements in uranium
deposits to their gbundance in unmineralized sandstone 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 aburdance ratio
of caleium (C.6) may be attributed to the fact that the upper sandstone
strates 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 oceurrence of uranium
deposits in the upper sandstone strata of the Salt Wash member may be
partly a function of a relatively low carbonate cement coptent and con=-
sequent higher permeability. It is not improbable, however, that scome
leaching of calcium from the minmeralized host rock took place with pre~
cipitation of the ore metals, thereby causing the low abundance ratio.

Uranlium

Uranium is not ouly the prineipal ore element in the deposits but
also has the highest ratio of abundance in the deposits to abundance in
unmineralized sandstone (table 1 and fige 7). Uranium contents of the
samples vary considerably (fig. T7) 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. TFortunately the uranium contents of the mill-pulp samples have no
proncunced 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
unmineralized 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-valent 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 ceantral
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.‘

Yetrim

Yttrium is a dominantly extrinsic element in uranium deposits in
the Salt Wash member of the Morrison formation. It is estimated to be
about T times more abundeant in the deposits than in unmineralized
sandstone of the Salt Wash (table 1 and fig. 9). Correlation studies
suggest some affinity of yttrium for the nickelwcobalt-molybdenum
group.of extrinsic 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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SIZES OF URANIUM 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 pro&uction data were
complled from the records of the Finance Division of the Grand
Junction Operations Office of the U. S. Atomic Energy Commission for
the pericd of April 1948 through December 1953, and from the records
of the U. S. Geological Survey for the time prior to 1948. 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>ﬁumerous reports of the U. S.
Geologlcal Survey.

Each of the 75 depoéits was represented by a spectrographic
analysis of a mill-pulp sample of one or more ore shipments from the
mine. The freguency distribution Bf the calculated sizes of the T5
deposits isAgiven 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
10-100 1-2
100-1,000 2«3
1,000-10,000 3=b
10,000-100,000 i L5
100,000-1,000,000 5«6
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Pigure 10, Histogram showing frequency
distribution of log sizes of 75 uranium
deposits in the Salt Wash member of the
Morrison formation.
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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 practice. Groups
of ore bodies that are or can be mined as one deposit may generally be
conslidered as one deposit by those 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 deﬁosit.

Estimation of the extent of lncompletely 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 outerop 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 & uranium deposit
is undoubtedly large, but probably few sizes are misclassified in the
broad claes intervals given 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 U30g or 1.0 percent

V205 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 semiquantitative spectrographic enalyses of samples
from uranium deposits for which sizes could be celeculated. 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 coefficlents require certaln 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 lles in the comparison
of the predicted size of the deposits wiéh the calculated size. The
usefulness of these elements is verified in an analysis of varianqe glven
in Appendix IT and table 8, and also in tests of the methods made on 4O

"new" deposits of known size.






35

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,
calecium, 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 i1s, less
than 5 times in 100 would coefficients this high be expected to occur by
chance slone.

Significant correlations of size of the uranium deposits, witﬁ
element concentration do not indicate, necessarily, that elemental
composition controls the size or that size controls the composition.

The probability wvalues 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 g significant positive correlation with the size of
the deposits., The relationship indicates .that the higher grade ore
shipmernts tend to come from the larger ore deposits. As the analyzed
samp.es are of ore shipments, there may be scme 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 mines in larger deposits gelectively 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 deposii;. The mining practice most
pertinent to the problem consideréd here is that of mixing ore, not to
reach & high grade, but to maintain & grade that will give the highest
return under the various pasyment 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 materisl in the mine, but because they were
mining deposits that contained less loﬁ;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 dllution of grade.
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The reason why larger uranium deposits contain higher average
grades of urapium 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. 506-5CT).

Nickel and yttrium tend to be more highly concentrated in uranium
deposits in the Selt Wash member of the Morrison formation located in
the west and northwest parts of the Colorado Plateau where the deﬁosits
tend to be of smaller size. This fact alone might account for the
significant negative correlation between nickel and ytitrium concens
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 hypothesls that higher cementation in the host rock
is unfavorable to the 3evelopment of large ore deposits.

The reasons for the significaﬁt 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 éorrelaéions 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

_/ "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, 1941, p. 348)

_/ 1Index of prediction=z 1~ \/l-rg, where r is the correlation

soefficient.

reveal that estimation or prediction of size based on the concentration
of any one of the eight elements dlscussed in preceeding sections will
imprdve the estimate about 3 to 7 percent. This gain is tangible, but
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 all of the eight elements-;uranium, yttrium,

sodium, iron, zirconium, manganese, calcium, and nickel-~-simulteneously.
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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 Buresu of Standards.
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Simple linear regression method

Regression lizes and equations expressing the variations of size as
a function of element concentratioﬁ are given in figure 11. The standard
errors ot estimate {Waugh, 1952, p. 445) for each equation are also given.
When the councentrations of uranium, yttrium, sodium, iron, zirconium,
manganese, calcium, and nickel in & 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

_/ The term z is a function of the correlation coefficient (x),
but, unlike r, z is approximately normally distributed. (Fisher, 1950,

p. 197-201) 1+r
z = 1.1513 logyg 7T T ¢

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 baced on the concentration of uranim would receive more weight
than that based on manganese., Taple 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
ounly to sum the eight counstants that correspond to the proper elements
ard théir 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 appermost constants in table 3 is the logyg of the "weighted

average size estimate."
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The logs of the "weighted ave;age siie“ estimates of each of the
T5 deposits on which the study is based are compared with the logs of
their calculated or true sizes in fiéure 12, The correlation coeffi-
cient of these two variables is #0.61. The index of prediction
caleulated from this coefficient indicates that the size estimates
uging all eight elements can be improved about 21 percent in comparison
to the spproximate 3 to 7 percent improveﬁent obtained using any single
element. The regression line of y on x is,

¥y = 3.85x-T.0963, (1)

where y is a second estimate of 10310 of the size and x is loglo 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 ancther weighted average size esﬁimate is'dbtained. This
second estimate is here called the “expandedeeighted average size
estimate," as the regression equation, y = 3.85x+7.0963, expands the
range of sizes that may be estimated. For exsmple, 109 weighted average
sizes of 2 and 3 computed from table 3, wh;ch correspond to tonnages of
100 and 1,000, will be expanded with the equation to 0.6037 and L.4537
respectively, corresponding to tonnages of 4 and 28,430, The log éf
the "expanded weighted average size estimate" is computed by summing the

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

clude all compubational steps glven above. For example if a spectrographic
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analysis of a mill-pulp sample from a mine in the Salt Wash member of
the Morrison formation gives U= 0.X=, ¥ = (C,00X~, Na = O.X~-, Fe = 0.X4,
Zr = C.UX, Mo = C.0X, Ca = X., and Ni = 0.00X" the appropriate constants
are 0.6315, C.6172, 0.3127, 0.3485, 0.2160, 0.139%, 0.0659, and 0.0640.
The suw of these factors (2.4556) is the estimated log size of the
deposit in tous.

The standard ervor (sy/x) of the regression line (equation 1) is
G.536 (appendix II, table 8)., The standard error measures the devi--

smtibn of points from the fitted regression line ir temms of yf(fig. 12).



The error involved in the prediction of y from any specific

valie of ¥ may be oblained by the following expression:
R

r L

20 Ry/z 1a1a (2B (18)

|+

) (%-%)2

e ——t

{Anderson and Baneroft, 1952, p. 156-164) 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 1evel constants are
inéerted and the expression hecomes where x is %he log weighted

i
2 .
(Ip)

2
+ 1.99 (0.836) 3 1.0133+ (x~2.1489)
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 18‘coﬁsidered that
an error in the slope of the fitted regres;ion line (fig. 12) is
most serious in terms of the dependent variable at its extremities

and least serious near the mean.
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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 T5

_/ For the mean case (example A) U = 0.X-, Y = 0.00X-, Na & 0.X-,

Fe = 0.X+, Zr = 0.0X, Mn = 0.0K, Ca = X., Ni = 0.00X~.

deposits (example A) and ancther where they are in extreme classes_/

_/ For the extreme case (example B) U = 0.X4, Y = 0.000X+,
Na = 0,00X, Fe ® 0,X, Zr = 0,00X~, Mn = 0.X+, Ca = XX.~-, and
Ni = 0.00bOX. 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 reséeetive classes for all

calculations. 8See 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. 2.14809 2.14556 +1,6746 . 3)/
B. 2.9780 , - 4.3690 + 1,764 (£58.2)

_/ The range y-1.6Th6 to y+1.6T46 is equivalent to the range antilog
V= k7.3 to antilog y x 47.3, where agtilég v = 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
l .

f1.29 (0.836) 1.0133;_@:—2.1;89)2 2, (1e)
.09

and for examples A and B given above the errors would be ‘tl.0856
(212.2) and *1.1439 (£13.9) respectively.

Long multiple regression method

The miltiple correlation coefficient between log sizes of the
T5 deposits and tﬁe logs of their concentrations of U, ¥, Na, Fe,
Zr, Mn, 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 2L percent improvement using the simple linear regres-

sion method and 3 to T percent improvement using a single element.
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The multiple regression equation calculated at the Bureau of
Standards is:
¥y = =U.0LT0 4 0.1579%f - 0.0908x§ - 0.0709g&a - 0.0hghx%e (2)
~G.085kxy . + 0.0139xy  + 0.0098x4, - 0,000k},
where y is the estimated log 10 size of the deposit in tons and
xy, % o o ¢+ X3 are respectively six times the logs,n of the U, Y,

Na, Fe, Zr, Mn, Ca, and N1 spectrographic determinations in percent_/.

_/ As the logsqy of the midpoints (in percers) of the semiquanti-

tative spectrographic ranges in which the analyses are reported form

& 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 whcle numbers such as -11, =9, =7, =5. . ., which are easier

to handle in calcoulatlion.

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

computation by summing the eight appropriate values from table L,
[



The standard error of equation 2 is 0.820 (table 8). The
range of error imvolved in the prediction of y from any specific

combination of x Xy o « o Xy is given by plus or minus the square

root of:
£2 0.672049 41 + 1, Xy . .xb | Cg |1, (2a)
Xy
*y
)
xNi.J

The matrices Cg 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

_/ Procedure for ‘expansion of equations2a and 3a is 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 T1.6532 (’,-'us,o) to £ 2.4654 (£292.0)

80 percent confidence +1,0717 (311.8) to *1.5982 ($39.7)
Examples A and B were calculated using values of x %} « « » xﬁi
corresponding to the same -spectrographic classes used in the sample

cglculations with eguation 1b in the previous section.



Short multigle reg:essiox meshod

Inasmuch as logs of the uranlum 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
coutents as the dependent variables. The equation is 2

vy = 0,507k x+o.1326xl'j - 0.1591+x; R (3)
where x§ is 6 times the log of the percent uiamium, xy is 6 times
the log of the percent yttrium, and y is ﬁhe 10g33< £ the estimated
sizé 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 speetrographic determinations of uranium and

yEtrium.
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Tre standard error of equation 3 is C.866 {appendix II, table 8).
The range of error imvolved in the prediction of y from any specific

combination of x azd x¢ is given by plus or minus the square root of)

2 . 7. |
% 0.7&9634{1 * ll!., xﬁ,u%" o | 2 } (3a)
x
%5 |
The matrices C, are gzivenwlin table 5. Expanded, the square rooct of
equation 3a becomes + % 5.749631L (1 + 0.495495 + 0.002528x%y +
0.02711"{2:% 4 !3.002528}% + 0.30111;0 12 . C,.000237=xy xi + 0.027117:&% -
- 1/2
0.000237x + 0.0616532{{(2):7 , when like terms are combined the
expressior is
+ & [ 1.22107h + 0.003790%) + 0.040656x) - 0.00C355%! x + 0.000855::(']2
12

+ 0.001239%27
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The error in prediction will generally be within the ranges given

below for the 95 and 80 percent confidence levels.
‘ l Example A | Example B

95 percent confidence  *+1.7351 (354.1) to *1.8533 (A71.3)
80 percent confidence  *1.1248 (113.3) to +1.201k (£15.2)
Example A was computed from equation 3a using values of x('j and x;[ which
correspond to the respective log midpoints of the classes in whickh the
mean log concentrations of the elements fall (U = 0.X", ¥ = 0.00X7).
Calculated errors for example A are sbout 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 compubed from equation 3a using values of xy and x¢ which correspond

to the respective log midpoints of extreme classes (U = 0.x%, Y = 0.000x*}.

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

given confidence levels cannot be larger than those for example B.
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Sumary of procedures

for estimating sizes of deposits

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

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

2) The sample of the deposit must be a mill~palp 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, Ma, Ca,
and Ni must be semiquantitative 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 for 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 expandéd welghted average size.
Use lower values. The antilog of this sum is the estimated size in touns.
About 95 percent of such estimates will be within a factor of 47 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 & corresponding
to the semiquantitative spectrographic determination of the concen-
tration of that element. The eight appropriate constants from table
L 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 45 to

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

will be within a factor of 12 to 40 of the true sizes.
Size estimation procedure for the short 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 Tl 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.
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SUMMARY AND CONCLUSIONS

Three methods have been given for estimating the size of a
uranium deposit in the Salt Wash menber of the Morrison formation
on the Colorado Plateaun. Two of the methods are based on the con-
centrations of U, ¥, Na, Fe, Zr, Mn, Ca, and Ni 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 uraniwn‘ore mills and buying
stations. The samples are splits of those assayed to determine
payment to the ore shipper;with one exception each represents sevéral
tons or more of ore. The spectrographic analyses are made by the

Ue. S. Geological Survey.
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None of the methods of size esﬁ:imation given in this report is
very precise; each gives an estimate of size in toas that is good only
within a Pactor of 12.2 or more at :bhe 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.‘l) one could be only 80
percent confident that the true size lies somevhere between 23 and
3,477 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 aund the deposits in
the general area have a large range in size. If the size of a deposit
were estimated with methed 1 to be 23,400 tons (as in example B) one
could 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 23,400 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
slze. Tor example, 1f the size of a d.eposiﬁ were estimated with equation
1 to be 43 tons one could be 80 percent confident that the true size f%
less than 600 tons. Known production or reserves may serve to pla;ce a

lower limit on the gize of the deposit.
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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 iikélihood that wndiscovered ore is
present. For example, a deposit may have produced 2,000 tons of ore and
i1s 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 individuel 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 edtimate of ; single deposit has a frequency
distribution with a standard deviation of'&j'then the mean of N inde-
pendent estimates for this deposit has a frequency distribution with a
standard deviation oftf'i -47' 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 the confidence interval for
a single estimate. The preclision of the mean in terms of tons of ore,
in other words, is greatly increased. The methods of slze estimation
given in this report, therefore, may be most useful in appraising groups

of deposits or ore districts.
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The precision and accuracy of the methods of size estimstion

have not been determined for ore samples cther than mill pulps. However,

the principles wderlying the methods may serve to establish similar
methods for other types of samples, such as drill core. In drilling
exploration such methods may be extremely useful in extracting maximum
information from costly drill data., It is anticipated that estimation
of the size of ore deposits from the composition of dr;ll core samples
of the depcsits will be considerably less precise than estimation from
mill pulps.

The countrols 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 estiméting their size. A search for
such relationships may not only be rewarding from an economic poifrt
of view but may certaigly 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 4O uranium deposits in the Salt Wash

member of the Morrison formation were estimated from semiquantitative

‘spectrographic determinations of the elght elements in mille-pulp

samples using equations 1, 2, and 3. These estimated log sizes are
glven 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 4O 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 40 deposits.listed in table 7 are known only within
broad ranges. For purposes of comparison the "true" log size of each
d.eposi‘b may be taken as the midpoint of the fange of the "true" log

size. Errors arising from thls 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 3a). The purpose here
is Yo determine whether the precision of size predictions for a particular
group of deposits is similar to or greatly different from that calculated
for the method., Theoretically, sbout 38 estimates out of 40 for each
equation should be within the 95 percent confidence intervals and about
32 out of 4O should be within the 80 percent confidence intervals.

For equation 1, 39 of the estimates out of 40 (97.5 percgnt) proved to
be within the calculated 95 percent confidence intervals and 28 out of
4 (70 percent) proved to be within the 80 percent confidence intervals,
For equation 3, 37 of the estimates out of L0 (92.5 percent) are within
the 95 percent confidence intervals and 31 out of 40 (77.5 percent) are
within the 80 percent confidence intervals. Confidence intervals for
estimates made with equation 2 were pot calculated except for two
extreme cases., Had the confidence intervals for each estimate been
calculated, 38 to LO of the 4O size estimates made with equation 2 (95
0 100 percent) would be 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 ma.d:e for this

group of 40 deposits.
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The accuracy of the YO size estimates may be Jjudged by cobserving
the deviation of the estimates from the "true" log sizes or by come
paring the mean of the estimates with the mean "true" log size of the
40 deposits. Deviations of the estimates from the "true" log sizes

mey be expressed in terms of

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' is the
estimated log size and n is the number of estimates. For the 40

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

follows: B
Equation 'Y (;y'--y")2 Standard error
o=l
1 0.905 0.836
2 0.9kk 0.822
3 1.017 0.866
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For each eguation the value S’(yuy‘)a' 2 is somewhat higher
than the caleulated standard error. Thzg mey be due primarily to the
fact that the mean log size of the 40 deposits (3.05) is greater than
the mean log size of the 75 deposits on which the caleoulations of the
regression equations and their standard errors are based (2.49). Log

1
size estimates that average nearly 2,49 will have a value[lf'gz-%‘zé}i
nﬂ

nearer the standard error. Log size esbimates greater or less than
1

2.49 will have a value [:}E Sy-y')é:1§‘ greater than the standard
error because the errors in then;igression eguations are more serious
away from the mean when the error is measzured in terms of y.

-Although the standard error of eguation 2 is less than those of
equation 1 and 3 the deviation of log sizes estimated 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 40 deposits and
camot be considered representative of what might be found with other
tests.

The "true" mean log silze of the 4O deposits listed on Table T
is 3.05. The mean of the estimates is 2.73 for equation 1, 2.80
for equation 2, .nd 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.
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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 3.40 2.76 2.71 2.2k4

From equatioﬁ 3 3.07 2.64 2.67 2.34
Number of deposits in group 8 12 15 5

Here the 40 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, 3.40, 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. For the test group of
4O deposits equation 3 is considerably less accurate in estimating
log sizes of large deposits; equation 1 is more accurate than either
equation 2 or 3 for estimating iog sizes of small deposits.

For the 40 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

COMPARISON OF THE METHODS

The precision with which estimates of size may bé made with each
of the methods is deﬁendent 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& ¢ e e xﬁi, may be examined for the three
methods by a comparison of the correlation coefficients and an
analysis of variance which is baged on the;e coefficients (table 8).
The highest correlation coefficient given in table 8 is that between
log #isg and logs of the eight element concentrations (R, = 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 Fergtios 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 varisbles %] and xé
(urenium and yttrium)., However, the reduction in variance due to
inclusion of the variables xb . . . xé in equation 2 is significant
at the C.95 probability level.

It may be conclmded 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 metkods and so each
method will be useful in estimating sizes.

Equations la, 2a, and 3a give ﬁhe ranges of error of individual
size estimates at specified confidence levels., These equations con=
sider both the degree of relationship found between log size ard the
independent variable or variables and the uacertainty of the equation
used to express this relationshlp. 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 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 X
linear regression method (equation 1) and the long multiple regression
method (equation 2) are more accurate for estimating sizes of deposits
than the short miltiple regression method (equation 3). In most cases
(except where the deposit is estimated to be of near average size)
equation 1 will 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 confi-

size (in tons) dence level

80 percent confi-

dence level

Example Example Example Example
A B A B

Exsmple Example
A B

Equation 1 2.4556 L4.3690 + 1.6TW6 * 1.7646
Equation 2 2.4939 5.8933 + 1.6532 t 2.465h

-

Equation 3  2.5542 L4.3598 * 1.735. % 1.8533

v

1.0856 + 1.1439

1+

1.0717 t 1.5982
T 1.1248 T 1,201k

Example A; U = 0.X=, Y = 0,00X~, Na # 0.X~, Fe = 0.X4, Zr = 0.0%,

M & 0.0X, Ca = X., N1 & 0.00X~, x = 2.4809;

Xﬁ o o X&i é =5, '17, ‘5,.'11

-9) -9, 3, -17.

Example B: U = 0.¥+, Y = 0,0000¥+, Na = 0,00X, Fe = 0.X, Zr ® 0,00X-,

Mn = O.y"', Ca B }(X.-, Ni = 0.0000X; X =2 209780; '

}C{]’ e o o :xh'ri - "’l, "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.range of error for estimated sizes

is generally smaller for equation 1 than for equations 2 and 3. The

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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