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SECTION I
INTRODUCTION

A. OBJECTIVES

The usual approach in utilizing ARR (Aerial Radiometric Reconnais-
sance) and HSSR (Hydrogeochemical and Stream Sediment Reconnaissance) data
in potential uranium resource assessment relies primarily on ground-checking
anomalies to determine their cause and potential as resources. This study
was designed to supplement that type of information by: 1) providing methods
to identify possible uranium host rocks or source rocks based on local en-
richments or depletions of uranium relative to geochemically related elements,
and 2) trying to relate the ARR and HSSR data to quantitative regional (whole
quadrangle) estimates of uranium favorability or resources. This report pro-
vides a summary description of the data products and quadrangles included in
the study and tells where the data products for individual quadrangles may be

consulted or copied.

The major objective was to provide the quadrangle data sets to the
NURE quadrangle evaluation teams for their use in uranium resource estimatiom.
A minor objective was to attempt to relate known uranium resources to the
measured, whole-quadrangle, aerial radiometric and geochemical parameters
quantitatively so that the data in relatively unexplored quadrangles could be
used to predict resources for comparison with estimates based on other data.

This report summarizes efforts toward the latter objective.

B. PREVIOUS REPORTS

Two reports have been placed on open file by Bendix Field Engineering

Corporation and the U.S. Department of Energy (DOE) as a result of this work.

Norwine et al. (1979) is filed as GIBX-136(80) and reports the re-
sults of a preliminary étudy.of the effects of near-surface moisture and bio-
mass on the sensitivity of aerial gamma-ray spectrometer measurements, A set
of test quadrangles was selected for use in investigating relationships among a

group of environmental variables and ratios of whole-quadrangle mean stream
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sediment uranium and thorium contents to corresponding mean aerial radiometric
uranium and thorium measurements. It was assumed that stream sediment values
might be sufficiently representative of the average surface radioelement con-

centrations to be used in ground-calibrating the aerial systems.

Preliminary testing established strong statistical correlations be-
tween the radioelement ratios and moisture and biomass variables. However, it
was recognized that moisture and biomass relationships represent a variety of
variables affecting the aerial gamma-ray measurements, such as scil formation,
including weathering effects. Also, the data suggested that in certain very
humid areas placering effects caused the mean thorium and uranium content of
stream sediments to be much greater than actual concentrations in the average
surface rocks. These effects made the use of the stream sediment analyses im-

practical in locally calibrating the aerial systems.

A followup study used surface-~to-aerial ratios based on analyses of
fresh rock samples in humid regions and established that reasonable local cor-
rection factors could be developed using this approach. Developing such fac-
tors would require collecting representative surface samples of selected for-
mations in a variety of humid environments to provide additional ground cali-

bration data for refining the aerial data correction models.

The second open-file report, Texas Instruments (1980), is GJBX-137
(80) and presents the results of design and testing phases for methods subse-
quently used in processing and interpreting the available ARR and HSSR data
from the priority selection of quadrangles. Examples of the data products
for each quadrangle are included, along with an outline of the rationale for

their creation.

Quadrangles used in the testing are:

ARR Tests HSSR Tests
Rawlins Seguin
Denver Pueblo
Spokane Austin
Ritzville
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SECTION II
SUMMARY OF QUADRANGLE DATA PROCESSING

A. AERIAL RADIOMETRIC DATA

1. Data Products

The data packages for each quadrangle supplied to the quadrangle

evaluators included:

e Statistical summary tables

table of quadrangle and formational means in
concentration units

plot of quadrangle-adjusted eTh/eU vs eTh
plot of province-adjusted eTh/eU vs eTh

tables of source and host rocks determined from
the two plots listed above

plot of eTh vs eU with '"outliers" identified

summary table of radiometrically derived source
and host rocks with remarks

e OQutcrop data

outcrop, radiometric lithology, and source/host-
rock map (1:250,000-scale Mylar positive film)

eTh profile map (1:250,000-scale Mylar positive
film)

eTh vs el plot of outcrop data with limits for
source/host-rock identification.

Two complete sets of these data products for each quadrangle were

delivered to Bendix Field Engineering Corporation technical personnel to

help them estimate uranium resources. File copies of the outcrop, radio-

metric lithology, source/host rocks, and eTh profile maps at 1:250,000

scale will be placed on file at the Bendix Field Engineering Corporation

Technical Library in Grand Junction, Colorado.
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reconnaissance data packages were prepared.

2. List of Processed Quadrangles

Table 2-1 lists the priority quadrangles for which aerial radiometric

Table 2-1. List of Quadrangles with Aerial Radiometric Data Interpretation
Maps on File

Adel Gillette Plainview
Albuquerque:? Glens Falls Pocatello
Amarillo Grand Canyon Poplar Bluff
Ashton Greeley Portland
Augusta Green Bay Pratt
Austin Greensboro Prescott
Aztec Hamilton Presidio
Baker Harrisburg Price
Beaumont Havre Rapid City
Beeville Hot Springs Raton
Bozeman Hutchinson Rawlins
Brownsville Iron River Reno
Butte Joplin Rice Lake
Casper Kingman Richfield
Challis Klamath Falls Rock Springs
Charlottesville La Junta Salina
Cheyenne Lamar Salton Sea
Clifton Lander Sandpoint
Clinton Laredo Santa Fe
Cody Las Vegas Scranton
Corpus Christi Lawton Seguin
Cortez Leadville Sherman
Craig Lemmon Shiprock
Crystal City Lewistown Silver City
Dalhart Lovelock Socorro
Delta Lubbock Spartanburg
Denver Manhattan Spokane
Dickinson Marfa St. Cloud
Douglas McAllen Torrington
DuBois McDermitt Trinidad
Durango Mesa Tularosa
Dyersburg Millett Van Horn
Eau Clair Moab Vernal
Ekalaka Newark Vya
Elk City Newcastle Walker Lake
Elko Nogales Wells
Emory Peak Ogden White Sulphur Springs
Enid Okanogan Wichita
Flagstaff OkTahoma City Wichita Falls
. Ft. Stockton Palestine Williams
Gallup Pecos Winnemucca
Total: 124
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B. HYDROGEOCHEMICAL AND STREAM SEDIMENT DATA
1. Data Products

The variable-premise data package for HSSR evaluation of each quad-
rangle consists of a bound folio of computer printout covering the various
treatments of the geochemical variables. These data are arranged in the fol-

lowing sections:

1) Definitions: Permutations and symbols are defined and
derived. Elements used for the indices are cited.

2) Statistics: Covering all variables in sediments,
stream waters, and well waters: number, mean, standard
deviation, minimum, maximum, skewness, kurtosis.

3) Quadrangle maps: Computer-generated, at approximately
1:1,000,000 scale, in key, three levels of anomaly shown
in each map. One map each for 21 uranium-related para-
meters.

4) Gradient distribution curves (GDCs) showing the top 160
samples by each U-permutation, with overprinted values
on standardized scale showing how each sample on the
curve rated in four other variables. The overprints
are T-standardized so that 1.0 is anomaly threshold,
0.0 is quadrangle background.

5) Gradient distribution lists in key with each GDC,
showing all variables measured in each sample. Merged
with water data where sample sites are the same. Sorted
according to the sample sequence in the respective over-
lying GDC. Element values are corrected for inert
matrix fluctuations.

6) Correlation matrices:

e Sediments: all elements, as analyzed
e Stream waters: all elements, as analyzed

e Ground waters: all elements, as analyzed

e Sediments: two matrices of three critical
uranium-related parameters versus all elements
corrected for inert matrix.

7) Factor analysis

8) Master list of all elements as reported by laboratory.




¢

Two copies of each folio were delivered to the NURE quadrangle

evaluators for their use, and one copy has been placed on file at the Bendix

Field Engineering Corporation Technical Library in Grand Junction, Colorado.

2. List of Processed Quadrangles

Table 2-2 lists the quadrangles for which geochemical data folios

were prepared.

Table 2-2:

Albuquerque
Amarillo
Arminto
Ashland
Athens
Augusta
Austin
Beaumont
Beeville
Billings
Brownsville
Butte
Casper
Challis
Clinton
Corpus Christi
Cortez
Craig
Crystal City
Death Valley
Delta
Dickinson
Dillon
Dyersburg
Elko

Emory Peak
Enid
Escalante
Flagstaff
Gillette
Glens Falls

Total: 94

Grand Canyon
Greensboro
Harrisburg
Hot Springs
Hutchinson
Iron River
Joplin
Kingman
Klamath Falls
La Junta
Lamar
Lander

Las Vegas
Lawton
Lemmon
L1ano
Lovelock
Manhattan
Marfa
McAllen
McDermitt
Mesa
Millett
Moab
Montrose
New Ulm
Okanogan
OkTahoma City
Palestine
Plainview
Pocatello

List of Quadrangles with Hydrogeochemical and
Stream Sediment Data Interpretations on File

Poplar Bluff
Portland
Pratt
Prescott
Presidio
Price
Pueblo
Rapid City
Reno

Rice Lake
Richfield
Ritzville
Rock Springs
Salina
Salton Sea
San Antonio
Sandpoint
Scranton
Seguin
Sherman
Spartanburg
Spokane

St. Cloud
Tonopah
Torrington
Trona
Walker Lake
Wells
Wichita
Wichita Falls
Williams
Winnemucca
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SECTION III

USE OF DATA IN PREDICTING
LOCATIONS AND AMOUNTS OF RESOURCES

A. LOCATION PREDICTION WITHIN QUADRANGLES
1. Present Data Products

Examination of the quadrangle data products for the priority quad-
rangles has led to several conclusions as to their effectiveness in predicting
the locations of possible economic deposits in the quadrangles. In general,
there is good agreement between areas defined radiometrically as possible host
rocks and known areas of mineralization and also between the known areas and
regions indicated to be uranium-enriched by the special geochemical permuta-
tions of the HSSR data. The ARR and HSSR data generally indicate several other
areas as being prospective for uranium, and these are in nearly all cases geo-

logically feasible for possible uranium mineralization.

For the ARR data, a combination of the 1:250,000-scale Mylar uranium
outcrop map with the Mylar host/source rock map (with the host and source out-
crops highlighted with colored ink or wax pencil) can be effectively overlaid
on the topographic or geologic maps at the same scale to identify the more
promising prospects. In many cases the location can be defined well enough
for ground followup with only the outcrop-type information. If not, the open-
file, original survey maps can be consulted to locate the individual records

contributing to the anomalous outcrop.

The approximately 1:1,000,000-scale HSSR anomaly maps can be used to
identify the general locations of uranium-enriched regions in the quadrangle.
The most useful of the several permutations appears to be UET (uranium excess
over the normal amount of associated thorium). An anomalously high UET sample
indicates that there may be a uranium prospect in the drainage area represented
by that sample. To define this area one can refer to the data listings in the
bound folio to determine the latitude and longitude of the sample. These may
be plotted on standard topographic maps to allow the sampled drainage to be
outlined. Further refinement of location of anomaly source will require further

field work.
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2. Possible Future Methods

An improvement might be made in the selection of ARR-indicated ura-
nium-enriched or -depleted ARR outcrops. 1In the present data products this
was done based on the U versus Th plot for the outcrop data. The normal '"swarm"
of points was determined as a linear function, with parallel limit lines on
either side. Points with abnormally low or high uranium for a given thorium
content (outside the limit lines) were defined as source rocks or host rocks

respectively.

A recommended alternative approach could be based on UET (uranium
excess over thorium) computed as described in paragraph IT1I.B.l1.b. The anom-
alously high or low UET values could be determined based on gradient distribu-
tion curves also shown in that paragraph and computer-plotted on map overlays
at 1:250,000 scale, grading them as major, medium, or minor in intensity using
different symbols. Using the gradient distribution curve to define anomalous
samples is decidedly more effective than the relatively arbitrary approach used
for the present data products (see Texas Instruments, 1980, and paragraphs
II1.B.1.b and I11.B.2 of this report for more information on gradient distribu-

tion curves).

It is suggested that future HSSR data processing include at least the
UET anomalies computer-plotted at 1:250,000 scale on map overlays to facilitate

identification of their drainage basins.

B. URANIUM POTENTIAL PREDICTION IN ALASKA BY AERTAL RADIOMETRIC DATA
1. 1Introduction
a. Uraniferous Provinces

It has been commonly observed that most of the world's important
uranium deposits are clustered in relatively few areas, suggesting that these
regions represent uranium-rich portions of an originally inhomogeneous crust
(Klepper and Wyant, 1957). These uraniferous provinces are characterized by
the presence of several types of uranium deposits (Dodson, 1972). The de-
posits appear to persist through long periods of geologic time, with the uranium

being moved from one type of deposit to another within each province by normal
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erosional, sedimentary, and igneous processes. These provinces are character-
ized further by higher than normal quantities of uranium in all the rocks and
waters (Darnley, 1973; Darnley et al., 1977; Everhart, 1958; Scott and Barker,
1958) .

These and similar observations led to the conclusion that new uranium
deposits would be found more frequently in regions geochemically enriched in
uranium than in those having low uranium content (Brink, 1974). Consequently,
the recognition of uraniferous provinces is of great importance in uranium-

deposit discovery (Bowie, 1977).

In previous studies of the application of aerial gamma-ray spectrom-
etry to characterization of uraniferous geochemical provinces (Saunders, 1979;

Saunders and Potts, 1978; Texas Instruments, 1977, 1979), it was concluded that:

e Uraniferous provinces can be identified and outlined
using regional reconnaissance, high-sensitivity,
aerial gamma-ray spectrometer measurements of eU,*
eTh,* and K* (see also Darnley et al., 1977).

e Known or suspected uraniferous provinces are char-
acterized by higher concentrations of all three
natural radioelements, eU, eTh, and K, and lower
median eU/eTh and eU/K values for whole quadrangles,
as well as relatively large numbers of local anom—
alously high values of eU/eTh and eU/K.

e It may be possible to relate the magnitudes of re-
gional mean radicelement data to the potential undis-
covered uranium resources through careful calibration
in regions with a variety of well-known uranium re-
sources.

This evidence suggested that when relatively large amounts of uranium
are present, there would be a high probability of sufficient mobile uranium
available to be concentrated in potentially economic deposits if the proper geo-
chemical processes had occurred. The low median eU/eTh and eU/K values were
taken to indicate that the proper processes have concentrated part of the ura-

nium in deposits, resulting in its removal from the "average' source rocks

*

el = equivalent uranium measured as Bi-214.
eTh = equivalent thorium measured as T1-208.
K = potassium measured as K-40.
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viewed by the aerial spectrometer and preferentially separating it from the
relatively immobile thorium and less-mobile potassium (Saunders and Potts,

1978).

Mean eU and eTh values (and also eU and K values) were strongly cor-
related for whole quadrangles (Saunders, 1979). Clark et al. (1966) showed
similar strong correlations among the three natural radioelements. Thus it is
suggested that deviations from these close relationships should be diagnostic

of the degree of geochemical activity.

It may be reasoned that, ,under the chemically reducing conditions
at depth in the young earth, conditions that are also commonly attributed to
the earth's early Precambrian atmosphere (Cloud, 1976; Dimroth and Kimberly,
1976; Robertson et al., 1978), uranium and thorium, both in the +4 valence
state, must have very closely accompanied one another geochemically (Adams
et al., 1959; Gableman, 1977; Rogers et al., 1978). Only when chemically
oxidizing conditions arose could uranium enter the +6 valence state and become
more mobile than thorium, with consequent major separation to form uranium
deposits. The thorium has only the +4 valence state and has remained rela-
tively immobile. Thus, the regional distribution of thorium should reflect
the original crustal inhomogeneities in uranium content better than uranium
itself. These early Precambrian uraniferous crustal regions are believed to
be ancestors of today's uraniferous geochemical provinces. The origin of
these original crustal inhomogeneities is obscure but may be related to dif-
fering degrees of crustal differentiation from place to place; or if the earth
were formed by accretion of solids, there may have been significant differences
in the radioelement composition of the accreting fragments. Bowie (1977) con-
cluded that early crust-mantle mixing by convective motion produced these
uranjum-enriched and uranium-depleted provinces. Enough uranium was available
in those uraniferous provinces that geochemical weathering and perhaps igneous
processes under oxidizing conditions could remove it from the "average' rocks
and generate deposits. A high mean eTh/eU ratio would indicate that some of
the uranium indeed had been moved, and this parameter may be useful as a rough
estimate of the probable relative degree of mineralization in an area owing

to secondary processes.
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To a lesser degree than for thorium, potassium also may be used as
a surrogate for uranium. It is somewhat less mobile than uranium but is rea-
sonably well correlated with it in the primary geochemical cycle. As in the
case of thorium, high mean potassium values may indicate uraniferous provinces
or source rocks, and high K/eU values may indicate roughly the relative degree

of uranium mineralization.

Other studies have supported this general concept. Stuckless and
Nkomo (1978) concluded that high thorium content in the rocks of the Granite
Mountains of Wyoming is more diagnostic of their potential as uranium source
rocks than is the present-day uranium content because much of the latter has
been recently lost through weathering, as evidenced by uranium-lead isotope
contents. These granites are considered by many to be a source for the nearby
uranium deposits. Malan (1976) observed that in Precambrian igneous rocks of
the western United States, thorium, uranium, potassium, and Th/U increase
systematically from intermediate to silicic phases, and the distributions of
major uranium deposits in that region are spatially related to the patterns of
radioelement enrichment in the Precambrian rocks. Adler (1977) concluded that
the Th/U ratio may be a useful guide to ore-forming potential in the igneous
environment. Rose et al. (1980) suggest that because uranium and thorium
behave similarly in many processes, thorium can be used as a normalizing factor
for predicting expected uranium in a variety of rocks. Texas Instruments
(1980) used this type of relationship in the NURE program to identify uranium

source and host rocks.
b. Objective of this Study

This work constitutes a refinement and extension of the study re-
ported by Saunders (1979). The objective of this study was to explore further
the relationships between quadrangle mean values for eU, eTh, and K and the
favorability for uranium deposits in Alaska. The current state of knowledge
about uranium resources in the area of interest does not yet permit calibrating
favorability indexes or measurements in terms of well-known resource areas.
Here, it is necessary to use the number of significant local high uranium anom-

alies in each quadrangle as a measure of its favorability for uranium, against




which the whole-quadrangle mean values can be equated. This approach can pro- P
vide only relative values for favorability and qualitative estimates for poten-
tial uranium resources; however, it may be useful as a guide to the more prom-

ising prospecting regions.

This study was limited to Alaskan data because of the relatively
uniform, generally wet and cold soil environment, which differs from most of
the remainder of the United States. Norwine et al. (1979) found that soil mois-
ture, biomass, and amount of chemical weathering have a relatively large in-
fluence on the sensitivity of aerial radiometric measurements, and it was
desired to avoid these uncontrolled variables as much as possible by limiting

the study to the central Alaskan environment.

c. Sources of Data

The initial work (Saunders, 1979) involved data from 23 l1-degree-by-
3-degree, NTMS quadrangles in Alaska (Texas Instruments, 1976).

This has been supplemented by data from 27 additional Alaskan qua-
drangles (Aero Service, 1980 a through j; LKB Resources, 1978; Texas Instruments,
1978). 1In general, the flight lines were about 6.25 miles apart, giving de-
tailed coverage of a little less than 1 percent of the surface. All of the
data were gathered by instrumentation calibrated at the U.S. Department of
Energy Dynamic Test Range at Lake Mead, Arizona, and the geologic formation
averages in each quadrangle have been converted from counts per second to ppm
eU, ppm eTh, or 7K. Whole-quadrangle mean values were calculated as averages
of the included formation means, weighted according to the number of records

included in each.
d. Local Uranium Anomalies

The number of local high uranium anomalies in each quadrangle was
determinea by a uniform method of evaluation in 40 of the 50 quadrangles.
Data in the other 10 quadrangles were not reported in a form readily adaptable
to this form of evaluation. The method is based generally on a statistical

approach described by Elkins (1940).

If single, statistically high points are considered, they are defined
as anomalous if they exceed the mean value plus three standard deviations as .

calculated for the geologic formation in which they occur. Groupings of high
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points due to random variations are less probable than a scattering of the

same points over the map unit. If an anomaly consists of adjacent high points,

then a minimum acceptable significant anomaly must contain two adjacent points

averaging at least between two and three standard deviations above the mean;

or three adjacent points with two between one and two standard deviations and

one between two and three standard deviations above the mean; or four adjacent

points, all between one and two standard deviations above the mean. These
criteria were applied to all the listed groupings of high points in eU, eU/eTh,
and eU/K for the 40 quadrangles, and a further constraint was applied; i.e.,
for an anomaly to be considered a first-priority anomaly it must simultaneously
satisfy the above statistical requirements for eU, eU/eTh, and eU/K (Saunders
and Potts, 1978). This measure of uranium favorability is listed in the tables

and figures for the 40 quadrangles as "UIN" and as lLog (UIN+1) = "UINL."
10

The data on 23 quadrangles originally reported by Saunders (1979)
were reinterpreted statistically on the same basis as the later 17 quadrangles

for inclusion here.
2. Data Processing and Interpretation
a. General

Basic statistics for each variable were generated by the Statistical
Analysis System (SAS), a software package distributed by SAS Institute (1979).
SAS was also used to perform other statistical procedures, including the gen-
eration of correlation matrices and stepwise multiple linear regression anal-

ysis.
b. Correlation Matrix and Variables

A correlation matrix was prepared to determine which of several vari-
ables correlated best with the number of significant eU anomalies, UIN (or
UINL = Logyy [UIN + 1]), used here as a measure of the uranium potential of

each quadrangle. The results are summarized in Table 3-1, where:

AU is adjusted* quadrangle mean eU in ppm.

*"Adjusted” indicates that each quadrangle mean is divided by the mean for
that variable for all the quadrangles in the data set.




ATh is adjusted quadrangle mean eTh in ppm.
AK is adjusted quadrangle mean K in 7.
AThU is ratio of adjusted eTh to adjusted eU (ATh/AU).
AKU is ratio of adjusted K to adjusted eU (AK/AU).

UET is uranium excess over thorium = adjusted eU minus
adjusted eTh (AU-ATh).

UEK is uranium excess over potassium = adjusted el minus
adjusted K (AU-AK).

Table 3-1. Correlation Matrix

UIN UINL AU ATh AK AThU AKU UET
AU 0.401 0.473
ATh 0.759 0.819 0.687
AK 0.683  0.790 0.670 0.825
AThU  0.774 0.838 0.150 0.799 0.628
AKU 0.478 0.596 0.125 0.411 0.705 0.660
UET  -0.775 -0.8l4 -0.0681 -0.772 -0.546 -0.965 -0.533
UEK  -0.618 -0.706 -0.0061 -0.495 -0.746 -0.713 -0.939 -0.675

Note: Single underline denotes valid correlation at >997% certainty.
Double underline denotes valid correlation at >99.97 certainty.

The data are adjusted to the mean of all the Alaskan quadrangles so
that any quadrangle where the variable is "average' for Alaska will be ex-
pressed as 1.000. For example, if a quadrangle has the average eTh/eU ratio
for Alaska, ATh/AU will be 1.000, and if there is a uranium enrichment with
respect to thorium, ATh/AU will be less than 1.000, and a uranium depletion
will result in ATh/AU being greater than 1.000. Similarly, UET = AU - ATh =
0.000 if uranium is present in average abundance with respect to thorium:
however, positive values will indicate relative uranium enrichment and nega-
tive ones uranium depletion. Adjusted values provide a convenient basis for
judging the relative amounts of apparent uranium enrichment (potential host

rocks) and uranium depletion (possible source rocks).

Examination of Table 3-1 shows that all the variables have a higher
degree of correlation against UINL than against UIN, suggesting that UIN is

related exponentially to the radioelements rather than linearly. TFigure 3-1
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illustrates that point. ATh and AK both show higher correlation against the
log of the number of significant uranium anomalies than does AU itself, sup-
porting the use of ATh and AK as surrogates for uranjum in the Alaskan environ-

ment. The highest correlations with UINL are shown by AThU, ATh, UET, and AK.

Figures 3-2 and 3-3 are contour maps of ATh and AThU respectively
that illustrate the distribution of uraniferous provinces in terms of regional
highs. Regional highs in ATh and AThU indicate the most prospective regions
as follows: .

1. Kateel River, Melozitna, Tanana, Bettles,

Beaver, Coleen (Yukon Region).
2. Big Delta, Eagle, Healy, Talkeetna Mts.
3. Lime Hills, Lake Clark.

The least prospective areas are:

1. Norton Bay, Nulato, Ruby, Ophir.

2. Marshall, Baird Inlet, Kuskokwim Bay, Hagemeister
Is., Nushagak Bay, Naknek (Bethel Region).

3. Anchorage, Tyonek, Kenai (Cook Inlet area).

Figure 3-4, a contour map of UET values, shows regional lows in the
more promising uranium areas and is almost identical to AThU (Figure 3-3) in

its indications of uraniferous and barren provinces.

¢. Gradient Distributions

A gradient distribution (GD) sort involves ordering the quadrangles
by decreasing values of a given variable such as ATh (Table 3-2), and the
values may be plotted in a gradient distribution curve as shown in Figure 3-5.
U, Th, and K columns in Table 3-2 present the quadrangle average concentrations
in ppm for uranium and thorium and percent for potassium. Figures 3-6 through
3-11 present gradient distribution curves for quadrangle mean AU, AThU, AK,
AKU, UET, and UEK for comparison of individual quadrangle rankings according
to each of these variables. It is seen that for AU, AThU, AK, and AKU the
most promising quadrangles (high UIN) are grouped near the high end of the
gradient distribution, and for UET and UEK they are at the low end. All of
the variables produce a relatively effective separation of the more promising

quadrangles from the relatively barren ones.
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Figure 3-2. Contour Map of ATh
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Figure 3-3.
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Figure 3-4. Contour Map of Uranium Excess Relative to Thorium (UET = AU-ATh)




List of Alaska Quadrangles Sorted by Decreasing ATh
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3-20



1.0

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Jropa Rt SV SR ST S S el et T L L A T

-0.8

UIN -1.0

QUAD

RANK

*
*
x
*
x
*
*
* X
* %
* X%
x*
*
*
* %
X
X X
*
K KK
* K
*
x
*
x
*
X K K
*
* K
x ¥
K K X
*
*
*x
*
*x
X
IOOOOOOEOOMH ¢ + OO OO0 O + «NOIAN IMEMD LD ~HOOOC 0T
~ ]
o
z o U3 o
(] 'Y w <t - .
= > > - s )
w « [ zZ > x > =
| iz [+ s o <+ (XHd (@] =z . L =
L i) 06 U= o> L e [9] pati} n x
X T W et e O ) e e 20 Z S A
z —HOTO  WwZ O, NS WM xol bop I MY T O Zd Zdg
I = CTITUA<L HNO 0N i) S (o B « 40l [ el X H

RBRTKBHVIHSH.FUKA'NOHSINK\LnFCCCBSBTBMKPCDN”BTFETLHTL

PROSTINDI O OO NI O O O OMT INOTN DO S I TINO NG R O IO - O O O
[ala i e Lo T T L P P LAV IANTANTSN TN TN TN LV TS T 0 o Loa g aa Taaia TaaTag 100 BV le o £ v 5 S 2 U R g T )

Gradient Distribution by Decreasing Values of UEK

Figure 3-11.
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d. Prediction of UIN

Choosing Log;o UIN (UINL) as the dependent variable, stepwise multi-
ple linear regression resulted in the best four-variable model, represented by

the following equation:

UINL = -0.668 - 0.262 Th + 1.82 K + 1.66 AThU - 0.816 AKU.

For this relationship, RZ = 0.824, showing that 82.4 percent of the variance

in UINL is accounted for, and no further significant improvement was found by
adding the other variables. This equation was used to predict values of UIN

for each quadrangle, as shown under the UINP column in Table 3-3. This table
and the gradient distribution curve, Figure 3-12, exhibit the best overall

ranking of the quadrangles.

The gradient distribution of UINP values (Figure 3-12) registers five
distinct clusters of quadrangles separated by breaks in the slope of the curve.
These may be classed as 1) highest, 2) high, 3) medium, 4) minor, and 5) mini-

mum uranium potential.
e. Favorability Index

Saunders (1979) concluded that a favorability index, UI = Th-K/U,
appeared to be a workable measure of quadrangle favorability. Values of UI
computed for each quadrangle are included in Table 3-3 for comparison with
the UINP ranking. The agreement in relative favorability is quite good, but
the gradient distribution of the UI values (Figure 3-13) does not agree with
that for UIN as well as does Figure 3-12, where UINP was predicted from the
variables Th, K, Th/U, and K/U. It is concluded that the four-parameter equa-
tion based on the regional mean radiometric measurements provides the best
prediction of the number of significant local high radiometric uranium anoma-

lies.
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List of Alaska Quadrangles Sorted by Decreasing Values of Predicted UIN (UINP)

Table 3-3.
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3. Conclusions £
a. Validity of the Uraniferous Province Concept

The good relationships found between quadrangle mean radiocelement
parameters and the number of significant local high-uranium anomalies strongly
support the uraniferous province concepts presented in the Introduction. It
is concluded that in Alaska, aerial radiometric measurements of thorium (and
to a lesser extent potassium) can be used effectively as a surrogate for
uranium measurements to identify crustal regions that formed with abnormally
high radioelement contents early in the earth's history. Thorium (and potas-
sium) reflects the presence of these uraniferous provinces better than uranium
itself under present oxidizing weathering conditions because thorium is rela-
tively immobile chemically. Uranium may be leached from surface materials into
ground waters, thus removing it from the view of the aerial gamma-ray spectro-
meters, whereas thorium remains in place, offering a clue as to the possible

regional presence of downdip and otherwise cconcealed uranium accumulations.

b. Prediction of Uranium Potential by Aerial Radiometric Data

Additionally, the results show that regional radiometric data can
be used to predict quantitatively the number of local significant high-uranium
anomalies, and, in the future, it should be possible to equate, at least semi-
quantitatively, the magnitudes of the regional Th, K Th/U, and K/U data to
potential undiscovered uranium resources and thus refine their estimation.
This extension of the present work will require sufficient future exploration

to calibrate adequately the method in some representative Alaskan quadrangles.

The results also suggest that it is possible to define uraniferous
provinces adequately using a first-stage reconnaissance gamma-ray spectrometer
survey with a much wider flight-line spacing than has been used in the NURE
program. A 15- to 20-mile grid coverage should be sufficient to delineate the
most promising regions for detailed followup aerial coverage to define areas
for surface studies. This type of two-stage aerial reconnaissance program

should be more cost effective than a single-stage program.
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C. URANIUM INVENTORY PREDICTION IN CONTERMINOUS UNITED STATES
1. Aerial Radiometric Data
a. Whole-Quadrangle Averages
1) Radiometric Parameters

The initial approach to relating uranium resources to aerial radio-
metric measurements was outlined by Texas Instruments (1980). It consisted of
investigations of the relationships of several variables (all based on whole-
quadrangle eU, eTh and K average values), including possible uranium favor-
ability indexes, to semiquantitative measures of the amount of mineable uranium
in each quadrangle. Recently, whole-quadrangle estimates of ''uranium inventory"
have been made available by the U.S. Department of Energy. These estimates are
believed to be the most suitable measures against which radiometric variables
may be compared. The uranium inventory for a quadrangle includes all uranium
past production, reserves, and potential resources above 0.01 percent U308
measured in tons of contained U308' Table 3-4 lists whole-quadrangle mean
aerial radiometric parameters and estimated uranium inventories for 193 quad-
rangles in the conterminous United States. The inventories (UINV) were com-

puted from 1980, unpublished, preproduction inventories and estimated potential

uranium resources (by formation) furnished by DOE.

The radiometric variables are as follows in Table 3-4:

U - mean eU in parts per million (ppm)
TH - mean eTh in parts per million (ppm)
K - mean K in percent

THU - mean eTh/eU
KU - mean K/eU
THK - mean eTh/K

These were computed from lists of geologic formation means obtained
from the open-filed survey reports. Each formation value was weighted according

to the number of included records.
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Radiometric Variables and Estimated Uranium Inventories for
Selected 1-Degree-by-2-Degree NTMS Quadrangles in the

Conterminous United States

Table 3-4.
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PROV is the physiographic province in which the quadrangle is located

(see Texas Instruments, 1980, for map).

1- Pacific Coast and Sierra Nevada (north)
2- Pacific Coast and Sierra Nevada (south)
3- Columbia Plateaus

4— Basin and Range

5- Northern Rockies

6~ Colorado Plateau

7- Wyoming Basins

&~ Colorado and Southern Rockies

9- Great Plains

10- Southern Canadian Shield

11- Central Lowlands

12- Coastal Plain (Texas)

13- Coastal Plain (southeast)

14~ Appalachian Highlands (north)

15- Appalachian Highlands (south)

Table 3-5 lists several other radiometric parameters and possible

favorability indexes for the quadrangles:

AU — U (quadrangle) divided by mean U for province
ATH — Th (quadrangle) divided by mean Th for province
AK — K (quadrangle) divided by mean K for province
ATHU — ThU (quadrangle) divided by mean ThU for province
AKU — KU (quadrangle) divided by mean KU for province
ATHK — ThK (quadrangle) divided by mean ThK for province
Note: Adjusting the values to the province mean provides
at least a partial correction for provincial environ-
ment differences that influence the sensitivity of
gamma-ray measurements and the geochemical behavior
of uranium, thorium and potassium,
UET — excess eU over eTh = AU - ATh
UEK — excess eU over K = AU - AK
Note: These quantities are estimates of the amount of uranium
in excess of the amount that would normally accompany

(in that province) the quantity of thorium, and potassium
present.

3-30



w

Radiometric Parameters for Selected 1-Degree-by-2-Degree NTMS Quadrangles in the

Table 3-5.

United States
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Table 3-5 (Contd)
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Table 3-5 (Contd)
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Sy

Ul

Th . K/U

Note: This index was introduced by Saunders (1979).
SUMT = ATh + AThU

SUMK = AK + AKU

SUM = SUMT + SUMK

Note: These indexes are designed to identify areas of
uranium source rocks; i.e., high thorium or potas-—
sium or both and relative depletion of uranium over
thorium or potassium or both.

2) Relationships to Uranium Resources

Preliminary studies indicated that quadrangles characterized by gen-
eral uranium enrichment relative to thorium (mean positive UET values) differed
markedly from uranium-depleted ones (mean negative UET values), and it was ad-
vantageous to consider them separately. Table 3-6 shows correlation coeffi-
cients for three data sets: 1) all quadrangles, 2) +UET quadrangles and 3)
-UET quadrangles. In this table the radiometric variables are correlated
against UINV plus RESV,* RESVL, and UINVL. The latter quantities are the 1og10
of RESV and UINV respectively. The top number for each pair of variables is
the correlation coefficient, and the bottom one is the level of validity of

the correlation, which depends on the number of samples being compared.

Preproduction uranium inventory (RESV) and total uranium imwventory
(UINV) are not particularly well correlated with any of the radiometric vari-
ables; however, RESVL and UINVL do show reasonably valid relationships to U,
Th, K, and UI. UINVL shows a slightly higher level of validity. Thus it
appears that the uranium inventories are more exponential than linear functions
of the radiometric variables. Based on this evidence, UINVIL was chosen as the
dependent variable in a stepwise multiple linear regression employing all the
radiometric variables. This resulted in the following best seven-variable
model for the data set including all quadrangles:

UINVL = 100.5 + 161.4U - 405.1 KU ~ 3.272 ThK - 178.7 AU +
211.8 AThU + 392.1 AKU - 74.67 SUM.

* .
RESV = preproduction inventory (production plus reserves) for quadrangles
that have had significant production of uranium ores.
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Table 3-6A.

Th

Thy

KU

ThK

AU

ATh

AK

UET

UEK

ul

SUMT

SUMK

SUM

UINV

UINVL

RESV

RESVL

Correlation Coefficients for All Quadrangles
(level of validity in percent)

UINV

0.14
(95)

0.16
(87)

0.14
(95)

0.02
(21)

0.03
(29)

-0.06
(57)

0.06
(61)

0.13
(92)

0.10
(85)

-0.07
(63)

-0.05
(47)

0.13
(93)

0.10
(84)

0.07
(67)

0.10
(85)

1.00
(100)

0.39
(99.9)

0.90
(99.9)

0.56
(99.9)

UINVL

0.26
(99.9)

0.22
(99.9)

0.22
(99.9)

0.02
(21)

0.04
(42)

-0.10
(81)

0.11
(87)

0.07
(68)

0.1
(88)

0.03
(35)
-0.02
(18)

0.18
(99)

0.04
(42)

0.08
(74)

0.08
(72)

0.39
(99.9)

1.00
(100)

0.37
(99)

0.95
(99.9)

RESV

0.16
(77)

0.22
(90)

0.19
(85)

0.06
(33)

0.00

RESVL

0.45
(99)

0.33
(99)

0.39
(99)

-0.17
(80)

-0.13
(68)

-0.13
(65)

0.26
(95)

0.13
(67)

0.00
(3)

0.14
(69)

0.24
(93)

0.26
(95)

0.02
(10)

-0.17
(79)

-0.11
(58)

0.56
(99.9)

0.95
(99.9)

0.50
(99.9)

1.00
(100)
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Correlation Coefficients for +UET and -UET

Table 3-6B.

Quadrangles (level of validity in percent)

-UET Quadrangles

UINVL

+UET Quadrangles

UINVL

RESVL UINV RESV RESVL

RESV

UINV

Th

~-0.08 -0.03 0.08 -0.05 -0
(22) (60) (23) {62

(32)

-0.03

(13)

Thu

-0.30
(88)

-0.15
(54)

KU

-0.30
(89)

(31)

-0.08

-0.10
(67)

-0.06
(48)

-0.09

(61)

-0.06
(42)

ThK

-0.04
(33)

0.09
(66)

AU

ATh

AK

-0.05
(20)

-0.05 -0.09
(38)

(38)

-0.1
(75)

UET

0.0
(32

-0.06
(27)

-0.09

(64)

-0.09
(64)

UEK

Ul

SUMT

-0.39
(96)

-0.06
(24)

0.09

(61)

-0.02

(12)

SUMK

SuM

0.61

0.97

0.40

1.00

0.59

UINV

(99.9) {99.9)

(99.9)

(100}

(99)

(99.9)

(99.9)

1.00 0.94
(100) (98) (99.9)

0.40
(99.9)

UINVL

RESV

99

0.5
(99 (100)

0.96
(99.9)

0.53
(99)

RESVL
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For this equation, R? = 0.14, indicating that only l4 percent of the variance
in the UINVL data is accounted for. Table 3-7 lists the predicted values
(UINVP) for UINV based on that equation. Quadrangles with UINV exceeding
50,000 tons of U30g have been highlighted to demonstrate more clearly their
distribution on the list. The more productive quadrangles (highlighted in the
UINV column) are seen to be somewhat bunched near the top of the list, but the
prediction is not accurate enough to be useful quantitatively. Quadrangles:

where UINVP is within a factor of 2 of UINV are highlighted in the UINVP column.

A similar stepwise multiple linear regression applied to the +UET

quadrangles data set resulted in the following best seven-variable model:

UINVL = 293.4 + 255.3 U - 120.1 Th + 154.0 ThU - 689.3 KU -
15.69 ThK - 283.8 UET + 79.65 VUI.

R% = 0.17, indicating 17 percent of the UINVL variance is accounted for.

Table 3-8 lists the predicted values for UINV, and the highlighted quadrangles
are seen to be rather well scattered from the top to the bottom of the data
set, indicating this prediction to be even less productive than that with all

the quadrangles.

The data set with only -UET quadrangles gave the best results. The

best seven-variable model for UINVL as dependent variable follows:

UINVL = 750.5 + 373.0 U - 584.2 K + 166.9 ThU - 604.4 KU -
595.4 AU + 658.3 AKU + 100.8 UIL.

R2 = (.26, showing 26 percent of the UINVL variance accounted for. The pre-

dicted UINVL values (Table 3-9) show all the highlighted quadrangles bunched
at the top of the data set. Thus, a good qualitative indication of uranium
favorability is obtained; however, the relationship is not satisfactory for

any quantitative prediction of uranium inventory.
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Predicted UINV Values for All Quadrangles Based on Seven-Variable Model

Table 3-7.
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Predicted UINV Values for +UET Quadrangles Based on a

Seven-Variable Model

Table 3-8.
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Predicted UINV Values for -UET Quadrangles Based on a

Seven-Variable Model

Table 3-9.
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Similar stepwise multiple linear regressions were done for region-
ally adjusted* data for the same 193-quadrangle data set with UINVL as the
dependent variable. The objective was to investigate the possible advantage
of province adjustment in partially correcting for soil moisture and vegeta-
tion absorption of gamma rays and geochemical effects that vary from province
to province. Another regression was performed on the data after having cor-
rected for these effects by applying a correction factor related to a mois-
ture index (IM) developed earlier (Texas Instruments, 1980). Based on the
maximum R2 values obtained with UINVL as a dependent variable, it was concluded
that province adjustment was the most satisfactory data treatment; however, as

indicated above, it is not good enough for quantitative prediction.

3) Summary of Conclusions

In spite of these somewhat disappointing results, several useful con-

clusions have been reached through this exercise. In summary, they are:

® The three radioelements U, Th, and K are well correlated
with one another, as they should be.

variables corr. coeff.
U and Th 0.68
U and K 0.66
Th and K 0.76

e UINVL and RESVL are well correlated with uranium, thorium
and potassium (Table 3-6), providing support for the ura-
niferous (or more accurately, radioelement) province con-
cept, and an exponential rather than linear relationship
exists between uranium, thorium, and potassium, and UINV,

e Province adjustment of the radioelement data is slightly
superior to region adjustment and correction of regional
gamma-ray absorption and geochemical weathering effects
by correction factors based on the moisture index (IM),
as described in Texas Instruments (1980).

The most important conclusion is that no combination of whole-quad-
rangle average radiometric parameters has been found that can be used effec-

tively to quantitatively relate the radiation measurements to uranium inventory.

Regional adjustment is done by dividing each quadrangle average by the cor-
responding average for the whole conterminous United States.
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There is too much noise unaccounted for in the equations tested thus far. A

Y

major cause of this is thought to be the simultaneous presence of uranium-
enriched and uranium-depleted areas in the same quadrangle, with a resulting
cancellation of their effects on the radiometric averages. Figure 3-14 shows
a gradient-distribution curve for whole-quadrangle average UET values. The
highlighted (high UINV) quadrangles are seen to be somewhat bunched at low
values (primarily uranium source-rock types) or at high values (primarily
uranium host-rock types) or scattered at intermediate values. Those scattered
in the middle were found to have both high and low UET samples present in each
that were indeed cancelling each other in the overall average UET. This has
led to the conclusion that parameters related to the variance of UET in each
quadrangle should be a better measure of uranium favorability than the whole-

quadrangle averages of the variable (see paragraph III.B.l.b).

b. Outcrop UET Parameters
1) Gradient-Distribution Curves

Ninety-seven representative uranium-producing and barren quadrangles
were selected to test the relationship between UET#* variation in each quadrangle
and the quadrangle's uranium inventory (UINV). The uranium excess over thorium

was investigated on a local "

outcrop" basis along each flight line. The "out-
crop” data set used to prepare the outcrop, radiometric-lithology, and source/
host rock maps (Texas Instruments, 1980) was reprocessed to give a gradient
distribution curve of the "outcrop'" UET* values for each quadrangle. Each
"outcrop" consists of up to 25 individual, contiguous, l-second records in a

given geologic formation. Characteristically, each quadrangle contains sev-

eral hundred to several thousand "outcrops.”

The gradient-distribution curve (GDC) provides a more rapid, con-
venient, and accurate method of defining anomalous outcrops than do the stan-
dard statistical approaches. Figure 3-15 is a typical GDC for +UET values il-

lustrating the well-defined breaks in slope (thresholds T Tl’ and TZ) that

O}
separate anomalous groups from the normal distribution of background values.

%
UET = AU - ATh, where the data are adjusted by dividing each outcrop value
for U or Th by the average for that element over the whole quadrangle.
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Experience shows that nearly all GDCs of large data sets display at least
three thresholds or breaks, dividing the anomalies into three classes of

1) major, 2) medium, and 3) minor magnitude. The number, intensity, and
variance of these anomalies are measures of the degree of uranium enrichment

in each quadrangle.

Figure 3-16 shows the negative end of the UET GDC, which is also
divided into groups of anomalous uranium-depleted outcrops by thresholds T',

Ti, and Té . The degree of uranium depletion can be measured in terms of the

number, intensity, and variance of these anomalies.

Figure 3-17 illustrates the types of measurements made on the UET
gradient distribution curves for the 97 quadrangles. They are:

PT — Positive threshold (T1 on the GDC)

MPGT — Mean of Positive values Greater than Threshold (PT)

SPGT — Standard deviation of Positive values Greater than
Threshold

MPLT — Mean of Positive values Less than Threshold (PT)

SPLT — Standard deviation of Positive values Less than
Threshold

NH — Number of anomalous uranium-enriched outcrops
(possible uranium host rocks)

NS — Number of anomalous uranium-depleted outcrops
(possible uranium source rocks)

NOC — Total number of outcrops
NT — Negative threshold (Tl' on the GDC)
MNGT — Mean of Negative values Greater than Threshold (NT)

SNGT — Standard deviation of Negative values Greater than
Threshold

MNLT — Mean of Negative values Less than Threshold (NT)

SNLT — Standard deviation of Negative values Less than
Threshold.
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Figure 3-14. Gradient Distribution of Quadrangles Organized by

Decreasing Values of UET
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Figure 3-15. Gradient Distribution of Qutcrops Organized by Decreasing Values of UET for a Typical Quadrangle
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Figure 3-16. Gradient Distribution of Outcrops Organized by Decreasing Values of UET for a Typical Quadrangle
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Table 3-10 summarizes these data for the 97 test quadrangles and
also lists latitude (LAT) and longitude (LONG) of the center of the quadrangle
and the quadrangle uranium inventory (UINV), which is the total of past pro-
duction, reserves and potential resources above 0.01 percent U, 0, expressed in

378

tons of U308°

2. Prediction of Uranium Inventory

Through a process of successive experiments, all the GDC parameters
and many mathematical combinations of them were entered as independent vari-
ables in stepwise multiple linear regressions with UINV as the dependent vari-
able. The following six-variable model was chosen as the best one to predict

UINV:

UINV = -446.2 N + 936 P + 2895 A+ 7516 B - 0.1855 H + 27.98 M

where
N = (SPGT) (NH) (NS)
P = (SPGT + MPGT) (NH)2 (NS)Z/lO,OOO
A = (SPGT) (NH)
B = (SPGT) (NS)
H = (NH)2 (NS)2
M = (NH + NS)°

The equation was constrained to pass through zero.

Z 0.73, indicating that 73 percent of the

For this relationship, R
variance in UINV is accounted for by these combinations of MPGT, SPGT, NH, and
NS. Table 3-11 gives the predicted UINV values under predicted inventory for
each quadrangle based on the UET anomalous values. The prediction is seen to
be excellent for Albuquerque, Casper, and Moab and quite reasonable for the
rest of the 27 quadrangles highlighted next to the UINVP column. These all
agree with the DOE estimate of UINV within a factor of two. Quadrangles with
major UINV (>50,000 tons of U308) are highlighted beside the UINV column, il-

lustrating the grouping of the more productive quadrangles near the top of

the list.
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Some Parameters for Quadrangles in the Conterminous United States

Table 3-10.
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Table 3-10 (Contd)
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List of Uranium Inventory for Quadrangles in the Conterminous
United States Sorted by Decreasing Predicted Uranium Inventory

Table 3-11.
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Table 3-11 also shows the residual inventory, which is equal to the predicted
inventory minus the uranium inventory as estimated by DOE. That column is
marked to indicate all differences greater than 50,000 tons of U308; the as-—
terisk denotes DOE estimate greater than predicted value, and the arrow sig-
nifies a predicted value greater than the DOE estimate. The totals in the
table suggest that in general the DOE estimates may be somewhat conservative

compared with those predicted from the aerial gamma-ray spectrometer data.

2. Stream Sediment Geochemical Data
a. Description of Geochemical Parameters

Texas Instruments ''variable premise" approach to the evaluation of
uranium in stream sediment samples has made use of several new indices that
reduce uranium varianée owing to irrelevant environmental factors such as
placering, geochemically inert matrix dilution, and rare earth mineral influ-

ence. These indices are described in Texas Instruments (1980).

The relative influence of these factors varies from one area to
another, so one would expect the indices that best characterize the uranium
distribution also to vary from quadrangle to quadrangle. However, the results
of much experimentation in attempting to characterize the uranium potential of
whole quadrangles in terms of the stream sediment geochemical variables
strongly indicated that only two of the indices, UET* and UHP#** and their in-
terrelationship, are best suited to this task. These functions correlate well
with measures of whole-quadrangle uranium production and/or reserves, and the
relationships are readily explainable in terms of the known geology and geo-
chemistry of uranium. (It is interesting to note that the generally similar
quantity UET derived from the aerial radiometric data also was found to be

well correlated with measures of uranium resources [paragraph I1I.B.1].)

*
UET is mean-adjusted uranium (as measured by UHP) excess over mean-adjusted
thorium (as measured by ThHP).

ThHP is thorium normalized for heavy mineral and rare earth element variance.

*k
UHP is uranium normalized for heavy mineral and rare earth element variance.
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Direct measurement of uranium in stream sediment does not necessarily
relate to potentially economic uranium. In general, stream sediments contain
enough inert matrix or heavy mineral-, pegmatite-, or rare earth-associated
uranium to ''drown out" the signal of the more mobile uranium usually associated

with ore deposits.

The UHP transformation compensates for these effects by measuring
uranium relative to a datum of elements that moves up and down in proportion
to heavy mineral, pegmatite, or rare earth influence in a sample or a region.
The supposition is that the more of these minerals there are in a sample, the
more spurious uranium signal is present. UHP simultaneously normalizes uranium
for dilution by inert matrix, such as quartz, or for enrichments by noneconomic,

uranium~-bearing minerals such as monazite.

The entity UET further refines the UHP function by segregating anom-
alous UHP samples in which uranium is abnormally abundant relative to thorium.
UET sets aside quite a different suite of anomalous samples than is done by
the simpler uranium-to-thorium ratio, which reflects merely the ratio of the

two without discrimination of provenance.

The effectiveness of the UHP and UET indices as uranium indicators
is illustrated by comparing correlations between several stream sediment param-
eters and three measures of mineable uranium potential: UINV, RESV, and PROD.
UINV, uranium inventory,* and RESV, preproduction inventory,** are the same
quantities used to evaluate the aerial radiometric data (paragraph II1.B.1).
PROD was an early approximate estimate of quadrangle uranium production used
in preliminary evaluations of the whole-quadrangle ARR and HSSR data. The
development of those figures is explained in Appendix I. UINVL, RESVL, and
PRODL are respectively log10 of UINV, RESV, and PROD. The geochemical vari-

ables involved in this study are as follows (see also Texas Instruments, 1980):

e

"UINV (uranium inventory) is production plus reserves plus potential re-
sources to 0.01 percent U3O8’ expressed in tons of U308'

RESV (preproduction inventory) is production plus reserves, in tons of
U308.
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U is quadrangle mean of laboratory-analyzed uranium.

U/Th is quadrangle mean of laboratory-analyzed uranium
divided by mean of laboratory-analyzed thorium.

ANU is anomalous uranium index = MUGT + SUGT, where
MUGT is mean uranium greater than threshold
(from uranium gradient distribution curve for
each quadrangle).

SUGT is standard deviation of uranium values greater
than threshold.

SU is threshold standardized uranium for each quad-
rangle =

MUGT + SUGT - Threshold U
Threshold U - MULT

where MULT is mean of uranium values less than
threshold

The following entities computed for each sample are used in generat-
ing whole quadrangle geochemical parameters:
UHP is laboratory-analyzed uranium divided by the mean
of a suite of heavy-mineral, rare earth and peg-

matitic elements custom-selected for each quad-
rangle with anomalous outliers eliminated.

ThHP is laboratory-analyzed thorium divided by the mean
of the UHP suite of heavy-mineral, rare earth,
and pegmatitic elements with anomalous outliers
eliminated.

AUHP is UHP divided by the mean UHP for the quadrangle.

AThHP is ThHP divided by the mean ThHP for the quadrangle.

UET is (AUHP - AThHP) times quadrangle mean UHP.

Whole-quadrangle geochemical parameters are as follows:

M(UET)GT + S(UET)GT (Computed for +UET

RUET = M(UET)LT samples only)
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where

M(UET)GT is quadrangle mean of UET values greater than
threshold.

S(UET)GT is standard deviation of UET values greater
than threshold.

M(UET)LT is quadrangle mean of UET values less than
threshold.

These measurements are taken from the UET gradient dis-
tribution curve for each quadrangle and constitute a
measure of the degree of uranium enrichment over thorium
in the quadrangle.

M{UHP)GT + S(UHP)GT - TUHP
TUHP - M(UHP)LT

SUHP =

where
M(UHP)GT is quadrangle mean of UHP values greater than
threshold.

S(UHP)GT is standard deviation of UHP values greater than
threshold.

M(UHP)LT is quadrangle mean of UHP values less than threshold.
TUHP is threshold on UHP gradient distribution curve.

These quantities are derived from the UHP gradient distribution
curve for each quadrangle, and SUHP constitutes a threshold
standardized measure of anomalous UHP values in the quadrangle.

In summary, RUET and SUHP are measures of the mean magnitude of the
anomalous samples by these two indices relative to their backgrounds. This
device has the effect of eliminating the influence of regional background
variance in uranium and thorium. SUHP measures the amount of uranium theo-
retically not associated with heavy minerals, rare earths, or pegmatites.

RUET measures the degree to which uranium is anomalous relative to thorium
when each is normalized for heavy-mineral, rare earth, and pegmatite influ-
ence. A third parameter, HOST, measures the abundance of uranium as expressed

by RUET relative to the abundance of uranium as expressed by SUHP.

HOST = ARUET - ASUHP
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where

ARUET is RUET divided by the mean of RUET for the whole
data set of quadrangles.

ASUHP is SUHP divided by the mean of SUHP for the whole
data set of quadrangles.

The entity HOST can be used to sort quadrangles into two groups,
those with positive values and those with negative values. Positive HOST
indicates a condition in which uranium is higher with respect to thorium than
it is with respect to the rare earth-pegmatite elements. Negative HOST de-
notes the opposite condition. This distinction may be fundamental in many
quadrangles, perhaps marking a difference in the geochemical mode of the anom-
alous uranium. It is noted that when the RUET data set containing all quad-
rangles is divided into positive and negative HOST groups, most of the "misfit"

quadrangles fall in the negative HOST group (see paragraph III.B.2.b).

b. Correlation Matrix

Table 3-12 shows the correlation of the measures of uranium poten-
tial against several stream sediment variables for all the quadrangles. Cor-
relation coefficients that are valid at greater than the 90 percent level are
highlighted. RUET shows the best correlation with the measures of uranium
potential, especially PRODL. Parameters involving laboratory-analyzed uranium
and thorium (not corrected for environmental influences) all correlate less
well than RUET. The difference is obvious when one compares gradient distribu-
tions of these variables and examines the relative positions of the high-UINV
and high-PROD quadrangles. Figure 3-18 shows the GDC for RUET, and Table 3-13
shows the corresponding data listing. The obvious segregation of the high-UINV
quadrangles at high RUET values may be contrasted with the lack of segregation
seen in Figure 3-19, the gradient distribution by decreasing U, and in Figure
3-20, the SU gradient distribution curve. The RUET curve shows that some quad-
rangles of seemingly low-to-moderate potential such as Millett, Ashland, and
Harrisburg are grouped with the major producers Casper, Moab, and Albuquerque.
Additionally, some medium producers — Lemmon, Hot Springs, Escalante, Dickinson,
Flagstaff, and Beeville — have unaccountably low RUET values. All these ap-
parent misfits fall in the negative HOST group, leaving the positive HOST group

much improved in the correlation between RUET and production measures.
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Table 3-12. Correlation Matrix for All Quadrangles

U U/Th ANU SuU RUET SUHP HOST
PROD -0.03 0.04 0.06 0.09 .41 0.16 0.27
23% 28% 42% 63% 99.99% 88% 99%
95 93 94 94 95 95 95
PRODL 0.01 -0.01 0.14 0.12 0.49 0.20 0.31
5% 49 84, 76% '99.99% 959 99%
95 93 94 94 95 95 95
UINV 0.04 © -0.06 0.09 -0.01 0.23 0.04 0.21
31% 41% 63% 5% 98% 309 967
95 93 94 94 95 95 95
UINVL 0.17 -0.17 0.20 -0.16 0.14 -0.06 0.24
91% 89% 95% 89% 83% 479 99%
95 93 94 94 95 95 95
RESV 0.05 -0.22 0.06 0.05 0.29 0.10 0.27
229 81% 27% 23% 937 46% 917
39 37 38 38 39 39 39
RESVL 0.17 -0.27 0.19 0.17 0.39 0.23 0.25
69% 90% 75% 69% 99% 85% 88%
39 37 38 38 39 39 39

0.17~+— Correlation coefficient (underlined if valid at >90% level)
Key: 91 —=t+— Level of validity in percent
95 -«+— No. of observations

Tables 3-14 and 3-15 show the correlation matrices for these two
groups. In the positive HOST group, both RUET and SUHP correlate well with
the measures of uranium potential, and it appears that the relationships are
more nearly exponential than linear in that PRODL, UINVL, and RESVL show
slightly higher correlation coefficients than do PROD, UINV, and RESV. This
is similar to the results obtained in the aerial radiometric data study. Fig-
ures 3-21 and 3-22 are gradient distribution curves for RUET and SUHP for pos-
itive HOST quadrangles, and they both demonstrate the excellent segregation of
the high UINV and PROD quadrangles. These types of gradient distributions
provide a good qualitative separation of the more productive quadrangles and
suggest that Billings, Ritzville, Walker Lake, Spokane, Lamar, La Junta, and
Rock Springs quadrangles may have more promise than is indicated by the DOE
UINV values. The data also suggest that UINV may be somewhat high for Prescott,

Wichita Falls, Amarillo, Beaumont, and Seguin.
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Figure 3-18.
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Gradient Distribution Listing for All Quadrangles by Decreasing RUET

Table 3-13.
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Figure 3-19.
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Figure 3-20.
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Table 3-14. Correlation Matrix for Quadrangles with Positive HOST Values
U U/Th ANU SU RUET SUHP HOST
PROD -0.04 0.08 0.09 0.25 0.49 0.54 0.31
25% 45% 51% 947 99.99% 99.99% 98%
58 56 58 58 58 58
PRODL -0.05 -0.02 0.14 0.38 0.62 0.65 0.41
32% 13% 72% 99% 99.99% 99.99% 99.9%
58 56 58 58
UINV 0.07 -0.03 0.14 0.07 0.28 0.29 0.19
40% 16% 72% 40% 97% 98% 84%
58 56 58 58 58 58
UINL  0.19 9.12 0.28 0.1 0.28 0.32 0.17
85% 63% 97% 57% 97% 99% 79%
58 56 58 58 58 58
RESV 0.14 -0.14 0.14 0.07 0.29 0.33 0.18
49% 46% 48% 26% 83% 88% 60%
RESVL 0.40 -0.09 0.39 0.26 0.48 0.65 . 0.20
95 31% 95% 80% 98% 99.9% 65%
Table 3-15. Correlation Matrix for Quadrangles with Negative HOST Values
U U/Th ANU SU RUET SUHP HOST
PROD -0.03 0.14 -0.09 -0.07 -0.04 -0.05 0.04
26% 60% 39% 32% 19% 23% 20%
37 37 36 36 37 37 37
PRODL 0.1 0.16 0.17 -0.05 0.14 0.05 0.06
47% 66% 67% 23% 59% 22% 27%
37 37 36 36 37 37 37
UINV -0.07 -0.01 -0.07 -0.12 -0.25 -0.19 0.07
32% 6% 34% 53% 87% 75% 32%
37 37 36 36 37 37 37
UINVL 0.16 -0.49 0.11 -0.32 -0.12 -0.17 0.16
66% 99% 50% 95% 53% 68% 66%
37 37 36 36 37 37 37
RESV -0.24 -0.34 -0.22 -0.24 -0.25 -0.21 0.09
60% 80% 55% 59% 64% 55% 25%
15 15 14 14 15 15 15
RESVL 0.04 -0.20 0.01 -0.05 0.02 0.05 -0.08
12% 52% 4% 14% 5% 13% 23%
15 15 14 14 15 15 15
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Figure 3-21.
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Figure 3-22.
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Examination of the correlation matrix (Table 3-15) for negative HOST
quadrangles shows the only reasonably good correlation is a negative one be-
tween U/Th and UINVL. Figure 3-23 illustrates the gradient distribution of
U/Th for this group. At high U/Th values there is a mixture of a few of the
higher UINV and most of the zero UINV quadrangles. In the log function the
zeros predominate, and the effect of Beeville and a large number of interme-
diate UINV quadrangles at low U/Th values resulted in the negative correlationm.
Note that there is effectively no correlation between UINV and U/Th (see Table
3-15). It is concluded that none of the parameters tested so far is effective
for even qualitative separations of the poor and more productive quadrangles

in the negative HOST group.

It is interesting to note that most of the very productive quad-
rangles with major roll-front types of uranium deposits fall high on the list
in the positive HOST group. This suggests that this type of géochemical pat-
tern is fundamentally related to abnormally high RUET values as compared to

SUHP.

Ashland quadrangle in Wisconsin has a negative HOST value but rates
high in possible potential when judged by RUET alone (fifth on the RUET gra-
dient distribution). It is driven into the negétive HOST group by its even
higher SUHP value. Other Wisconsin quadrangles, Iron River and Rice Lake,
show high SUHP values with moderately high RUET values and fall in the nega-
tive HOST group. This appears to hint that given a sufficiently valid ration-
ale for some non-roll-front kind of economic uranium mineralization in these

quadrangles, their potential should be reviewed carefully.

A series of experimental, stepwise, multiple linear regressions have
been performed with UINV and UINVL as dependent variables and all the better-
correlated geochemical parameters as independent variables with little success.

The maximum R2

values attained were so low as to indicate that successful quan-
titative prediction of UINV was not practical by any of the tested variable

combinations.
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¢. Uranium Inventory Prediction

Based on the correlation matrices, it is concluded that geochemical
entities RUET, SUHP, and HOST are related to the economic uranium potential of
a quadrangle, though not closely enough to quantitatively predict UINV by a mul-
tivariable linear function as was done using the ARR data. An assumption was
made that the most mined (and most extensively prospected) quadrangles have the
most accurate preproduction inventory (RESV) and inventory (UINV) information.
On this basis, the geochemical entities were used to establish the relative
order of the quadrangles, and their UINV data were used to determine the shape
of the average UINV gradient distribution for use in UINV prediction. The ma-
jor producing quadrangles — Cortez, Arminto, Moab, Albuquerque, and Casper
(termed the CAMAC quadrangles) — were chosen as UINV datums, with the average
UINV equal to 532,774 tons of U

Og (>0.01 percent U,0,) per quadrangle.

3 3%
Several different models were tested to predict UINV for all the quad-
rangles based on RUET, SUHP, and HOST and their relationship to the CAMAC mean
UINV. The most successful of these was derived using only those quadrangles
with preproduction inventory (RESV) values. The following equation defines the

order of the quadrangles on the gradient distribution (Table 3-16):

RESVLP = 393.5 ARUET + 45.22 HOST - 80.74 ARUET?

where
RESVLP = predicted log10 of RESV
Note: RESVP in Table 3-16 = predicted RESV
(the antilogarithm of RESVLP).
ARUET = RUET divided by mean RUET for the data set
HOST = ARUET - ASUHP
ASUHP = SUHP divided by mean SUHP for the data set
R2 = 0.87 for this relationship involving 41 quadrangles

Table 3-16 presents the quadrangles sorted by decreasing predicted
RESV (RESVP) calculated according to the above equation. This data set was used

in the following steps leading to a prediction of UINV values (UINVP):

(1) Sort data according to increasing RESVLP and compute mean UINV
(MUINV) based on a 5-point moving average from low end to high
end of gradient distribution. (This yields a gradient distribu-
tion of relative uranium inventory values (MUINV) wherein the
DOE-specified inventory values (UINV) are adjusted to accommo-

date the order of priority established by the HSSR-defined index,
RESVLP.)

3-76



Gradient Distribution List of Quadrangles Sorted by Decreasing RESVP

Table 3-16.
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Table 3-16 (Contd)
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(2) Sort data according to decreasing RESVLP, and compute cumulative
mean of MUINV (CUINV1) from high end to low end of distribution.
Compute cumulative mean of RESVLP (CR1) from high end to low end
of distribution. (This smooths the MUINV and RESVLP curves into
a close mutual fit.)

(3) For each quadrangle, compute CUINV = CUINV1 ~ CUINV1, where CUINV1
is mean of all CUINV1 values. (This adjusts the CUINV1 curve to
zero at its bottom end.)

(4) TFor each quadrangle, compute CR = CR1 - CRl, where CRl is mean of
all CR1 values. (This adjusts the CR1l curve to zero at its bot-
tom end.)

(5) For each quadrangle, compute RUINV = CR x CUINV. (This merges the
HSSR and DOE relative wvalues.)

(6) Compute the constant CAMAC = mean RUINV of Cortez, Arminto, Moab,
Albuquerque, and Casper quadrangles = 85,630,346,

(7) Compute the constant: average UINV for Cortez, Arminto, Moab,
Albuquerque and Casper quadrangles = 532,774 tons U3O8per quadrangle.

(8) For each quadrangle, compute UINVP

532,774

85,630,346 * RUIW

UINVP =

In summary, this method of prediction begins with the assumption that
preproduction inventory (RESV) figures provided by DOE for 41 of the 95 quad-
rangles are reliable and generally proportional to the overall economic uranium
potential and that the RESV values are most correct for the CAMAC quadrangles.
An equation is then established between RESV and the geochemical entities ARUET
and HOST. Rank—ordering of the quadrangles is established by the RESVLP gradi-
ent distribution and is a function of the geochemical entities and the prepro-

duction inventory.

The uranium inventory and preproduction inventory figures are then
smoothed by the moving average and cumulative mean procedures (steps 1 and 2),
and adjusted to zero at the low end by subtracting the last cumulative mean of
each (steps 3 and 4). The smoothed and zero-adjusted préproduction inventory
and total inventory figures are multiplied together to provide an entity (RUINV)
that is related to UINV but is in effect weighted by the RESV-containing quad-

rangles.
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The final step is to use the RUINV numbers for each quadrangle to cal-
culate a predicted inventory (UINVP), by assuming RUINV to be directly propor-
tional to UINVP using the average numbers for the five CAMAC quadrangles to es-—
tablish the proportionality constant. UINVP is compared with the DOE-estimated

UINV in Table 3-17, which also shows the residual or difference between them.

3. Comparison of ARR and HSSR Predictions

Table 3-18 summarizes quadrangles for which both the HSSR and ARR data
indicate that the DOE estimate of UINV is too low. Ten of these are highlighted
because they agree within a factor of two, and 20 more agree in sign but do

not agree within a factor of two.

Table 3-19 shows quadrangles for which both the HSSR and ARR data indi-
cate that the DOE estimate of UINV is too high. Thirteen agree within a factor

of two, and six show a larger difference but agree in sign.

Table 3-20 shows those that disagree in sign, a total of 42 quad-
rangles; however, eleven of these are in essential agreement, in that they

differ by less than 20,000 tons.

In summary, 34 quadrangles are in essential agreement as to their UINV
prediction, and 26 more agree in the sign of the residual inventory. Thirty-one

quadrangles differ in sign and disagree by more than 20,000 tons.

The data have been further analyzed to highlight quadrangles where both
ARR and HSSR data indicate simultaneously that the DOE estimates of UINV are either
too low or too high by a substantial (>50,000 tons) amount (Table 3-21). The po-

tential resource estimates for these quadrangles may warrant reexamination.

A list of the quadrangles for which only the ARR data indicate that the
DOE estimate of UINV is too small is in Table 3-22., Table 3-23 lists those for
which the DOE estimate of UINV is too small based on the HSSR data only.

Table 3-24 lists quadrangles for which the DOE-estimated UINV is too
large as judged by ARR data or HSSR data alone.
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Comparison of HSSR-Predicted and DOE-Estimated Uranium Inventories for Selected Quadrangles

Table 3-17.
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Table 3-17 (Contd)
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Quadrangles for Which ARR and HSSR Data Do Not

Agree or for Which One Set of Data Is M

Table 3-20.
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Quadrangles for Which ARR and HSSR Data Indicate DOE UINV
Estimates Are Too Large or Too Small by >50,000 Tons

Table 3~21.

Both ARR and HSSR Data Indicate
DOE UINV Too Large by >50,000 Tons

Both ARR and HSSR Data Indicate

&4

DOE UINV Too Small by >50,000 Tons

ARR

Residual Inventory Residual Inventory

HSSR

ARR

Residual Inventory Residual Inventory

HSSR

{(tons)
-140,000
-165,000
-147,000
-454,000

(tons)

Quadrangle

(tons)

(tons)

Quadrangle

p
d

-140,000
-122,000

-443,000
_-727,000

Beeville
_Prescott

Butte
Casper

63,000
92,000
199,000

146,000
707,000
271,000

Challis
Ritzville
Spokane
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@
Table 3-22. Quadrangles for Which ARR Data Only Indicate DOE UINV
Too Small by >50,000 Tons

ARR Residual Inventory HSSR Residual Inventory

Quadrangle ~ {tons) {tons)
Eau Claire +114,000 + 2,000
Elko + 79,000 + 6,000
Green Bay + 60,000 + 1,000
Iron River + 74,000 +18,000
Kingman +118,000 +15,000
Lander +102,000 +12,000
Marfa + 64,000 + 7,000
Pocatello +134,000 +27,000
Salina +138,000 +23,000
St. Cloud + 53,000 +29,000
Cheyenne + 91,000 {no HSSR data)
Cody + 54,000 (no HSSR data)
Death Valley +123,000 -30,000
Emory Peak + 86,000 + 2,000
Las Vegas +146,000 - 2,000
Lemmon ~ +136,000 -42,000
Mesa + 88,000 ~-13,000
Pecos + 52,000 (no HSSR data)
Vernal + 79,000 {no HSSR data)
Vya + 77,000 {no HSSR data)

Table 3-23. Quadrangles for Which HSSR Data Only Indicate
DOE UINV Too Small by >50,000 Tons

HSSR Residual Inventory ARR Residual Inventory

Quadrangle (tons) (tons)
Ashland + 65,000 {no ARR data)
Klamath Falls + 52,000 + 42,000
La Junta +145,000 {(no ARR data)
Lamar +237,000 + 26,000
Rice Lake + 61,000 + 44,000
Rock Springs + 71,000 + 19,000
Walker Lake +181,000 + 10,000
Arminto +305,000 {no ARR data)
Cortez +254,000 - 18,000
Craig + 50,000 - 13,000
Harrisburg +177,000 v (no ARR data)
Lovelock +118,000 {no ARR data)
Moab +288,000 -112,000
Tonapah +104,000 (no ARR data)
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Table 3-24. Quadrangles for Which ARR or HSSR Data Only
Indicate DOE UINV Too Large by >50,000 Tons

HSSR Data Only Indicate DOE UINV ARR Data Only Indicate DOE UINV
Too Large by >50,000 Tons Too Large by >50,000 Tons
HSSR ARR ARR HSSR
Residual Inventory Residual Inventory Residual Inventory Residual Inventory

Quadrangle (tons) (tons) Quadrangle (tons) . (tons)

Flagstaff - 70,000 - 2,000 Delta - 50,000 - 33,000

Hot Springs - 50,000 -14,000 Denver - 57,000 {no HSSR data)

Wichita Falls - 67,000 -49,000 Gallup -494,000 {no HSSR data)

Albuguerque -404,000 +16,000 Laredo -250,000 {no HSSR data)
Moab -112,000 +288,000
Newcastle -205,000 (no HSSR data)
Shiprock -253,000 (no HSSR data)

4. Conclusions

It is concluded that patterns of uranium enrichment relative to thorium
or related elements, as measured by aerial gamma-ray spectrometry (UET) and by
stream sediment geochemistry (UET and UHP), reflect the presence of economic ura-
niferous provinces. The aerial radiometric data may be related at least semiquan-
titatively to uranium inventory by a multivariable linear equation and used to
predict such inventories in relatively unexplored territory. Stream sediments
data appear to be less closely related to uranium inventory but may be used for
qualitative prediction to indicate quadrangles that appear not to fit the rela-
tionship between geochemical variables and uranium inventory. In the NURE pro-
gram, this may be useful in pointing out quadrangles that warrant restudy by the

quadrangle evaluators
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QUADRANGLES WITH SIGNIFICANT URANIUM PRODUCTION
(adapted from DOE, 1979, and Butler, Finch, and Twenhofel, 1962)




APPENDIX T

QUADRANGLES WITH SIGNIFICANT URANIUM PRODUCTION
(adapted from DOE, 1979, and Butler, Finch, and Twenhofel, 1962)

Mining districts with current or past uranium production (1948-1978)
were taken from DOE (1979, Fig. 2.2) and assigned to the appropriate 1:250,000-
scale NTMS quadrangles by consulting Butler, Finch, and Twenhofel (1962). Pro-
duction estimates in tons of U 08 were adapted from the production ranges shown

3
by DOE (1979) as follows:

Indicated Range Assigned Production Value
less than 1 ton 1 ton
1-100 tons 50 tons
101-1000 tomns 500 tons
1001-10,000 tons 5,000 tomns
greater than 10,000 tons 10,000 toms

The assigned total production for each quadrangle and the number of producing
properties are recorded in the following table. In addition, all quadrangles
with reported uranium occurrences shown by Butler, Finch, and Twenhofel (1962)
but not assigned 1 ton or more production based on DOE (1979) were all arbi-

trarily assigned 0.1 ton of U308 production.

Tons of U40g , No. of Producing
Quadrangle Production Properties
Sandpoint 51 3
Ritzville 5,000 3
Spokane 50 9
Butte 50 3
White Sulphur Springs 1 1
Dickinson 500 13
Lemmon 500 28
Billings 250 10
Cody 250 10
Challis 50 5
Bend 1 1
Klamath Falls 500 2
Gillette 5,000 27
Newcastle 3,300 63
Arminto 800 44
Hot Springs 5,000 ' 102
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Quadrangle

Lander

Rock Springs
Rawlins
Cheyenne
Vya

Wells

Casper

Chico

Reno

Millett
Delta
Vernal

Craig
Denver
Greeley
Walker Lake
Richfield
Salina

Moab
Torrington
Price
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Flagstaff
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St. Johns
Mesa
Prescott
Nogales
Salton Sea
Bakersfield
Death Valley
Gallup
Albuquerque
Aztec
Socorro
Silver City
Lubbock
Lawton
Crystal City
Laredo
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