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ABSTRACT

Several data-classification schemes were developed by the Los Alamos
National Laboratory to detect potential uranium mineralization in the Montrose
1° x 2° quadrangle, Colorado. A first step was to develop and refine the
technigques necessary to digitize, integrate, and register wvarious large
geological, geochemical, and geophysical data sets, including Landsat 2
imagery, for the Montrose quadrangle, Colorado, using a grid resolution of
1 km. A1l data sets for the Montrose gquadrangle were registered to the
Universal Transverse Mercator projection. The data sets include hydro-
geochemical and stream sediment analyses for 23 elements, uranium-to-thor ium
ratios, airborne geophysical survey data, tne Jlocations of 90 wuranium
occurrences, a geologic map (scale 1:250 000), and Landsat 2 {bands 4 through
7) imagery. Geochemical samples were collected from 3965 locations in the
19 200 wm? quas-angle: aerial data were collected on flight lires flown with
3-5 km spacings. These data sets were smoothed by universal kriging and
interpotated t2 a 179 x 119 rectangular grid (each grid block is 1 kmz). A
mylar transparency of the geologic map was prepared and digitized. Locations
for the known uranium occurrences were also digitized. The tandsat 2 imagery
was digitally manipulated and rubber-sheet transformed to gquadrangle
boundaries and bands 4 through 7 were resampled to both & 1-km and 100-m
resolution.

A1l possible combinations of three, for all data sets, wer: examined for
general geologic correlations by utilizing a color microfilm output. Subsets
of data were further examined for selected test areas. Two classification
schemes for uranium mineralization, based on selected test areas in both the
Cochetopa and Marshall Pass uranium districts, are presented. Areas favorable
for uranium mineralization, based on these schemes, were identified and are
discussed.

The methodology developed in this study is a rapid and efficient method
of resource evaluation on a reconnaissance scale. Alsg, this methodology can
easily be adapted to other types of geologic interpretation, such as environ-
mental impact analysis or strategic mineral evaluations.



INTRODUCTION

Background Information
Pirkel et al (1979) integrated and analyzed airborne radiometric data

for the Lubbock and Plainview, Texas, 1° x 2° quadrangles. They identified

areas favorable to wuranium depositicen and also possible paleochannels.
Wecksung and Fugelso (1980) made a preliminary integration of Landsat imagery,
uranium hydrogeochemical and stream sediment data, and a geology map for the
Talkeetna 1° x 3° quadrangle, Alaska. This revealed correlations between high
uranium concentrations, geologic formations, and <certain physiographic
features. If several data sets, including Laendsat 1magery, airbcrne geo-
physical data, and hydrogeochemical and stream sediment data are integratec
into one large data set, a wealth of information can be extracted. Con-
sequantly, a data integration/remote sensing (DIRS) project was established by
the authors of this report: the major emphasis is toward integrating data sets
that may be helpful in identifying areas of uranium mineralization possibly
favoranle for economic development in the Montrose 17 x 2° quadrangie,
Colorado.

The DIRS project was also initiated to interpret the huge quantity of
data generated by the Los Alamos work on the National Uranium Resource
Evaluation (NURE) program. Tne major objective of the NURE program was
assessment of the nuclear fuel resources in the conterminous US and Alaska (US
Department of Energy, 1979;. The program ircluded a nationwide airborne
geophysical reconnaissance, a nationwide hydrogeochemical and stream sediment
reconnaissance, subsurface geologic ir.:stigations, and topical geologic
studies. We were involved with the collection, chemical analysis, and open
filing of resulting data from a geochemical reconnaissance of water and
stream- or lake-sediment samples for a total of more than 220 000 locations in
New Mexico, Colorado, Wyoming, Montana, and Alaska. “ver half of these sedi-
ment samples have been analyzed for uranium and more than 40 other elements of
economic, national security, and geologic importance. Other Department of
Energy laboratories were responsible for the geochemical reconnaissance in
other parts of the US (Bolivar, 1980a). Los Alamos statisticians are aisa
involved in data reduction of the enormous quantity of raw data from the NURE

airborne geophysical surveys.



Prior to the ODIRS program, large data sets generally were examined
independently, and a significant amount of information available was seldom
incorporated into final evaluations. There simply is too much data to
assimilate by customary techniques. The great volume of data for a regional
area, e.g., a 1° x 2° quadrangle, seems almost a deterrant to analysis. MWith
DIRS, 311 available information is used, and cross-correlated to extract new
information not avaiiable from the individual data sets (e.g., Lankston and
Lankston, 1979; Termain et al, 1980; Wecksung and Fugelso, 1980).

Since the inception of the DIRS project in May 1980, our staff has
worked on two pilot projects: data-integration development for the Talkeetna,
Alaska, 1° x 3° quadrangle, and uranium-deposit characterization for the
Mont-ose, Coloradn, 17 x 2° quadrangle. For the Talkeetna study, procedures
were deveicped for digitizing many kinds of information--maps, data tables,
graphs, and text. Computer programs were written that efficiently pack these
gigital data into a "super data set" for rapid computer processing, including
overlay and display techniques by computer-graphics, cross-correlating the
various data sets statistically, and finally identifying geographical areas of
interest.,

The Mont-ose 1 x 2  quadrangle, Colorado, was selected for a more
detailed attempt at cheracterizing wuranium mineralization, anc¢ also as a
continuation of the above efforts to a more sophisticated level. The Montrose
quadrangle provides a variety of known uranium prospects and two major, yet
distinct, uranium districts. Moreover, a quadrangle report 1s available tnat
utilizes sophisticated statistics in  interpreting the original NURE
hydrogeochemical and stream sediment data {(Beyth et al, 1980b). Also, a
geochemical study for part of this quadrangle (Mzassen, 1980), and the NURE
aerial radiometric report have already been published (geoMetrics, 1979p).
The rapid progress in study of the Montrose quadranglie owes much to prior
development of programs and procedures for the Talkeetna pilot study.

Results of these piiot studies are both promising and surprising. The
quantity of subtle and wunforseen information extracted, is unexpectedly
large. Geochemical dispersion haloes can be contoured and mapped, previously
unknown geologic structures are outlined, and areas of potential uranium
mineralization are identified. Field verification of the new interpretations

will follow.



The short-term objective of this project 1s to characte~ize «known
uranium occurrences in the Montrose 1° x 2° guadrangle and to find other areas
in the quadrangle with similar characteristics. It has been accomplished by
integrating, in the computer, available NURE geochemical reconnaissance data,
genlogic map information (rock type and geologic structure), uranium-mineral-
occurrence data, radiometric and magnetic data from the NURL nationwide air-
borne geophysical survey, and Landsat imagery.

In order to efficiently integrate large volumes of data, it is necessary
to get the various data sets into spatially comparable formats. Therefore,
a‘ter data sets are obtained, they are digitized and geometrically registered
ta the Universal Transverse Mercator (UTM) projection. The UTM coordinate
system 1is a rectangular equal area projection and the coordinate boundaries
chosen are siightly larger tha. the Montrose quadrangle boundaries. For the
Montrose quadrangie a l-kin grid resolution was selected. Point data (such as
NURE data} are statistically smootned and interpolated (o the rectangular
grid. Data availadle on a finer grid, -uch as Landsat imagery and geologic
information, are sybsampiad to 1 «m UTM gr .d.

Once the data seots are integrated and spatiaily registered, they can be
examined statistically for relationship between data sets and individual
variabies and also fo~ significant patterns derived from the data.

Individual data sets can be analytically and visually overlain. Small
test areas containing known wuranium ocCCurrences, predominantly from the
Cochetopa and Marshall Pass uranium districts, were extracted and examined. A
prziiminary classification fur each district, based on characteristics of the
«nOwWnh pccurrences in each district, was then generated and iteratively
r=f°ned.  Finally, this classification will be tested for the entire Montrose

"z to determine if similar uranium occurrences can be found.

Repo-% rormat

“rt3 report is divided into seven wunits: (1) problems and objectives,
(2, orief summa-y of the geology and mineral occurrences, Montrose quadrangie,
(3, tne dztz sets, description, and procedures used td register each, {(4) dis-
cussion of the analytical technigques and statistical routines used, and

exampiss of tne resu’ting preiiminary classification, (5) how the data sets



can pe used and refined with an image processing facility, and (6) future
prosiems and potential directions that the program could take. In Unit 7,
€Conciysions summarize significant accompliishments from the study.

Appendix A contains a coded list of the digitized uranium occurrences
for the Montrose quadrangle. Appendix B consists of linear gray-level maps
for the 23 geochemical elements, U/Th ratios, four airborne geophysical data
sets, and four Landsat bands. Appendix C contains basic statistics (by entire
guadr~angle and by physiographic/geochemical province)} and Appendix D contains
cumuiative frequency plots of the raew geochemical! data. Appendix E brings
tog=ther statistical association by variable information for each host-rock
type of uranium deposit. Appendix F consists of the correlation coefficients
for the quadrangle as a whole and by physiugraphic/geochemical province.
castiy, Appendix G contains the raw data for factor analysis for the quad-
rangle as a whole.

Piate [ is a transparency that 1includes known uranium c¢cCcurrences
"according to Nelison-Moore et al, 1978}); this transparency can be overlain for
comparison witn any other representation of the Montrose quadrangle. Tick

Ter<s indicating UTM corners are inciuded on most figures.

GEOLOGY AND MINERAL DEPOSITS OF THE MONTROSE QUADRANGLE, COLORADO

General Information

The Montrose 1° x 2° quadrangle, Colorado, is bounded by 38° and 39°
no-tn latitude and 106° and 108° west longitudes. The climate is typical for
the Rocky Mountains. Annual precipitation ranges from 600 mm in the mountains
and heavily forested regions *to less than 250 mm in the lower elevations
(NOAA, 1976 ana 1977). About one-half of the annual precipitation results
from thermally induced summer thundershowers.

The vegetation in both the western half of the quadrangle and in inter-
montane basins consists principally of sagebrush and native grasses. Forests
of aspen, pine, and spruce characterize the mountainous areas. Paved highways
and unimproved dirt roads provide access to all but the most rugged mountain
areas. Montrose is the largest town (population about 5000).



Physiographic Setting

The Montrose quadrangle comprises about 19 200 km2 in
includes sections of the Southern Rocky Mountain and Colorado
The West Elk Mountains, San Juan

southwestern

Colorado. It
Plateau physiographic provinces (Fig. 1).
Mountains, and Sawatch Range are the dominant drainage divides within the

quadrangle (Fig. 2).
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Fig. 2. Location and drainage map for the Montrose quadrangle, Colorado.

The highest elevations occur in the northeast corner; where Mount
Harvard (4393 m) and Mount Antero (4349 m) are the two highest peaks. Deepest
drainages in the mountainous regions vary from 2100 m to 2499 m. Between the
mountain regions are irregular ridges and intermontane basins (USGS, 1956).

Elevations on the Colorado Plateau vary from 2700 m to 3150 m on mesa
tops to a low of 1500 m above sea level in the northwest corner of the
quadrangle. Most major stream channels range from 1700 to 2100 m above sea
level. The Plates. is characterized by flat-topped mesas, rolling hills, and
dissected plateaus. It includes some badland topography. The Montrose
quadrangle encompasses parts of two major drainage basins separated by the
Continental Divide (Fig. 2). The Arkansas River drainage is east whereas the
Gurnison River drains west. The Gunnison River and its tributaries, the North
Fork and the Uncompahgre Rivers, drain most of the quadrangle area.



Major Rock Types

A wide variety of igneous, metamorphic, and sedimentary rocks,
representing most major geologic periods c.op out in the Montrose quadrangle.
A generalized geologic map, Fig. 3, shows the distribution of major rock
units. Lithology and regional geology of this region has been described in
detail by many investigators (e.g., Weimer and Haun, 1960; Haun and Kent,
1965; Epis, 1968: Tweto, 1968 and 1975; Mallory, 1972; Tweto et al, 1976a).

Only a brief summary (most of it modified from Broxton et al, 1979) is given
here.
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Fig. 3. Generalized geologic map of the Montrose quadrangle, Colorado.



The oldest rocks consist of Precambrian X granites {age >1700 m.y.b.p.),
quartzites, metarhyolites, greenstones, metagreywackes, gneisses, and schists
exposed in the Sawatch Range and along the Gunnison River. The metasedi-
mentary and metavolcanic rocks have undergone regional metamorphism, and are
intruded by 1700-m.y.-old granitic batho iths. The plutors are generally
syntectonic, foliated, and of granodioritic composition. Contempor aneous
intrusions of granitic and alkalic-rich mafic plutons of Precambrian Y age
(~400 m.y.b.p.) are found in the central part of the quadrangle. These
plutons are generally post-tectonic, unfoliated, and of quartz monzonite to
granite composition (King, 1976). Near Powdernorn, the Precambrian rocks are
intruded by the Iron Hill carbonatite complex. an early Cambrian, alkalic
pluton  associated with thorium mireralization (Armbrustmacher, 1979,
Armbrustmacher ana Brownfield, 1979). About 20 per cent of the quadrangle is
underlain by Precambrian metamorphic and igneous rocks.

Paleozoic rocks, mostly of marine origin, are sparse in distribution.
Cambrian through Mississippian marine sandstones, shale, and limestones
unconformahly overlie crystalline basement rocks in the northeastern and
southwestern parts of the guadrangle. £farly Paleozoic units are thin in these
areas as a result of erosion during a late Paleozoir-early Mesozoic uplift of
the Uncompahgre Highland. Pennsylvanian and Permian arkosic redbeds in the
north central and southwest parts of the quadrangle and along margins of the
Sawatch Range are thicker, for they represent synorogenic clastic sediments
shed into basins flanking the uplift.

Triassic and Jurassic fluvial and lacustrine sediments are relatively
thin because of regional uplift during this time. These sediments were
deposited over much of the eroded Precambrian core of the Uncompahgre Highland
as well as over the flanking basin deposits. By Cretaceous time, transgres-
sive/regressive seas covered the entire region, resulting in deposition of
marine shales and sandstones interfingering with nonmarine sandstones,
carbonaceous shales, and variegated mudstones. In the quadrangle, Triassic
rocks occur only in the southwest corner, Jurassic rocks overlie Precambrian
rocks in the central area, and fairly thick Cretaceous deposits are found
predominantly in the western half. The Jurassic and Cretaceous rocks combined
cover about 25 per cent of the gquadrangle.

With the onset of the Laramide orogeny in late Cretaceous time, the
northwest-trending Sawatch Anticline and Uncompahgre Plateau were uplifted,

9



resulting 1n widespread erosion of older rock units and deposition of orogenic
clastic sediinments 1in basins adjacent to the uplifts. £Erosional remnants of
these Laramide ¢rogenic sediments (e.g., Ohio Creek and Wasatch formations)
are preserved oniy in the northwest part and in scattered areas 1n the eastern
part of the gquadrangle. These Tertiary sedimentary rocks are relatively
rare. The Sawatch Anticline and the Uncompahgre Plateau, a rejuvenated
porticn of the late Paleozoic Uncompahgre Highland, are reactivated basement
blocks characterized by large vertical displacements during the Cretaceous
through the early Tertiary.

Intermediate to felsic volcanism and plutonism (recorded in sediments of
the Wasatch formation) accompanied the Laramide deformation. The intrusive
rocks range in age from lLate Cretaceous to Miocene. Most of this Laramide
volcanism and plutonism was Tlocalized along northeast-t-onding Precamb-ian
shear zones and is associated with the earliest stages of mineralization in
the Colorado Mineral Belt (Warner, 1978). The most abundant intrusive rocks
are 0Oligocene quartz monzonites found primarily north of the West Elk volcanic
field, but extending to the Sawatch Range, and the Mount Princeton batholith
(on the eastern side of the Sawatch Range). These felsic intrusives include
epizonal stocks, laccoliths, dikes, and sills.

Two dominant areas of volcanism affected the Montrose quadrangle, one
centered in the West Elk volcanic field, and the other in the San Juan
volcanic field (Lipman et al, 1978). These Tertiary volcanic rocks (mostly
0ligocene) cover about 35 per cent of the quadrangle (fig. 3). The northern
third of the San Juan volcanic field, which underlies the southern third cof
the Montrose quadrangle, is a deeply dissected 0Oligocene volcanic plateau.
Tnis plateau exposes a lower sequence of predominantly andesite flows and
breccias that are overlain by a sequence of silicic ash-flow-tuff sheets
capped 1in some places by Miocene basalt flows (Lipman et al, 1978). Several
caldera complexes, stocks, plugs, sills, and dikes represent deeply eroded
volcanic centers and epizonal plutons that acted as sources for the volcanic
rocks (Fig. 3). Just north of the Gunnison River, the lower sequence of lavas
and breccias of the San Juan volcanic field coalesces with volcanic deposits
of similar age and composition derived from the West Elk Mountains. The West
Elk volcanics cover a 32-km diameter area in the center of the gquadrangle and
consist of a thick sequence of volcanirclastic debris overlain by ash flow
tuffs. Several Oligocene ash-flow tuffs also occur within the Sawatch Range.

10



Epeirogenic uplift, bimodal basalt-rhyolite wvolcanism, and block
faulting characterize late Tertiary deformation in the Montrose quadrangle.
Tne Rio Grande rift zone developed at this time (Miocene). The Arkansas River
Basin lies in a down-faulted graben superimposed on the crest of the Laramide
Sawatch Anticline, The .aults. which probably follow Precambrian structural
trends define the northerimist segment of the Rio Grande Rift. Late Tertiary
orugenic sediments, rep :<cated by the Santa Fe and Dry Union formations,
pactly fill the Arkans:zc -<iver Graben. Several normal faults border the rift

along its eastern bounaary (Fig. 3

Structure

Most of the major structures are delineated in Fi1g. 3. The quadrangle
includes all or part of the Gunnison, Uncompahgre, Sawatch, and Mosquito
Uplifts as well as parts of the Piceance Basin and Rio Grande Rift (Arkansas
River Basin or Arkansas River Graben). The West Elk and the San Juan volcanic
fieids partially cover several of the structural features.

Most of these features have been described in the previous section with
the exception of the Gunnison Uplift (not shown in Fig. 3). This uplift is
bounded by the Black Canyon of the Gunnison River to the north. It generally
coincides with Precambrian basement rocks. This uplift forms a convex arc in
the center of the quadrangle; the southern boundary of the uplift is covered
by the San Juan volcanic field.

The majority of the structural features in the Montrose quadrangle trend
north-northwest. These structures and their associated faults probably follow
Precambrian lineaments (Tweto, 1975) along which recurrent movement occurred
in the late Paleozoic, Laramide, and late Tertiary.

Moct mapped faults are found in the eastern-northeastern parts of the
quadrangle and are probably assuciated with structural development of the
Sawatch and other uplifts during the Laramide orogeny. Most such faults are
also high angle with significant displacements (Tweto, 1975).

Several normal faults along the boundary of the Arkansas River Basin
(Miocene) are probably associated with the Rio Grande Rift zone. Other normal
faults are associated with the caldera collapse and late-Tertiary uplift of
the San Juan Mountains. The most striking caldera complex, easily visible on
Landsat imagery, is Cochetopa Dome, about 7 km southwest of Gunnison. This
0ligocene intrusive is surrounded by a series of arcuate faults.

1



Radioactive Minera! Occurrences
There are approximately 90 separate known locations where uranium

mineralization has been identified or where anomalous radipactivity occurs in
the Montrose quadrangle (Fig. 4). The mineralization at these occurrences
appears to be fracture and/or stratigraphically controlled. Mineralization is
also commonly associated with shear zones, fault breccias, fractures, and vein
fillings.

Over haif of the known uranium occurrences in the guadrangie are found
in three major wuranium districts: the Cochetopa, Marshall Pass, and
Powderhorn districts (Fig. 4}. In fact, nearly 600 000 tons of uranium ore
containing between 0.11 and 1.17 per cent U3O8 have been produced from tne
Montrose quadrangle (compiled from Nelson-Moore et al, 1978). Most of this
production is from mines 1in the Cochetopa and Marshall Pass districts. These
mining districts and other uranium occurrences in the quadrangle are briefly
described in Table [ and their locations are shown in fig. 4. More detaiied
descriptions of the individual uranium occCurrences are summarized in Finch
{1967), Olson (1976), and Nelson-Moore et al (1978).

The Cocnatopa district is located about 25 km southeast of Gunnison, and
mineralization occurs in an ll-km diameter region, In tnis district, uranium
mineralization is localized along fault breccias of the Los Ochos fault where
Morrison sandstones and shales are faulted against Precambrian X age granites
and schists. The principal ore bodies are associated with intensely altered
areas in the fault breccia and in adjacent wall rocks, although mineralization
can occur in quartz-calcite-barite veins and shear zones that cut Precambrian
schists (geoMetrics, 1979b). Although no mines are active in this area at the
present time, 486 000 tons of ore yielding 1 351 000 b of U308 have been
produced, mainly from the Los Ochos and T-2 mines (Nelson-Moore et al, 1978).

The Marshall Pass district is located near the Continental Divide about
25 km southwest ot Salida, actually 5 km west of Marshall Pass itself. The
deposits occur in a region 8 km in diameter (Fig. 4). Both structurally
controlled and stratigraphically controlled deposits are found, e.q., some
deposits occur in regolith overlying Precambrian crystalline rocks and one
major mine, the Little Indian No. 36, is in a Z-m thick carbonaceous layer of
Ordovician Harding sandstone (geoMetrics, 1979b). However, most wuranium
deposits in the Marshall Pass district are concentrated along or near the
Chester fault. The Chester fault displaces Precambrian X granites and schists

12
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One symbo! moy represent severo! occurrences or claims

Ven, pegmatite, breccia zone, and related types, uranium minerglization strongly suspected
(usually because of abnormo! radicoctivity) but not megascopically visible

Vein, pegmotite, breccio zone, and reloted types, uronium mineralization documened,
but no poast production,

Vein, pegmatite, breccio zone, ond reloted types, uronium ore production documented

Peneconcordant accurrence with uranium minerolizotion strongly suspected
(usuolly because of abnormol rodicactivity) but not megascopicolly visible

Peneconcardont occurrence; uranivan mineralization documented, but no post production

Peneconcordont occurrence, uronium ore production documented

Spring deposit with abnormol radioactvity

Uranium occurrences in the Montrose quadrangle, Colorado.
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County

Delta

San Migue)
Qur ay
Hinsdale

Nor th
Guanison
Chaffee
Park

Gunnison

Saguache

Saguache

Saguache
Gunnison

TABLE |

MAJOR URANTUM AND THORIUM DISTRICTS IN THE MONTROSE QUADRANGLE, COLORADO

Drstract
or Area

(Locations of specific occurrences are shown in Fig, 4)

Descraption

Gunnison
River Area

Southwest
Hontrose
Quadrangle

Nor theast
Montrose
Quadrangle

Powderhorn
Thor fum
District

Cochetopa
District

Periphery of
Cochetopa
District

Marshal)
Pass District

The five occurrences i1n this area are radioactive spring deposits that are found In the
Dakota sandstone. One 15 associated with a fault, Mo uranium mineralization is visible,
abnormal radium contents have been reported.

Only 18 tons of ore of average grade 0.20X Uj0y dre reported from these three counties
{Nelson-Moore et al, 1978). Most uranium occurrences are W veins in Tertiary volcanics,
one radinactive spring deposit 1% known, Uranium mineralization 1s dssociated with
rhyolite- latite ntrusives and breccia zones. The dominant uranium minerals dre urano-
phane and pitchblende, In San Miguel county tabular ore bodies are found wn the Entrada
sandstane. Averdage ore grade 1s 0.05% Uj0g and s clusely assoctaled with vanadium.

One such occurrence is reported in the extreme southwest corner of the Montrose quadrangle.

Absut 200 tons of ore, with average grades of 0.12 to 0.22% U30g, hive been taken from;
depusits ' this area (Melson-Moore et al, 1978). Most ureénium occurrences are vein types
found 1n pegmatites wn Precambrian granitic rocks; some are dssociated wilh veins, dikes,
and fault breccras of Tertiary intrusives, a few are found along Paleoroic quartzite-
Precambr1an granite fault contacts. Deposits are usually smal) in size. Uranium wineral-
178t10n 1S associated with faults, fractures, alteration zones, carbonaceous trash
{especially in fault rones), and base-metal mineralization., Autunite, columbite, pitch-
blende, brannerite, and monszite are the dominant uranium minerals, These types of
occurrences are nol restricted to these three counties, but are found throughout the
Montrose Quadrangle.

Most of the thorium occurrences in this distract consist of radioactive snomalies in veins.
These veins are found 1n Precambr ian granite, schist, and gneiss. Deposits consist of
thor ite, minor amounts of uranium, quartz, barite, hematite, and sulfides.

Production totals for this district to 1971 are about 486 000 tons of ore containing 0.11 to
0.20% Ujbg (Nelson-Moore et al, 19/B). Uranium miteralization generally occurs 1n

fault breccia or shear rones between the Morrison formation (or to a lesser extent the
Dakota sandstone) and Precambrian rocks, or 1n veins cutting Precambrian rocks. Uranium
Mineralization may also be assoctated with malachtite, azurite, or other base-metal
miner4lization. The Morrison formation 15 (omprised predominantly of sandstone and
Mudstone, whereas the Precambrisn rocks are generally granite or schist. Primary uranium-
bear ing minerals include pitchblende, uranophane, sutunite, torbernite, and zippeite.

Around the periphery and southeast of the [ochetops district, severs) urs .ua occurrences

are reported n the Miocene Potosi Yolcanic Series, or 1n Cretaceous rocks which are over-
law by these volcanics,

Over 105 000 tons of ore ranging from 0.25 to 1.17% V30g hdve been produced from this
district, A)l occurrences 1n thtis area are related to the Chester fault or Indian (reek
antichine. Principdl host rocks include the Ordoviciran Harding quartzite and Pennsylvanien
Belden shale, which are n fault contact with Precembrian rocks, The Harding quartaite

1s a porous sy ity sandstone, whereas the Precambryan rocks nclude highly tractured
granites, Schists, and pegmatites. Uranium mineralization is agsociated with iron-stained,
fossyiiferous, and carbonaceous rzones. Sulfides May or My 6ot be present. Primary urdnium
minerals include pitchblende, uraninite, and uranophane with minor amounts of gummite,
sutunite, and rwpperte. Several occurrences, nut withwn this distract but with similar
types of uranium mineralization, are found to the southeast.
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against Paleozoic sedimentary formations. Uranium mineralization, including
pitchblende, uranopinane, and autunite (Gross, 1965), is meinly confined to the
Palsozoic rocks, among them the Ordovician Harding quartzite, Devonian (haffee
formation, Mississippian Leadvilie limestone, and Pennsylvanian Belden for-
mation. Over 105 000 tons of ore containing between Q.25 and 1.17 per cent
U308 have been producec from this district with most of the production
coming from the Pitch Mine, an underground mine which is currently being
reapened as an open-pit operation (Nelson-Moore et al, 1978).

The Powderhorn district is Jlocated in the southcentral part of the
Montrose quadrangle. Many occurrences in this area show only abnormal radio-
activity, although several do contain both uranium and thorium mineralization
(Otson and Wallace, 1956). Thorium, principally in the form of pyrochlore, 1s
concentrated in veins and shear zones on the margins of the Iron Hill Complex,
an eariy Cambrian alkalic intrusion made up of pyroxenite, uncompahgrite,
ijolite, nepnzline syenite, and carbonatite. (ountry rocks are predominantly
Precambrian crystalline units. Thorium levels are too low to be of economic
interest under present market conditions unless the thorium is extracted as a
by-product of potential niobium, rare earth, and uranium deposits witnin the
alkalic complex.

About one-half of the known uranium occurrences in Fig. 4 are not found
in the three major districts but instead occur scattered throughout the area,
particularly in the northeast and eastern portions of the quadrangle. Some of
these occurrences are similar to deposits described, many are associated with
Precambrian pegmatite, or veins, and a few are associated witn Tertiary
volcanics and intrusives (Table I).

Data presented by Phair and Gottfried (1964) indicate that rocks of the
Front Range (Fig. 1) are predomine.tly thorium rich and define a geochemical
thorium province. Furthermore, the portion of the Front Range transected by
the Colorado Mineral Belt was considered & metallogenic wuranium province
because of the large number of mineable uranium deposits located near the
trend of the mineral belt. Because of similarities in Precambrian bedrock
geology, the presence of workable uranium deposits, and the projection of the
Colorado Mineral Belt through the area, portions of the Montrose quadrangle
might be extensions of Front Range thorium and uranium provinces described by
Phair and Gottfried. Tweto (1968) suggested that northwest-trending faults
intersecting northeast-trending veins are principal habitats for wuranium
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minera.ization, particularly on the fringes or outsice of the Colorado Minera’
Belt. Nasn '1980; has suggested similar potent-al for wuranium mineralization
along major Laramide uplifts.

Base- and Precious-Metal Occurrences

Altncugh the emphasis of this report is on uranium mineralization, the
gata from this study can also be used to evaluate other potential economic
minera: depcsits and strategic mineral resources. Therefore, we have included
a brief description of known economic deposits in the Montrose quadrangle
‘modified from Beyth et al, 1980b).

Most of tne known base- and precious-metal mineralization within the
Southern Rocky Mountains occurs along the Colorado Mineral Belt, a northeast-
trending zone of major metal deposits associated with Laramide and middle
Tertiary piutons aligned along reactivated Precambrian shear zones (Warner,
1978:. This belt traverses the Montrose quadrangle diagonally, extending from
the Mcsquito Range in the northeast, through the Sawatch-Gunnison crystalline
terrane, to tne Uncompahgre and lake City calderas in the southwestern part of
the gquad~angie.

The major pase- and precious-metal mining dist-icts in the Montrose
quadrangle are briefly described in Table Il and their locations are shown in
Fig. 5. .n addition, the Colorado resources map published by the USGS (1971)
shows the locations and types of many smaller mineral deposits. An extensive
catalog of mineral occurrences and mines in the Montrose quadrangle was
compiled by Truebe (1974).

There are two main periods of mineraiization within the Colorado Mineral
Belt (Burbank and Luedke, 1968, Tweto, 1968; Simmons and Hedge, 1978): the
older period is related to emplacement of lat: Zretaceous--early Tertiary
(Laramide) plutons, and the younger to widespread middle Tertiary extrusive
and intrusive activity. The principal types of deposits formed at these two
times are disseminated or stockwork molybdenum deposits associated with
Tertiary plutons, precious- and base-metal veins in Tertiary volcanic rocks,
and base-metal veins and replacement deposits in Paleozoic sedimentary rocks
(Tweto, 1968). Mineralization is structurally controlled in many cases, being
localized at the intersection of northwest- and east-trending structural lines
with the Colorado Mineral Belt and along ring fractures associated with

caldera systems (Tweto, 1968).
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TABLE 11

MAJOR BASE-METAL MINING OISTRICTS TN THE MONTROSE QUADRANGLF, COLORADO

Mining District

Uncompahgre (Ouray)

Lake City

Ruby {lrwin, Key-
slone, Forest Queen,
0nd Mt. Ewmons)

Gold #rick-Quarry
Creer (Ohio City,
Gold HilL, and

Cumber tand Pass)

Tincup

Chatk Creek (Alpine,
Romley, St. flmo)

Tamichi {Whtte Pine)

Monarch

Brown's Canyon

Sonanza King (Kerber
Cresk)

Prancips! Commudity

Silver, gold, lead,
copper, ring

Silver lead, gold,
copper, 21nC.

Mol ybdenum.
Stiver, 2inc, lead

copper .

Stiver, gold, lead.

Rol videnum, tungsten.

Lepidolite, beryl, feld-
spar, columbite-tantelite,

Stlver, gold, lead.

Gold, stiver, lead,
copper, 2inc.

Lead, rinc, silver,
copper, goid.

Stiver, gold, lead, 2inc,
copper .

Fluorspar.

Stlver, lead, tinc,
topper, guld.

Descraption

Fassyre veins andd hedded ceplacement deposits
.n the Dalores ang Moreason tormgtions, ead-
ville limestone, Dakots guartyste, ang Wolas
formation, assot14ted with quarty monzonite
intrusives.

N and AW trending frasure vetns in andes tle,
rhyolite, and tocene monzonite porphyry
mirusives .

Stockwork depostity assacrated with nler.
medtate to felsic porphyry ntrygave.

¥Yeins in the Wasatch formation and Paleocene
Uhio Creek formstion.

N4 *W trending veins n Precasbrian granite
and schist, replacesent deposits in Fremont
dolomite, teadville limestone, and |imestone
beds in the Belden shale.

[.¥ and NE trending quartz veins in Pre-
cambrian quartz monzonite and (ambrian
guartztte,

HE and N.S trending pegmatite dikes in
Precambrian schists, quartiite, metadiorite,
and gneisgs.

Bedded replacement deposits in |eadvilie

| mestone assoc lated with quarty diorite
and quart? mongonite Intrusives, M-S trend-
ing quartr veins along faults, and placer
depos ity

M-S to M trending quartz veiny in Tertigry
quartz monjonite intrusive.

Replacement and (ontact deposity, fissure
veins 1n Manitoy dolomite and Leadvi!le
Yimes tone, associated with Quart: sontonite
and granite porphyry intrusive,

Replacemznt deposits in limestones end dolo-
mites of the Hanitou formation, {eadville
Vimestone, and Fremunt formation, M -trending

veins In Tertiary quérts monzonite instrusive,

W trending fissure veins along faulty in
Precambr 1en granite and gnetss, and
tertiary rhyolite porphyry.

N and N-S trending quarty veins in Tertiary
andesste, latite, rhyolite, diorite, monjon-
ite, and grenite porphyry.

* Modified from Mardirosian (1976}, locations shown i1n Fig. 5,

Rebervnoes

Burhank {1947 ), Vanderwi it (1947),
King and AlTyman (1950), Kos(hmann
anyd Hergendah! (1988,

lrving and Bancrof! (191Y),
Yanderwilt {194/), Burbank and
Luedhe (1968).

Yenderwilt {1947},

Cramford and Morcester (1916),
Vanderwilt (1947}, Hanley et &l
{1950), Staats and Trites
(19%4), Belser {1956); Dings and
Rob:ngon (1957).

HiV1 (1909);, vanderwtit (1947},
Dings and Robinson (1957); Parher
(1974},

Yanderwiit (1947). Dings and
Robinson {19%7).

Hill (1909), Cramford (191)),
Vanderwtit (194)), Oings and
Robinson (1957).

Croamford (1909, 19))),
Vanderwtit {1947), Dings and
Robinson (1957), MHey! (1964},

van Alstine (1947), Brady (1975).

Burbani (1932, 1047), Vorderw!lt
{19473, Koschmann and B4 endanl
(1968}, USGS and (otlorac: llmm&,a
Industr1al Development £ ird {1 }.
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Fig. 5. Major base-metal mining districts in the Montrose quadrangle, Colorado.

DATA SET DTSCRIPTION, DIGITIZATION, AND REGISTRATION

Introduction
This unit describes the nature and sources of data used, including NURE
airborne geophysical data, NURE hydrogeochemical and stream sediment analyses,

geologic information, and Landsat imagery. Although each data set is inde-

pendent, a common factor is that every set covers approximately the same

geograpnic area. Furthermore, each data set has its own built-in resolution;
the hydrogeochemical data are from irregularly spaced sample points, whereas
airborne geophysical data are from densely sampled flight lines spaced several

kilometers apart. Landsat imagery has a much finer resolution of approxi-
mately 60 m.
Data integration requires resampling each data set to a common grid.

Due to the diversity in the original sampling g ids, integration is generally
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a tecoouas exercise. [Extensive use is made of rubber sheet transformation

LanJsat imagery), interpolation schemes ({(NURE data), and data reformatting.
laesliy, the finished product gives computer access to a.: data sets
simu’taneously for any desired location.

For tne Montrose quadrangle, the reference gric selected has a grid
spacing of one kilometer, cxactly coinciding with the UTM grid for this part
of Colorado. The 1-km spacing 1is also the smallest reascnable choice for
concordance with the kriging interpolation schemes used for airborne and the
geochemica! data. Because the corners of the Montrose 1° x 2° quadrangle co
not form a perfect rectangle or the UTM projection, the smallest rectangle
tnat can be defined on the sample grid that will cover the entire quadrangle
was selected. This results in an index set of 119 rows and 179 columns to
cover the 17 x 2° sheet--a total of 21 301 grid cellc. &1 data cets are
keyea to agrid cell locations rather than latitude and longitude.

Descriptiorn of Data Sets

Genchemical Data. Our geochemical data sets are compiled from two

separate studiecs done as part of the US Department of Energy's NURF program
{Boiivar, 1380a). As part of this program (Bolivar, 1980b), the Los Alamos
National Laboratory conducted a hydrogeochemical and stream sediment recon-
naissance for uranium in the Montrose quadrangle, Colorado, during which 1365
water and 1857 sedimenrt samples were collected from 1877 locations (Broxton
et al, 1979;. Water samples come from streams, springs, and wells and were
analyzed for uranium by fluorometry. Sediment samples were taken from streams
and springs and were analyzed for uranium by delayed-neutrorn counting, for 31
additicnal elements by neutron activation analysis, for 9 elements by energy
dicpersive x-ray fluorescence, and for 2 elements by arc-source emission
spectrography. Standard sampling procedures as defined by Sharp and Aamodt
(1973) were used in the field. Sample densities were nominally one sample

2 (Fig. 6A). All samples were collected during July 1976

location per 10 km
and July and August o/ 1377. A sample locaticn overlay (scale 1:250 00G) can
be found as Plate I of Broxton et al (1979).

In the summer of 1979, Los Alamos coriductes a detailed follow-up
nydrogeochemical and stream sediment survey in a portion of the Montrose
quadrangle. A total of 2088 stream sediment samples were collected at a

nominal density of one sample location per km2 (note: 1034 water samples
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Fig. 6B.  Sample locations for the Montrose special study (Maassen, 1980).

Fig. 6. Geochemical sample locations and major physiographic/geoctiemical n- viences
for the Montrose quadrangle, Colorado.
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were also collected). Samples were analyzed for wuranium and for 45 other
elements (Maassen, 1980). The majority of samples are from, or near, the
Saratch Range (Fig. 6B).

By combining these two data bases, we obtain a geochemical data base
with 3965 sample locations (some locations are for sediment samples only, some
are for water samples only, however most are for both a water and sediment
sample). We then selected 24 elements we believed would be most beneficial as
an aid in identifying uranium mineralization. The report of Beyth et al
(1980b) examines the data of Broxton et al (1979) by wusing multivariate
statistical analyses. Beyth's results helped to identify those elements that
woulcd be most favorable for our work. MWe also tried to select elements that
had a minimal number of values below our analytical detection limit (Bolivar,
1980b). Also inciuded are the elements arsenic, zirconium, and seienium,
which the ODepartment of Energy required for the followup study (Maassen,
1980). Table I1I is a list of elements selected. The U/Th ratios (not shown
in Table III) comprise a separate data set.

The element selenium was selected as one of the 24 elements; however,
because all but 18 of the analyses are below the detection limit, correlations
between Se and other elements must be viewed with caution.

Furthermore, because the Sawatch special study involved collection of
2088 aaditional samples, the sample populations are biased for the northeast
corner of the quadrangle (Fig. 6). This corner 1is also crossed by the
Colorado Mineral Belt (Fig. 5); consequently many base-metals are enriched in
this area and several other elements have concentrations an order of magnitude
or more above their normal crustal abundances. In order to compensate for
this bias and because regional backgrouri concentrations for elements analyzed
in geochemical surveys can be expected to vary as a function of topography,
hydrology, and especially geology, the Montrose guadrangle was subdivided into
three major physiographic/geochemical provinces: the Sawatch-Gunnison
crystalline terrane, the San Juan-West Elk volcanic field, and tie Western
Plateau area. The Sawatch-Gunnison crystalline terrane 1is underlain prin-
cipally by Precambr ian igneous and metamorphic rocks and, to a Jlesser extent,
by Paleozoic sedimentary formations and Tertiary plutonic rocks. The San
Juan-West Elk volcanic province is underlain by mid-Tertiary intermediate to
felsic volcanic rocks, whereas the Western Plateau 1is wunderlain by gently
cipping Mesozoic sedimentary formations. The province boundaries selected and
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TABLE 111

DETECTION LIMITS AND ANALYTICAL METHODS FOR SELECTED ELEMENTS
(from Bolivar, 1980b)

Minimum

Detection Limit Method of
Element Symbol (in ppm)d Ana’lxsisb
Aluminum Al 200 NAA
Arsenic As 5 XRF
Bar ium Ba 400 NAA
Calcium Ca 5000 NAA
Cerium Ce 10 NAA
Cobalt Co 2 NAA
Chromium Cr 20 NAA
Copper Cu 10 XRF
Dyspros ium Dy Vs NAA
Iron Fe 2000 NAA
Hafnium Hf 1 NAA
Potass ium K 3000 NAA
Lithium Ui 1 £S
Manganese Mn i0 NAA
Lead Pb 5 XRF
Scandium Sc 0.1 NAA
Selenium Se 5 XRF
Thor jum Th 0.8 NAA
Titanium Ti 200 NAA
Vanadium v 5 NAA
Zirconium ir 5 XRF
Zinc n 30 NAA
Ur anium
(in sediment) Us 0.01 DNC
Uranium
(in water)C Uw 0.02 (in ppb) F

a Because of elemental interference, detection 1limits will shift as a
function of sediment composition.

b NAA = neutron activation anailysis, XRF = x-ray fluorescence, ES = arc-

source emission spectroscopy, DNC = delayed neutron counting, F = fluorometry.

€ A1l water samples witn uranium concentrations >40 ppb are reanalyzed by
DNC.
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the respective number of geochemical sample Jlocations for both waters and
sediments are shown in Fig. 6.

The elemental concentration analyses represent point data at irregularly
spaced sample locations: therefore, it is necessary to get this data into a
spatially comparable format with the other data sets. This was done by
“universal kriging” on a moving window interpolated to a regqular grid.
Universal kriging 1is a statistical method (0Olea, 1974) used to obtain
spatially interpolated values from a set of irregularly spaced data points.
The standard assumption is that the spatial covariance in small regions is
dependent only on the distance between points. If this covariance function
were known, an unbiased estimate of the elemental concentration at an
unsampled location can be formed, together with an estimate of the variance.
In practice, the spatial covariance function (actually, a related function,
the variogram) must be estimated as well.

Thus an estimate of the elemental concentration was formed for each grid
center on the 1-km grid as a weighted average of nearby samples. The nearest
five samples were used, provided there were five within a 5-km radius of the
grid point: also, all samples within 500 m were used, even when the tota! . s
greater than 5. When there were two or less samples within 5 km of a . .d
point, no estimate was computed and the grid point was assigned a zero value.
The weighting of these samples depended on their distance from the grid point
and on the estimated variogram. No provision was made for stream drainages.
Because some elemental concentrations can be below detectign limits (explained
in Table II11), such values are down-weighted.

Airborne Radiometric and Aeromagnetic Data. In fall 1978, as part of

the NURE program, an airborne radiometric and aeromagnetic survey was made of
western Colorado and eastern Utah. Data processing methods, regional geology,
and evaluation techniques for this regional survey are summarized in
geoMetrics (1979a); geoMetrics (1979b) is a geologic summary and evaluation of
the Montrose cuadrangle. A summary of the characterization of all uraniferous
provinces by aerial spectrometry can be found in Saunders (1979

Surface gamma radiation is produced primarily by the radiocactive decay
of potassium-40, thorium-232, and uranium-238. Gamma-ray intensities are
m- asured by an airborne spectrometer from the potassium-40, thallium-208, and
bismuth-214 peaks. Because the parent heavy nuclides do not have distinct
gamma-ray peaks, daughter thallium and bismuth intensities are read; the
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daughter products bismuth-214 (for wuranium-238) and thallium-208 (for
thorium-232) are assumed to be in equilibrium with their parent nuclides
(Adams and Gasparini, 1979).

Moving at a standard ground speed of 110 kmph (70 mph), the airborne
spectrometer measures gamma radiation from only the top 20-50 c¢cm of ground
surface (Gregory and Horwood, 1963). Each data point is an integrated
measurement of gamma rays taken normally from a helicopter and accumulated
over a fixed period of time, usually one second. For the Montrose gquadrangle,
one-second samples correspond to a 215-m (700-ft) long by 185-m (500-ft) oval
on the ground, i.e., one data point represents about a 40 000 m2 area
(geoMetrics, 1979a). The Montrose gquadrangle contains over 200 000 points for
each of the aerial radiometric and aeromagnetic bands.

fast-west profiles were flown at 4.8-km (3-mile) spacing for the south-
east quarter of the Montrose quadrangle and 3.2 km (2 miles) for the rest of
the quadrangle. North-south tie lines were flown at 19.2-km (12-mile)
spacing. Flight lines were flown at a 122-m (400-ft) mean terrane clearance
at an average ground speed of 70 mph (geoMetrics, 1979a).

Digital tapes containing raw spectral data and magnetic data were
obtained from geoMetrics via Bendix Field Engineering C(Corporation, Grand
Junction. The data consist of equivalent thorium (eTh), eguivalent uranium
(eU), percent potassium (K40), and magnetic data for the flight lines. A
total of 220 anomalies (according to criteria listed in geoMetrics, 1979a) is
shown on the wuranium anomaly/interpretation map (Fig. 4, in geoMetrics,
1979b). This map also shows the flight line spacings.

The first step in getting from densely sampled flight lines to the 1-km
rectangular grid 15 to smooth and subsample the noisy aerial radiometric data
along flight lines. This is done using an automated kriging procedure, where
the parameters of the variogram are estimated locally, depending on the local
signal-to-noise ratio. The result is an adaptive filter. In regions where
the data are not changing much, relative to the noise, the smoothed estimate
is almost an unweighted average of measurements in a relatively long segment
of the flight line (about 1.5 km); in a region where the signal is changing
rapidly, nearby measurements are much more heavily weighted than more distant
ones. These kriged estimates (together with error estimates) were computed
every 0.4 km along each flight line, that is, at about one-tenth the density

of the original one-second measurements.

24



From this point, inte-polation onto the rectangutar grid proceeds much
as for the hydrogeochemical data. A variogram is computed and used to form an
estimate at each grid center point as a weighted average of the smoothed data
(with associated errors). All of the smoothed data within 3.5 km of a given
grid center point were used in forming an estimate at that center point; a
circle of this radius intersects at least two flight lines, except when
centared at a few points in the southeast part of the quadrangle.

The aeromagnetic data were similarly treated, except that along flight
lines, as there is very little noise in these data, values at 0.4-km intervals
were determined by linear interpolation between the two nearest measurements.

Not2 that areas of nighest concentrations for our geophysical data will
not exactly coincide with the locality of the highs shown in Fig. 4 of
geoMetrics {1979b). This is the result of the kriging algorithm, which
smoothes tne data over the specified grid (in this case, 1 km x 1 km).

Known Uranium Occurrences. About 90 uranium occurrences or areas with

abnormal radioactivity are known for the Montrose gquadrangle (Fig. 4). These
nccurrences are described in Table 1.

In order to combine this information, which 1s essentially point data,
with other data s2ts, it was necessary to digitize the occurrences and assign
each a UTM coordinate. Each known occCurrence was assigned a coded number from
which one could identify the deposit type in Nelson-Moore et al (1978). tach
occurrence was also assigned a grid cell Jlocation for the 179 x 119
rectangular grid. This allowed us to examine any one occurrence by simply
identifying the coordinates for that grid cell. The occurrences, their coded
identification numbers, and their grid «cell coordinates are given in
Appendix A,

Geologic Map. The geologic map of Tweto et al (1976a), scale 1:250 000,
was used as a base map. Tweto's map contains 57 mappable formations. To
facilitate interpretation efforts and because many of these wunits are
depositionally similar, the 57 formations of Tweto were grouped into 13
selected geologic "units" (Table 1V).

A mylar transparency was then made for this map by assigning each unit
(Table 1V) a separate mylar color. Care was taken to assign colors that could
"easily" be resolved by a computer when the primary colors are examined. The
mylar transparency was used in an attempt to assign each unit a consistent

color density.
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Geologic Unit
Qa’

Tsd

Tig

Tas

Tga

Tuf

Tci

Pal

PCg

PCm

TABLE IV

GEOLOGIC UNTITS

Formations of Tweto et al, 1976a

Qa, Qg, Q1, Qgo, Qd, Qdo, QTa

(alluvium, glacial, landslide, unconsolidated deposits)

Td, Ts
(Dry Union and Santa Fe formations--mostly Pliocene
and Miocene sediments)

Tbb, Tbbi
(Miocene basaltic intrusives)

Tbr, Tbrt, Taf, Tial, Tiql, Tos
(0ligocene rhyolitic ash flow tuffs, andesitic 1lavas
and breccias, anc sedimentary deposits)

Tmi
(Middle Tertiary granitic intrusives)

Tpl, Twm
{0ligocene andesitic lavas and breccias and densely
welded rhyolitic tuff)

Tg, Tt, Two, TKtc
(includes Green River, Telluride, and Wasatch
formations, and Ohio Creek congicmerates)

TKi, Cam, Yam
(granodioritic Laramide intrusives, and Cambrian
alkalic and mafic intrusives of limited outcrop)

Kmv, Kd, Kdb, Jm, Jmi, Jmw, Jmwe, Jme, KJdm, KJIdj,
KJdw, KJde

(includes Mesaverde formation, Dakota sandstone and
Jurassic sandstones)

Km
(Mancos shale)

Trd, TrPdc, PPm, Pmb, Pmbe, Ph, MOr, MDr, MCr

(mostly Paleozoic sandstones and limestones; includes
Maroon, Minturn, Belden, and Hermosa formations. Also
includes Leadville limestone and Harding sandstone)

Xg, Yg, YXu, YXg
(Precambrian Y--1400 m.y.b.p.--age and Precambrian X--
1700 m.y.b.p.—age granitic rocks)

Xb, Xfh, Xm, Xq
(Precambrian metamorphics and metavolcanics)



The mylar transparency was then photographed onto 70-mm color film. The
colo~ film was digitized on a PDS microdensitomer to obtain “hree 512 x 340
digital arrays corresnonding to the green, red, and blue exposures, res-
pectively, on magnetic tape. The three digital arrays were inserted into a
COMTAL 8000 digital display unit to form a color image of the geological map.
Training sets were then defined for each of the 13 geological units from
inspection of the color display. Finally, each grid cell was classified as
belonging to one of the geologic units by using a simple minimum distance
classifier. Then the classified 512 x 340 array was resampled, using nearest
neighbor interpolation, to the 179 x 119 UTM grid (Fig. 7).

Because the contacts between mylar cutouts (each cutout corresponding to
contiguous geologic units) do not fit perfectly, most classification errors
occur along boundaries between geologic units. This problem was alleviated
somewhat by a median filter operating both as a preprocessor and a post-
processor. Final cleanup of the map was accomplished manually on the
179 x 119 array (Fig. 7B).

Landsat Imagery. Landsat imagery consists of electromagnetic radiation

collected in four wavelength regions: 0.5 to 0.6 um (band 4), 0.6 to 0.7 um
(band 5}, 0.7 to 0.8 ym (band 6), and 0.8 to 1.1 um (band 7). The electro-
magnetic radiation is recorded by a multispectral scanner (MSS), in a satel-
lite, and transmitted to receiving ground stations by microwave. The MSS
receives the ground image at a series of detectours where the intensity of the
reflectance is changed to a voitage that is in turn converted to digital
values (i.e., brightness va.ues). The MSS scans the earth's surface east to
west, A 79 mx 79 m sateliite 1image is reformated and the consequent
56 m x 79 m single value image is transmitted to an earth receiving station.
This 56 m x 79 m image is called a Landsat pixel. Electromagnetic radiation
for each band is averaged over this area. Brightness values, ranging from 0
to 63, are then assigned to each pixel in each of the four bands. However,
the brightness value for any one pixel depends on the relationship between the
ground features, local background, and scattering and absorption in the
atmosphere. For a complete description of the Landsat system, see USGS (1979)
and Bailey (1980).

A Landsat 2 tape (October 1978) that includes most of the Montrose 1° x
2° quadrangle was purchased. Landsat 2 data for any given scene is received
on a nine-track 1600 bpi tape set that consists of four magnetic tape files.
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Fig. 7A.  Genlogic map color transparency (from Tweto et al, 1978a).

Fig. 7B.  Gray level geologic map of the Montrose quadrangle with I-km grid cell
resolution (units described in Table IV ).

Fig. 7. Geologic map representations of the Montrose quadrangle, Colorado.
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Tne tandsat 2 imagery is available at a sample interval of 56 m along each
scan line with a spacing of 79 m between scan lines (Bailey, 1980):; each file
holds pacxed data for the four spectral bands corresponding to 2340 scan lines
with B10 pixels per line. Thus, each tape file corresponds to a vertical
column, 810 points wide, taken from the scene. The entire scene of 2340 scan
lines with 3240 pixels per 1line 1is obtained when the files are merged
side-by-side.

Because the lLandsat image is available on a grid oblique to the UTM
grig, it was necessary to resample the landsat data onto the UTM rectangle.
We selected both a 1-km and 100-m resolution for our resampling.

The first step in the processing consists of converting the data in the
above format to four files of 2340 lines with 3240 pixels per line, with each
file corresponding to a different spectral band.

At this point, three small subimages of size 512 x 512 at full Landsat
resolution were selected from different parts of the entire scene. The small
images were then displayed and tne line and pixel positions of three known
iandmarks in each 1mage were selected. From knowledge of the latitude and
longitude of each of the control points, their coordinates on the UTM pro-
Jection for the Montrose quadrangle were computed. Thus, by least squares the
coefficients in the affine transformation

R = 811X T apy ¥ a3

C = 31X T 35) ¥ 3y

were found. Here (x, y) is the coordinate of a grid point on a 1781 x 1181
grid with 100 m spacing, and (R, C) 1is the row (R), column (C) location of a
pixel in the lLandsat scene. The a's are the coefficients of the transforma-
tion. If R and C were integers, a unique pixel of the Landsat scene would be
defined for the UTM grid point (x, y). In general, R and C are not integers,
so the nearest pixel to (R, C)} is assigned. The above transformation permits
rotation, translation, and rubber-sheet stretching of the original Landsat
data to fit the specified UTM grid.
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In order to form meaningful images for ratios between the various
Landsat bands, it is necessary to subtract a constant bias value from each
band (Chavez, 1975; Wecksung and Breedlove, 1977). This bias value results
from direct scatter of sunlight from the atmosphere into the sensor and it
depends mainly on the wavelength of the scattered light. The biases for the
individual bands can be estimated by assuming that the raw Landsat data
vectors tend to scatter along straight lines that intersect at a common point
in spectra' space (Chavez, 1975; Wecksung and Breedlove, 1977), whose co-
ordinates are just the atmospheric biases. The bias value for Landsat band 7
is known to be very close to zero. Hence, we collected a histogram of data
vectors for which the band 7 value was zero (Table V). The peak in the
distribution for each band represents the estimate of the atmospheric bias for
that band. We observe from Table V that a digital value of 7 never occurred
for any band, but this is a peculiarity of Landsat 2 imagery. We can also get
the estimatas for the correction from Table V. The biases fall off with
increasing wave length as predicted by the Rayleigh scattering law.

The end result is two sets of resolution for the Landsat imagery for the
Montrose 1° x 2° quadrangle. One set has the resolution of 1 km on the
179 x 119 grid system (Fig. 8A). The other resolution required resampiing the
Landsat imagery to a grid of 1781 columns and 1131 rows--exactly 1C rows and
10 columns in each of the 179 x 119 grid cells. On this gria, 100 Landsat
pixels equal one 1-xm grid cell or 100-m resolution for each Landsat pixel

(Fig. 8B).

TABLE V

DATA VECTORS AND ATMOSPHERIC CORRECTION VALUES
FOR BANDS 4, 5, 6, AND 7

Digital Number 0 1 2 3 4 5 6 7 8 9

Band 4 frequency 0 0 3 351 3711 4704 6232 0 2811 843

Band 5 frequency 1 80 777 5659 5271 3811 2380 0 583 270

Band 6 frequency 3198 3457 4600 3775 2224 1102 738 0 68 26
Band 4 Band 5 Band 6 Band 7

Correction value 6 3.4 2 0
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False-color composite at 1-km grid cell resolution (Bards 4, 5, and 7, log
stretched).

Fig. 8A.

Fig. 8B. False-color composite at 100-m grid cell resolution (Bands 4, 5, and 7, log
stretched; 512 x 410 pixel area, original data subsampled every fourth pixel).

Fig. 8. Geometrically registered Landsat imagery for the Montrose quadrangle,
Colorado. These figures are not to scale with Plate 1.
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Landsat imagery usually has a resolution of 56 m (USG5, 1979); however,
we felt that our coarse resolution of 1 km was necessary for comparison to all
the other data sets at the same resolution. We also felt that our 100 m
resolution for our fine grid was also an optimum and logical choice should we
require a better resoiution than 1 km and that we did not need the 56-m
resolution for preliminary work. We used the 100-m grid primarily for pre-
1iminary examinations of Landsat data; the 1-km resolution was used in our

classification schemes and statistical routines.

Data Access and Manipulation
Two L s Alamos facilities have proven to be indispensable for the DIRS

project. The Central Computing Facility, with its two CRAY-1 and four (DC
7600 computers, provides the requisite computing power to manipulate the data,
and the DIADS (digital! 1image analysis and display system) facility gives
quick-look capabilities for the merged data sets and provides the means to
analyze and classify digita! Landsat data.

Another major advintage in data integration at Los Alamos is the Common
File System (CFS). The CFS is a large, centralized data storage/retrieval
system that provides permanent file space. Files can be stored in whatever
format they were in when sent to the CFS. Generally, this system utilizes
disk storage of 60-bit words, and present on-line capacity is 1.6 trillion
60-bit words with almost infinite off-line storage. There are several time-
sharing systems (e.g., NOS, LTSS, CTSS) that are tied into the CFS. There are
also an extensive set of flexible utility routines and programs available.

The classification scheme utilized in this study (explained in the next
section) was done by simply creating several files, one for each data set, and
placing these files in the CFS. The files could be accessed independently or
in groups and various statistical programs could be performed.

In running a program, the computer creates an array of the files
selected. For the Montrose quadrangle, the array would be 179 x 119 x N (the
number of data sets read in). While reading in any data set, statistical
manipulations can be performed. For example, if only data one standard
deviation above the mean are required for the data set Cu, then the program
would compute the mean value and standard deviation and copy only the
concentrations of Cu greater than the mean plus one standard deviation into
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the array. All other values for the data set Cu would be set to zero. Only

the “nformation specified is retained.

PRELIMINARY ANALYTICAL TECHNIQUES AND CLASSIFICATION

Introduction

We initially examined various data set combinations mandally. 70
accomplish this, we obtained mip copies, scale 1:250 000, of all data sets and
physically overlayed them. An example is shown in Fig. 9. This map repre-
sents the concentration data for aluminum that has been kriged and computer
contoured., Regions with high concentratiorns are darwnened. If one were to
overlay all data sets, the stack wculd tecome enormous, and by looking at
various one-, two-, or threc-set combinations ({(or actually any number of

combinations), the task would become exceptionally time-consuming and tedious.
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Fig. 9. Computer-generated contour map of Kriged aluminum-in-sediment data for

the Montrose quadrangle, Colorado.
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However, once a relationship between data sets has been determined, generally
by some other method, the map copies at the 1:250 000 scale provide the
interpreter with a good scale for more detailed evaluation of regional
reconnaissance data.

In order to obtain a faster examination of the relative dispersion for
any data set, we utilized a computer routine called DIGIKAM. This provided a
three-dimensional view for any data set (Fig. 10). While we were abl_ to
recognize regions with nigh background levels, e.g., in Fig. 10, waters from
the Colorado Plateau are enriched in uranium concentrations relative to waters
from the West ETk and San Juan volcanic regions, we were unable to make a
guantitative evaluation.

We then tried to overlap data sets with our DIADS system. We found that
this was very time consuming when trying to form combinations of three; how-
ever, the system does allow immediate interactive responses. Consequently,
encouraged by the work and procedures of Lowenstein and Howarth (1973),
Howarth and Lowenstein (1976), and Webb et al (1978), we decided to instead
use the Tlarger computers at Los Alamos. After a routine has been completed
(either on a CRAY 1 or rDC 7600 series computer), a file is generated that can
be processed on a FR-80 recorder. The output is 35 mm slides that can then be
examined conveniently and rapidly. For 23 geochemical data sets (excluding
Se) alone, there are 1771 possible combinations of three. However, once on
film, all 1771 combinations can be examined in a few hours. This system
essentially duplicates DIADS; however, we do not have the luxury of inter-

active response,

Display Options

It is common practice to overlay two data sets to find correlations;
however, a methodology was reguired by which we could not only examine the
enormous quantity of data more efficiently, but also cculd apply enhancement
techniques (e.g., Korh et al, 1979) that make possible a 1look at higher
dimensionality correlations (Howarth and Martin, 1979; Pircle et al, 1979).
So we utilize Colorrocks, a program whereby data sets are displayed three at a
time. Colorrocks was developed by Dr. Robert Hausman, a consultant from

Pacific Sierra Research Corporation. Relationships between respective data
sets can be examined according to the rules of color addition (Table VI). Any

required statistical manipulation can be done before display.
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TABLE V!

COLOR ADDITION ZHART

Primary Color Color Addition
Red Red + Green = Yellow
Green Green + Blue = Blue-Green
Blue Red + Blue = Magenta

Red + Blue + Green = White

Colorrocks provides several options; examples are shown 1in Fig. 11. We
first looked at linear gray level maps of the kriged data sets that incluae 23
clements (excluding Se), U/Th ratios, three airborne radiometric bands, one
aeromagnetic band, one digitized geologic map, and four Landsat bands {un-
kriged). Linear gray level maps for these data sets are shown in Appendix B.

In a positive linear gray level map, the data are represented by 256
gray levels (256 equal intervals in the histogram), ranging from white, the
lowest va,ue in the data set, to black, the highest value in the data set
(e.g., fig. 11A'. The blocky appearance results from the 179 x 119 grid; one
black represents 1 kmz.

To aid interpretation, several density slices were made. A density
slice allows the interpreter to look at a specific interval of data. If a
density slice from one to four standard (lc - 45) deviations above the mean is
required, then by convention all values from the lowest to one standard
deviation above the mean are assigned a value of 0, i.e., a white color (in a
positive print). Values greater than four standard deviations above the mean
are assigned black; all other values in the data set arc then divided inta 254
groups and each group is assigned an increasing intensity of gray. Only the
data above the lower cutoff are enhanced, data below this cutoff are ignored.
An example is shown in Fig. 11B. This enhancement allows one to look at only
the required 1interval of data. For the Montrose quadrangle, we examined
density slices for each data set for 13-40 above the mean, 2:-45 above the
mean, and l- below the mean to 4-: above the mean. An example of a linear gray
level map and different density slices for the data set Us (uranium in
sediment) are shown in Fig. 11A-C.
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Tn-s type of ennancement also allows the evaluator to scale the data to
any given criteria. In Fig. 11D, the da*a set Us is scaled to Taylor's (1964
mean crustal abundance for uranium. All values 1in the Montrose quadrangle
that fall below Taylor's crustal abundance appear as white. Note the very
good correlation between Fig. 11A and Fig. 11D. If a large part of Fig. 11D
appeared as black, then this could suggest that Taylor's (1964) value is
erroneous or that the Montrose quadrangle 1is enriched in Us. However,
faylor's abundances are for whole rocks and our values are for sediments so
comparison may or may not be valid.

The next step is to add color and visually integrate the various data

sets. In order to simplify the remaining discussion, all color composites

tnat foliow are density slices from one to four standard deviations above the

mean for the respective data set. The order of color designated to each data

set is: red for the first set, green for the second, ang blue for tne third.

Correlations can be recognized by the simple rules of <color addition

tTatle V1. All possible data set combinations of three at a time for the
density slice desc-ibed above nave been examnined: however, only a few
descriptive exampises are inciuded in tnis report.

In Fig. 1?2, two examples of one to four - density slices, one for the
data sets elU, eTh, K40 (Fig. 12A}, and one for eU, W, and Us (Fig. 12B) are
shown. The information in Fig. 12A is generally that used in interpreting
radiometric studies (e.g., geoMetrics, 1979b). In Fig. 12A, some geologic
units are extremely well delineated. C(Compare this figure t*o Fig. 7 and
Table IV. The data set el (in red) clearly outlines the Cretaceous Mancos
{Km} formation and eTh traces the Precambrian granitic rocks [in green). In
Fig. 12B, eU correlates with W in the western half of the gquadrangie
(yellow); in the same figure elU correlates well with Us in the eastern half of
the quadrangle (magenta), particula-ly in the vicinity of the Mt. Princeton
batholith (Fig. 3).

Utilizing Colorrocks, data sets are then merged with Landsat imagery.
This step is a visual aid in determining where the density slice for any
particular data set nccurs geographically. If desired or if a correspondence
is suspected, any data set can be integrated with a particular formation. In
Fig. 13, a density slice for the data set Uw (in red), which showed an
apparent correlation with the Cretaceous Mancos formation (Km) by inspection
of Landsat imagery, was overlain onto Km (in green). The yellow color in
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Fig. 11A. A linear gray level map for Us; 256 gray levels.
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Fig. 11B. A density slice, 1< to 4¢ above the mean; 256 grzay levels.

Gray level representations for the data set Us for the Montrose quadrangie,
Colorado. Black represents high values, white represents low values (see text).
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Fig. 12A.  Data sets eU-eTh-K40. These radiometric bands approximately outline Km
and Tuf units (Table V).

Fig. 12B. Data sets eU-Uw-Us. Different collection techniques were used for each
data set.

Fig. 12. Density slices 1o to 4o above the mean for various data sets. Color sequence
is red-green-blue (Table VI).
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Fig. 13 indicates where there is a high correlation between W and Km. The
Mancos does contain local calcareous zones (Tweto et al, 1976a). Therefore,
this type of correlation is not unexpected because some valence states of
uranium are fairly soluble and easily form complexes with carbonate ions
(Dall'Aglio, 1971, 1972). The red oval feature in the southeasternmost
section of the figure is the Marshall Pass uranium district.

The Colorrocks program for a pilot study on the Talkeetna gquadrangle in
Alaska (Wecksung and Fugelso, 1980) involved 680 possible combinations
(frames) of three for the 17 data sets selected on a grid of 55 x 40. This
amount of data took about four hours of CDC 7600 computer time. The output
was achieved by wusing routines from ODISSPLA, an independent, proprietary
graphics package. For the Montrose gquadrangle, with a grid of 179 x 119, only
6 data sets could be run at one time on a CDC 7600; the 23 geochemical data
sets alone would require 30 to 35 hours of CBC 7600 computer time. Therefore,
the program (Colorrocks was modified to run efficiently on the CRAY-1 com-
puter. However, DISSPLA had not yet been implemented on the CRAY and Common
Graphics System routines were used instead. All combinations of three for the
23 geochemical data sets (1771 combinations) required only 11 minutes of CRAY

computar time.

Accessory Routines
Distribution Routine. In addition to Colorrocks, two accessory routines

{also written by Dr. Robert Hausman) were developed. One of these, a Distri-
bution Routine, allows a tally of information for each grid cell. The routine
will list the grid cell locations that meet a selected statistical criterion
for all date sets.

For example, when examining the 23 geochemical data sets, and considering
only the data greater than one standard deviation above the mean for each data
set, the Distribution Routine will tally how many elements are one standard
deviation or more above the mean for each grid cell. The routine Tlists
elements which meet the selected criteria for each grid cell (an example is
shown in Fig. 14).

Sort Routine. A routine was also developed to calculate the percentile
value of any data set at any grid cell location. An example is given in
Fig. 15.
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Fig. 13. A density slice, 1c to 4c for the data set Uw (in red) overlain onto the Km unit
(in green). Yellow signifies good corelaticn between the two; see discussion in
text.
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The Sort Routine works by ordering all the nonzero grid cell values from
lowest to highest for each selected data set. This information 1is then
divided into 100 blocks, each biock corresponding to one percent of the
nonzero values. Each grid cell in a block is assigned the percentile value
(0-99 percent) for that block. For example, assume the data set Cu has 20 000
nonzero values. Actual kriged concentrations range from 9 to 3118 ppm. After
all values have been sorted the 200 grids cells with the lowest concentrations
are assigned to the O percentile block, the next 200 values are assigned to
the first percentile block, etc. There is a possible error of up to 1 per
cent between the percentile value listed (example shown in Fig. 15) and the
true value on the cumulative frequency curve. However, this error is so small

that it has no significant effect on our evaluations.

Statistics

Several statistical routines were run on all or portions of the data
sets. For the geochemical data, the statistics were gathered on raw data
instead of the kriged values. This includes 3965 sample locations for 23
a2lements. The raw data s the actual value at the sample location.
Statistical routines are run on kriged aerial radiomet-ic and aeromagnetic
data, and Landsat pixel values (all four bands) subsampled to 100-m or 1-km
resolution. No effort was made to quantitatively incorporate this data into
the classification routine. However, the data were examined and used in a
qualitative manner. Qur major npurpose in completing these statistical
calculations was to show that such routines could be done with minimal
difficulty and to develop the algorithms necessary to incorporate this type of
methodology into a DIRS program. Once any statistical routine is run, it can
simply be added as an additional data set. Most statistical routines were run
on the data sets for both the entire quadrangle and for individual provinces.
The province boundaries and the respective number of geochemical sample
locations for both waters and sediments are shown in Fig. 6.

Basic Statistics. Basic statistics, including parameters such as mean,

median, number of samples, and standard deviation, were run on data sets for
both the gquadrangle and each province using the SPSS statistical package of
Nie et al (1975). These data are shown in Appendix C; the data could also be
presented in log form (not included'. Geochemical samples with elemental
concentrations below detection 1limits (see Table III) were omitted.
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Cumulative frequency plots, for the quadrangle as a whole and for each
physiographic/geochemical province, for all geochemical data sets are included
in Appendix D. These plots provide a valuable aid 1in selecting threshold
values for geochemical data (see discussions by Lepeltier, 1969; and Sinclair,
1976).

Basic statistics can also be run for individual formations. These data
{not included} can then hLe used to identify regional geochemical trends as
well as identifying criteria characteristic of any selected formation.

Association by Variable. One way of detecting a relationship between

the geochemical and aerial data and the known wuranium occurrences 1is to
compare the distribution of the data over the known occurrence sites with the
distribution over the whole gquadrangle. If the Jlocations ot the known
occurrences (Fig. 4) appear to be merely a random subset of the points in the
whole quadrangle, as far as a given variable, e.g., chromium, is concerned,
then there 1is no 1indication of association of tnis variable with uranium
mineralization. On the other hand, if a sample appears to come from a
significantly different distribution than that for known uranium occurrences,
then that variable may be a useful indicator.

Specifically, assume that the quadrangle population is normal (or
lognormal) with known mean (the mean of the kriged data for 21 301 grid
cells). Let XpseeeaXy be the kriged values or Tlog values of a given
variable at the known occurrence sites, with mean X and sample variance sz.

Then if SERRERE is a random sample from the quadrangle populition with

mean u. VN-1 (iqu)/s has a Student's t distribution with N-1 degrees of
freedom, and the probability that its absolute value is at least as great as
the observed value can be computed. If this probability is small, then the
sample appears to come from a significantly different population.

We can also compare the sample variance with the quadrangle variance;

under the random sample hypothesis, (N—l)sz/c2 has approximately a
chi-square distribution with N-1 degrees of freedom. If s2 is unexpectedly
small (if the above ratio falls in the lower tail of the cri-square dis-
tribution), then it appears that the sample values are much more tightly
clustered than in general throughout the guadrangle. A variable with a mean
significantly different from u and a small variance could be a particularly

good indicator of uranium mineralization.
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Table VII summarizes these calculations both for four types of uranium
deposits in the Montrose quadrangle and for all uranium deposits. There are
only seven deposits of type 3 and five of type 4, so these results may not be
too significant; in particular, the type 3 deposits are all together in one
corner of the quadrangle, A *+ (-) in the column indicates a significantly
large (small) value of x for the variable of that ruw (significance at the 10
per cent leve! for a two-sided test or 5 per cent level for a one-sided test),
and an "“s" indicates that in addition, the sample variance falls in the lower
10 per cent of the anticipatad distribution.

The raw data are given in Appendix E, where the "difference" s

N=1 x-p/s with the associcted probability

Pr (-'N-l —L5§El~ > difference) s

and the "ratin" is (N-1) sZ/42 with associated probability

2
Pr ((N—l) 5—2 < ratio)

g}

“D.F." is the number of degrees of freedom N-1.
Factor Analysis. Encouraged by the results of Beyth et al (1980a, b},

factor analysis was run for all data sets using the SPSS statistical package
of Nie et al (1975). The major purpose in using factor analysis was data
reduction. Factor analysis techniques enable one to cluster the data sets
into factors such that the dominant data sets in each factor are highly
correlative (Frane and Hill, 1976). This clustering of data sets allows an
easier examination of the correlations between data sets.

Fach factor is defined by a linear combination of variables. Ry re-
ducing the dimensionality of all data sets through factor analysis and because
little information is lost in the process (Frane and Hill, 1976), the resulting
factors hopefully will emphasize underlying relationships among the observable
data sets. Because we want to determine correlations between data sets,
R-mode factor analysis with varimax orthogoral rotation was performed; this is
the recommended procedure of Nie et al (1975} and Joreskog et al (1976).
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TABLE VII

ASSOCIATION OF GEOCHEMICAL AND AERIAL VARIABLES WITH KNOWN URANIUM DEPOSITS
FOR. THE MONTROSE QUADRANGLE, COLORADO

Deposit Host Rock @

1 2 3 4 all
Uw +s + + +s
Us *s *s *s + +s
U/Th +s +s +s + +s
K40 ) -S
eU + + + +
eTh +
Al +s - -
As
Ba + +
Ca + +s
Ce + +s
CO + -
Cr + +5 + +
Cu +s
Dy + +s +s
Fe +s + +s
Hf *s *s -S +s
K *s -S +
Li +s +s +s +s
Mn + +
Pb *s +s + +s
Sc +s +
Th +s -S +s +s
Ti + - -
Vv -
Zn +s +s + + +s
Ir -S
mignetics +s

8 Deposit host rock from Nelson-Moore et al (1978).

1 = Igneous, metamorphic; 2 = sandstone; 3 = radioactive springs or ground
water, 4 = coal, shale, limestone.

A +s indicates a high positive correlation, a -s indicates a negative cor-
relation.
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The correlation coefficients for all data sets for the guadrangle as a
whole and for all data sets for each physiographic/geochemical province are
included in Appendix F, however, only coefficients ¢ eater than 0.50 are
plotted. Data sets with correlation coefficients close to 1.0 have the
highest correiations.

Some obvious information can be extracted from these coefficients. The
elements Ce-Dy-Th, Hf-Zn, and Fe-V are closely :currelated for the entire
Montrose quadrangle; Ca-Li is mest correlativ. in the Plateau province. The
data set Us slightly correlates with Th, whe, ¢as Pb-Cu-Zn are highly cor-
relative. These -ssociations would be expected and are supported by the work
of Beyth et al (1980b).

A factor matrix (varimax orthogonal rotation with Kaiser normalization)
is included in Appendix 6. Certain data sets group in particular factors.
For example, Landsat forms its own factor isolated from everything else
(Factor 2), as does the airborne radiometric data (Factor 4). The geochemical
factors are similar to those of Beyth et al (1980b), Ce-Th-Dy group in
Factor 3 and Zn-Pb-Cu group in Factor 5. Uranium is associated with resistate
and refractory minerals in factor 3, although Us also groups with Cr, Sc, Al,
and Dy in factor 8 with a low loading. This suggests uranium in thic quad-
rangle occurs uncger a variety of geologic conditicns, not all of which would
be economically feasible to explore.

The factor analysis is preliminary and a much more careful examination
of other data with respect to the many options in factor analysis is necessary
to obtain fully meaningful results. However, this exercise emphasizes that

factor analysis data can be incorporated into a DIRS project.

Classification Schemes for the Cochetopa and Marshall Pass Test Areas
In this <action, the procedures and methods used to determine a classi-
fication scheme by using test areas from the Cochetopa and Marshall Pass

uranium districts are outlined. A preliminary classification scheme was
successfully developed for each uranium district.

Some of the statistical data compiled, e.g., factor analysis, have not
been incorporated into the quantitative discussions, but were qualitatively
considered in selecting criteria for the classification schemes. Furthermore,
Landsat imagery were not used in these preliminary classification schemes.
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Eventualiy statistical analyses of these types, as well as subsurface infor-
mation, will be merged with the data sets for a more complete analysis.
Ultimatsly, a normalized probability that indicates the possibility of
mineraliza*ion, be it uranium or base metal, will be assigned to each grid
cell in the stuoy area, but this effort is beyond the present scope of the
DIRS project.

We are looking for regional patterns that may indicate uranium minerali-
zation. These patterns may be independent of any individual high or low value
for any given data set., It is the combinations of various data sets that we
believe will ultimately help to identify the regional patterns.

For a first approach, potential data sets can be selected by examining
the range of values 1in eack data set for those grid cells containing known
Jranium occurrences. Such data are shown for a selected number of grid cells
containing known occurrences in the C(Cochetopa and Marshali Pass wuranium
districts in Table VIII. Each occurrence in this table is designated by both
grid cell location and code number (from Appendix A). The values in Table
VIII represent the kriged data. Classification criteria (i. e., intervals for
2ach data set) were then selected f-om this table., C(Criteria for Cochetopa-
type wuranium mineralization were seiected primarily (but not solely, from
occurrences 20061b, 200619, and 200631. Criteria for Marshall Pass-type
mineralization were selected primarily from occurrences 200515, 100621,
400627, and 100618.

The classification scheme wutilizes a variation of the Distribution
Routine, as explained earlier, Intervals for 28 data sets were selected from
Table VIII. Grid cells containing data sets that fulfilled all 28 criteria,
27 of 28, 26 of 23, etc., are thus identified. It was hoped that this
procedure might create a halo effect around the test areas and other areas
favorable for uranium mineralization.

Cochetopa Uranium District Classification. Two sets of criteria were

selected for test areas in the (Cochetopa wuranium district; based on these
criteria, two separate classification schemes were completed, COCH-1 and
COCH-2. Only 28 data sets are used (Table iX).

Data set intervals selected for COCH-1 are relatively wide, i.e., the
difference between the upper and lower limits for each data set resulted in
several areas of potential favorability for uranium mineralization.
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TABLE VIII

KRIGED VALUES FOR SELECTED GRID CELLS CONTAINING KNOWN URANIUM OCCURENCES
(Code numbers are explained in Appendix A; :umulative percent 1n parenthesis.)

1 de Gr g Cell

Number laga'on Al Ay Ba e te to N [ Oy
10040) 4810 2600 (0} LA TR ] AELAEART ) b v A SVERE IhDY SN iEENL TR N 1Yy
2006 16 - 38 S4430(7 1) 14.54¢21) Byd. /(1)) [EUCLRERENY [(AVARIRB 12Uy [EEETR N [LERL TRY] Y. loniby
2006 19 [ §) “0348199) Ty [ AR 1N 9y iy [ERCYEN 31 .6, 31 31901 b &) 18
200631 RN EUELTIEEY 0.77130) 646 8178} 2218516y LR LEATYaY) W N ISR TR PR
100506 12462 494495 (58) 301251 554 4124} 0teci) Wb 1201 K € Ul o0 1) b 4314}
200501 43-59 b7415079) 4 54021) 109.2132) LRSI V0 4p.00) 8.01,20) 2901181 93.58,3) 822
200414 [EYIC] LARLYTYA 11,0801} 554 4(24) 886 ( 1)) 1o 1ty 16 41041 IR YRRTY) JTNLTRN b 4J118)
100621 157 48 716871 84) 9.69( 4} 900919} 20788 18) [RTESIRTY 1241031 B4 140 3 11.08(31)
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o 153.44 69976(82) 9 69{14}) 871.8(38) 184960 11) 93 ) 12 8148 9 9149) [T4S LT} 10.7¢(30)
100608 16448 7338%{H6) 6.92110) L AN RN 1422810} V9. ¢4} 10,4420} 45,1025 0oy S MeL1Y)
100649 167-37 6)iav( 7a) 19,3878} 1570 9168) 40681 )} 187 4422) be0g30) naan o472 0571} 4.85(1))
200801 171-110 $8882(69) . 646 .8(28) 21342019 10.7¢11) 12.01{ W) o4 0()Y) 311901} S.0q 1Y)
Coce 6rid Cel)

Number location Fe Ht t K L] DI:_w . ,__S‘,, _ _ !n _ B IAI o
100402 49 10 31992(20) b 54(4} B716149) e BrCIRLY 1048 (16 ; 10(0) W0 X0{12) 11,58 a452(1))
2006 16 10 % 390021 159 18781149 W 848(13) 10{0) 12.62009) 11.5016) 4119(31)
7006 19 1243 33592021} 14.25(9} 184272({ 54 ) L RPSTR ¥ Heg ) 1040} N Iy 2.0 4 J22(28)
200631 1.8 21931 9.83tb) 170481 50) 48 941 R D] Wiy 3.00128) LRAILY 0es{22}
100306 ta.w 22394 14) 8.19¢5) 11987 141) b BALLT nagin 2001 12 9(40) 1.21{8) 5015()
200%03 143-59 23994 (1%) 18.02(11) 29149(8b) 08N 9Mwi1s) N 8.4212%) ».ei1y) 1324
20081y 18150 6078538} 6 85(4y 86211 oy 22BA (1) 1010} 16.83152) IRV I{Y] MR2e(49)
100621 152-4% 18190 24} ey 21492{53} X vt 11091 11) 01 11 98431) 17 34:%) 45%710))
400627 152-47 13592121) 6.55(4) 20128159} » 112y LALTRT ] 10{0) 12.30¢18) 9.611%) &DAD(29)
1006 18 193-4% 41590(26) b 5514) 17058150} | IS IYES ) 1?2 2001} 13.24(41) 11.56(6) 4179(20)
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TABLE IX

DLT4 SET INTERVALS FOR THE COCHETOPA (COCH) AND MARSHALL PASS (MP)
CLASSIFICATION SCHEMES*

DATA

SET COCH-1
A 45000-75000
As 10-22
Ba 550-1000
Ca 10000- 25000
Ce <120
o 9-16
Cr <75
Cu <99
Dy 5-7
Fe 20000-35000
HE 8-16
K 12000-20000
Li 25-50
Mn 700-1200
Pb <30
Sc g-14
Th >6
Ti 2500-5500
Us >3
Uw 0-10
Y 50-150
n 40-120
Ir 300-500
U/Th >0.35
K40 1.5-2.1
eTh 7-9
el >2.5
Mag <-300
*Al) values

COCH-2

50000-70000

10-22
600-900
8000-20000
75-120
9-15

10-60
10-75

5-7
22000-36000
9-16
15000-20000
30-50
800-1200
1-30

8-13

>6
2800-4500
>4

>0.1

<90

<150
250-450
>0.35
1.5-2.5
7-9

>2.5

<-400

in ppm except for Uw, which

MP-1

55000-80000

5-20
>550
<25000
>80
10-20
>0

>0

<le
>30000
5.5-14
14000-25000
30-50
>850
>0
10-14
>8
3900-7000
>3

<5
50-150
>0
<400
>0.3
1-3.5
>5

>3
<-300

in ppb; U/Th, which is a ratio;

K40, which is in percent; and Mag, which is in gammas.

mMp-2

65000-80000

9-12
800-1000
17000-25000
90-150
10-20
70-120
20-100
6-12
30000-70000
5-12
7000-23000
25-40
800-3000
1-50
11.5-18

>8
3900-7000
>8

0.1-5
85-200
50-200
200-325
>0.4
1.4-3.5

>5

>3

<-400
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Fig. 16. Results for COCH-1 classification scheme. Criteria (i.e., data set intervals)
are listed in Table IX.
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Figures 16A-D show the grid cells satisfying 28, 27 of 28, 26 of 28, and 25 of
the 28 1intervals. A color composite for this classification 1is shown in
Fig. 17. Care must be taken to optimize window criteria both to include al!
training set grid cells and yet be small enough to avoid obtaining the entire
quadrangle as an area of favorability. Therefore, a second iteration, whereby
the COCH-1 data set intervals were narrowed, particulary with respect to Al,
Ba, Ce, Cr, Cu, Ti, and Us, was run. The grid cells satisfying 28 of 28, 27
of 28, 26 or 28, and 25 of 28 of the selected criteria are shown in Fig. 18
and a color composite for this scheme is shown in Fig. 19.

There are nine areas that satisfy 25 or more of the 28 selected inter-
vals for COCH-2 (Fig. 20). Area A contains the Cochetopa mining district, and
46 grid cells cluster in this region. Here, only 3 of the 11 grid cells
containing known uranium occurrences were primarily used as test areas, yet 6
(including the three test areas) of the 11 show up as favorable grid cells.
A1l uranium occurrences in this district are surrounded by grid cells of
favorability.

Seven cells cluster in Area B, and this is a large number of grid cells
relative to all other areas except Area A. Thus, Area B may have good
potential for wuranium mineralization. Most of these grid cells are from the
drainages of Tomichi Creeks (USGS, 1956), Jjust north of the Cochetopa
district, and are underlain by either Oligocene ash flow tuffs or Precambrian
metamorphic units or on the contact zone between the two (Tweto et al,
1976a). Potential uranium deposits in this area would probably be fault- or
vein-controlled (Nelson-Moore et al, 1978).

Area C in Fig. 20 consists of four scattered grid cells. Three of these
are underlain by the Mancos formation and would probably not be prime areas of
favorability for wuranium mineralization. However, the Mancos does contain
uranium-rich, coal-bearing units, and these may be influencing the selection
of grid cells; radiocactive springs have been reported in Cretaceous units in
this quadrangle {(Cadigan et al, 1976). One grid cell in this cluster is in
alluvium but also occurs in an area that drains Precambrian granitic and
metamorphic rocks and is near a fault zone. One known occurrence of vein-type
mineralization is in this region (Nelson-Moore et al, 1978}.

The third most favorable area delineated by this scheme is Area D. Four
grid cells occur along the eastern tributaries of Flag Creek (USGS, 1956) and
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Fig. 17. Color composite for COCH-1 classification scheme. The grid cells satisfying
26 criteria are in red; the cells satisfving 27 criteria are in magenta; the cells
satisfving 26 criteria are in yellow; the cells satisfving 25 criteria are in
green; and the cells satisf\ving 24 criteria are in blue.
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Fig. 18. Results for COCH-2 classification scheme. Criteria are listed in Table IX.
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Fig. 19. Color composite for COCH-2 classification scheme. The grid cells satisfying
28 criteria are in red; the cells satisfying 27 criteria are in magenta; the cells
satisfying 26 criteria are in yellow; the cells satisfyving 25 criteria are in
green; and the cells satisfying 24 criteria are in blue.
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Fig. 20.  Schematic diagram for COCH-2 classification scheme. Nine areas of
favoribility are delineated based on the criteria in Table IX.

are underlain by Middle Tertiary (ligocene granitic intrusives and Paleozoic
formations. Severa. fault zones are located near this cluster. Paleozoic
rocks in fault contact with Precambrian rocks or Tertiary intrusives are
favorable for vein- o» fault-controlled uranium mineralization in this area.
Examples are found 1in the Marcnall Pass district (Malan and Ranspot, 1959;
Nelson-Moore et al, 1978).

One grid cell in Area H contains similar geology, and occurs within a
few kilometers of two known wuranium occurrences (US AEC, 1966b) and,
consequently, can be considered as favorable for uranium mineralization.

Area L contains only three grid cells, all of which occur in alluvium
that drains Precambrian granitic rocks. Uranium mineralization in this area
would probably be in veins or fractures. Area F contains four gr.d cells also
underlain by Precambrian granitic rocks. Two of these cells are also near a
fault zone. The other two grid cells border the Mancos formation. In general,
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any grid ceils located in the Precambrian crystalline terrain have some
favorability for uranium mineralization and the presence of a fault increases
that favorability (Nelson-Moore et al, 1978). This includes the grid cells in
Areas D, E, F, H, and I.

The remaining group G contains six grid cells, one of which is located
within the Marshall Pass uranium district. The other five grid cells are
underlain by, or are in drainages of, 0ligocene andesitic lavas and breccias.
Although these lavas are not a major host rock for uranium mineralization,
they do host several reported uranium occurrences and minor deposits (US AEC,

1966¢ ).
Marshall Pass Uranium District Classification. Two classification

schemes, MP-1 and MP-2, were run for Marshall Pass test areas. The criteria
selected are listed in Table IX and the results are displayed in Figs. 21 and
22. Twenty-eight data sets were selected for these runs.

For MP-1 there is no selected upper limit for the base-metal data sets
because several known uranium occurrences in the Marshall Pass district are
associated with base-metal mineralization (US AEC, 1966a). However, the
subsequent wide window resulted in a large number of grid cells satisfying the
selected intervals (Fig. 21). This method of classification does have its
merits, because a large number of known uranium occurrences in the Powderhorn,
Cochetopa, and Marshall Pass districts were included 1in the gria cells
identified as satisfying the selected criteria. In addition, the Bonanza
mining district and Mt. Princeton batholith were delineated. For MP-2 the
data set intervals {Table IX) were narrowed for almost every data set and the
result (Fig. 22) contains only 33 grid cells satisfying 25 or more of the
criteria. The Marshall Pass area is clearly delineated and also one area
northwest of this district, which consists of five grid cells. These cells
are underlain by the Mancos formation and may represent only coal-rich zones
here. However, the grid cells also occur along fault zones and along the
contact between the Mancos and Precambrian granitic rocks. This type of
environment s favorable for Marshall Pass-type wuranium mineralization
{Nelson-Moore et al, 1978). The other seven grid cells are scattered
throughout the quadrangle and their significance will not be discussed.
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ALTERNATIVE DATA PROCESSING AND ANALYTICAL TECHMIQUES

Introduction

A methodology to integrate large numbers of data sets has evolved by
extending the basic structure of the Los Alamos Digital Image Enhancement
System (LADIES). LADIES is basically a coll-ction of general digital image
processing subroutines that share a common data structure. This methodology
utilizes our Digital Image Processing Facility and is independent of the
procedures outlined in the previocus sections. George Wecksung was primarily
responsible “or this scheme, and he has written this section to describe the

current state of this methodology.

Data Packing

Two-dimensional arrays are stored on disk as a sequence of records
{lines), each containing a fixed number of 60-bit floating point numbers (grid
cells or Landsat pixels). Disk files with a maximum size of 4096 lines with
4096 numbers per line are possible. Moreover, several disk files of such size
may exist simultaneously. Although a maximum of 15 disk files {input, output,
and intermediate) can be opened simultaneously on the CDC 7600s at Los Alamos,
the total disx resources are quickly exhausted if the files are too Targe.
However . we have had successful experience with six files of 3000 x 2000
numbers, all open at the same time.

The data structure has been extended to accommodate 35 (or more) data
sets by partitioning the least significant bits of the CDC 7600 computer
machine word into seven 8-bit hytes. The top four bits are left untouched to
preserve the floating point structure. As a result of this packing of the
60-bit machine word, each disk file can now hold seven 8-bit data sets. We
can also select either the 1-km (179 x 119) r» 100-m (1781 x 1181) Lanasat
resolution. For the Montrose quadrangle, we typically worked with five disk
files, each with 1781 x 1181 grid cells-—a capacity of 35 data sets.

There are several advantages to the above packing scheme, the most
obvious being the capability of dealing with more than 15 data sets, a current
lJimitation of LADIES. The 8-bit byte can contain the dynamic range of any of
the input data sets. For example, a Landsat band requires at most seven bits
and the geological map only four bits. If any datez <et should require mcre
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Fig. 21.  Results for MP-1 classification scheme. Criteria are listed in Table IX.
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than eight bits, it can always be treated as a genuine floating point aisx
file. However, any data set that we display pictorally can have eight bits at
most. Many of the data-editing routines in LADIES can be applied directiy to
integrated data sets because no unpacking is reguired. For e-ample, we can

extract a smaller subsample from within the domain of the original data base.
Moreover, pacxed Landsat 1 or 2 data can be geometrically rectified using the
rubber sheet subroutine with no more difficulty than if it were a single
floating-point disk file. Lastly, by packing related data sets in the same

machine word, we achieve efficiency by inputting only those disk files

required.

Covariance Mat-ix
One reason for wanting true data integration, 1.e., simuitaneous access
to all registe-ed data sets, is to compute the full covariance matrix for all

variabies. For each ground resolution element, we form the product X, x

.
of the values of the it ang j“h

then average over the domain of the data sets. For example, for 35 data sets,

J
data sets for all possibie i and j and

the resulting 35 x 35 matr-ix has 630 independent components. Given the mean
vector and covariance matrix of the integrated data sets, we then calculate
the parametars very quickly and cost effectively for a large variety of linear
Statistical models, as discussed below. QOur code is structured to aliow great
flexibility 1in accumulating a sample covariance matrix. We can select any
subcollection of the data sets and choose as a variable the data set value or
its logarithm or any function of the data value. Also, the statistics can be
gathered for any particular subset of the geologic units as determined from

the digitized geological map.

Basic Statistical Models
Given a covariance matrix collected over some subdomain of data sets, we

can calculate the parameters of several important linear statistical models:
multiple regression, canonical correlations, and principal components.

In multiple regression, we address the question of how well a linear
combination for some of the data sets can predict the value for some other
data set. For example, what 1linear combination Zi a;x; of Landsat
bands X]seens X can best estimate y, one of the geochemical sets. From
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tne covariances between xy,..., Xgs and y, we can caiculate the weights
Gryeany 3y, the correlation coefficient . between y and Zj a;x. and
tne mzan square error of the fit.

In candnicail correlation, given two different classes Xpoeees xp and

Yiaeon ¥y of data sets, we want tn find what linear combinations Zi

a,x, and 11 biyi of wvariables from the two <classes, respectively,

prodyce a maximum correlation o. For example, we might ask what 1linear

compinatinn of the Landsat bands and what linear combination of the NURE geo-

pnysical datz have maximum correlation. We then find the weights al,...,
ap and bl""’ bq and the correlation coefficient . in terms of Sll’
527, the covariance mat-ices of the x's and the y's and 512, the
céass—covariance matrix between the x's and the y's.

In principal components we ask which linear combination of a preselected
cubset of the data set variables has the largest variance or scatter. Then,
1f thne above linear combination is known, we askx what linear combination of
variables that 1is wuncorrelated with the first linea~ combination has the
greatest variance. This process continues until the dimensionality of the
data space is exhausted, The s2lution to the abose proLlem corresponds to
selecting a new hasis for the data vectors and is found by performing a

diagonalization of the covariance matrix of the variables.

Data Processing

Data processing operations on the integrated data sets mainly consist of
editing functions, forming new data sets as linear combinations of old ones,
density slicing, and stretching. Other important operations include formation
of ratio images and bivariate histograms.

The most important editing functions performed on the integrated data
set is to resample it to a coarser grid or extract a small subsection at full
resolution. This permits either a local analysis at full resolution or a
quadrangle-scale analysis with a minimum number of data points.

Regression images, canonical correlation images, and principal component
images are formed by taking Tinear combinations of the original data sets.

The basic data processing equation for all of these cases is the same—

.Y=Ax+ba
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where x is an n-vector of variables taken from an arbit-ary subset of the
original data sets, A is an m x n transformation matrix and b is a bias
m-vector, both of which depend on the type of analysis being performed. The y
is an output m-vector in which each component is a linear combination of the
input variables.

Because we often want to display the components of the y vector as
digital 1images or at least save them in the packed data format, 1t s
necessary to scale the y components to 8 bits (integers between 0 and 255).
The scale factors are selected from data set statistics and then absorbed into
the transformation matrix A and the bias vector b.

Bivariate Histograms. When the above scaling is carried out, it is easy

to construct a bivariate histogram for any pair of components of the output
vector y. For a given grid cell location, we have a pair of numbers in the
range 0-25» corresponding to the pair of y-components that we wish to plot.
This pair of numbers defines a cell in a 256 x 256 histogram array that we
increment by 1. After collecting points in the histograms for all pixel or
grid cell locations, we can display the histogram as a 256 x 256 image and
look for relations between the two output images in the form of linear or
low-order curves.

We often like to know what points in the data domain are contributing to
what points in the histogram domain. We can examine this to some degree by
constructing a color-coded map for the histogram. The map consists of a
second 256 x 256 image 1in color. For each cell 1in the 256 x 256 histogram,
the corresponding cell in the color map is assigned the "color" of the point
that contributes to the histogram cell. Here we assume that all points that
contribute to a histogram cell have the same color. The color of a point may
be defined in a variety of ways. For example, we might choose the Landsat
false color corresponding to that point. Another choice is to choose the
psuedo-color from the geological map for the classification of the point.

SUGGESTIONS FOR FUTURE WORK
Introduction

In four months time we have developed preliminary classification schemes
for uranium mineralization in the Montrose quadrangle, Colorado. By extending
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and refining the methodology used in an earlier work on the Talkeetna quad-
rangle, Alaska (Wecksung and Fugelso, 1980), we have prompted the fast
progress for this study. We have increased our spatial resolution by a factor
of rine, from 9 km2 for the Talkeetna quadrangle to 1 km2 for the Montrose
quadrangle. During this study, all map information, data already in digital
form, and anaiytical results have been converted into a digitized form that
could be easily integrated into one Tlarge data set. The methodclogy has
evolved such that essentially any form of data can be converted into a
digitized form and subsequently integrated with other data.

During this study other data interpretation -chemes were examined
(Nichol et al, 1969; Lowenstein and Howarth, 1973; Howarth and Lowenstein,
1976; Earle, 1978; Webb et al, 1978; Garret et al, 1979; Howarth and Earle,
1979; Howarth and Martin, 1979; Webb and Howarth, 1979; Koch et al, 1979).
Several technological refinements were identified. The results presented
herein represent only a first step toward a DIRS program to rapidly identify
and classify potential areas for mineral resources. Discussed below are some
steps and refinements leading to a comprehensive DIRS resource evaluation

program,

Field Verification

As a result of this study, several areas have been suggested favorable
for wuranium mineralization. The results, however, desperately need field
verification to determine 1if they are regions truly favorable for wuranium
development, or only false leads. Therefore, we suggest a field follow-up
program as a test of this study. Geographic areas (grid cells) of favor-
ability, based on the classification schemes, would be examined in the field.
These areas would be investigated for actual uranium mineralization, host
rocks, and structural features favorable for uranium mineralization. Field
verification could be done by BFEC or USGS personnel working jointly with Los
Alamos National Laboratory representatives.

Refine Classification Scheme

Even though it is obvious in this report that both subtle and precise
information can be extracted from the integrated data sets, the exact
relationships between individual data sets, their influence upon other data
sets, and the contribution each makes to a classification scheme has not yet
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been examined. The purpose of this report was only "o develop the methodology
necessary to take data sets in various forms and integrate them into one large
data set. Now that data sets have been selected and integrated for the
Montrose quadrangle, further analysis routines are very cost effective. We
suggest that refinement of intra-data-set relationships for uranium minerali-
zation now be emphasized.

For example, we could incorporate the four Landsat bands. Relaticnships
between Landsat imagery and the other sets then can be examined. Statistical
information, such as factor analysis, cluster analysis, or discriminant
analysis, 1is readily incorporated into the classification scheme by simply
assigning the respective information as a data set. Ffor example, each factor
can be assigned as a data set. A gray representation of factor scores might
reveal interesting results. Subsurface geophysical data and well log data
could provide a third dimension if this data were also incorporated.

Technology Refinement
Although th3s report presents a preliminary classification scheme for

uranium mineralization of two areas in the Montrose quadrangle, several "bugs"
need to be smoothed out as this program develops. One problem involves
digitization and classification of the geologic map. Current methodology not
only 1is time consuming, but the digitized map has required precise editing
before it was acceptable. About five man-months were spent on preparing the
Montrose geologic map.

Because much of this technology is new, there are also several ways to
increase the efficiency of the overall program. One way 1is by rewriting
algorithms such that they can do the same amount of work but in a more logical

and smaller time frame.

Other Suggestions
It has become apparent during this study that an integrated data set

provides a wealth of information no one data set can supply. Consegquently,
the methodology can be applied to any required classification scheme,
Potential uses include strategic mineral resource assessment, nuclear-weapons
test identification and verification, natural-hazards analysis, and environ-

mental impact analysis.
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SUMMARY OF MAJOR RESULTS

This repo~t describes a DIRS (Data Integration/Remote Sensing) program
deveioped at Los Alamos National Laboratory tu integrate various Jlarge geo-
logical, geochemical, and geophysical data bases with remotely sensed data for
the Montrose 1° x 2° quadrangle, Colorado. The primary purpose of the project
was to identify in the computer, areas favorable for uranium mineralization 1in
the Montrose quadrangle. C(Classification schemes described are based on test
areas from the Cochetopa and Marshall Pass uranium districts. Several regions
that seem to contain some potential for uranium mineralization are identified.
However, detailed examination of selected data sets and data set intervals
{e.g., the tachniques of Beyth et al, 1980a and b’ must be coupled with field
verification to validate these areas as truly favorable for uranium minerali-
zation. The technigues necessary to digitize, register., and integrate multiple

data sets for a 1 km grid resolution are described.

Basic Procedures Foilowed in Developing Classification Schemes

1. Geochemical data were compiled from 3965 sample locations from Broxton
et al (1979) and Maassen (1980). Twenty-two elemental analyses for each
sediment location, uranium analyses for waters, and U/Th ratios are
included. The elemental concentrations were interpolated to a 1-km

rectangular grid by universal kriging.

2. Airborne radiometric and aeromagnetic data were compiled by geoMetrics
(1979a and b). Digital tapes contain the raw spectral data and magnetic
data. Flight-line data was smoothed and subsampled by an automated
kriging procedure depending on the signal-to-noise ratio. These kriged
estimates were then interpolated onto the 1-km rectangular grid much as

for the hydrogeochemical data.
3. About 90 uranium occurrences (compiled predominantly from Nelson-Moore

et al, 1978) were digitized and assigned a UTM coordinate. Each occur-
rence could then be identified by grid cell in the 1-km rectangular grid.
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The 57 geologic formations of Tweto et al {1976a) were combined into 13
units {Table V). A mylar transparency, scale 1:250 000, was made,
photographed, and digitized. Each grid cell for the 1-km rectangular
grid was then classified as belonging to one of the 13 geologic units.

A Landsat 2 tape (October 1978) was geometrically corrected and rubber
sheet transformed to fit the Montrose 1° x 2° quadrangle. Landsat
bands 4 through 7 were resampled to both a 1-km and 100-m resolution.

A1l data sets, in all possible combinations of three, were examined by
utilizing the Colorrocks Routine and a color microfiim output. The
resultant 35-mm slides were visually examined for potential correlations
between respective data sets according to the rules of color addition
(Table VI).

Subsets of data were examined for selected test areas, for each l-km grid

cell, utilizing the Sort Routine.

Various statistical routines (including basic statistics, cumulative
frequency, association by variable, and factor analysis) were run for
both the entire data set and respective physiographic/geochemical

provinces.

Two classification schemes were developed for uranium mineralization; one
scheme is based on criteria selected from test areas containing known
uranium occurrences in the Cochetopa uranium district. The other scheme
is based on criteria selected from test areas in the Marshall Pass

uranium district.

The results of the classification schemes were evaluatec.

Major Achievements of this Program

1.
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Geological, geochemical, and geophysical data, including satellite
imagery, in the forms of point data, data already in digital form, map



information, ang tabular information were registered to & UTM boundary of
the Montrose 1° x 2° quadrangle. All data were digitized and compiled
into one data base, and codes were developed to extract data for any area
5% interest. Since the majority of the aigorithms necessary to transform
tne data nto an acceptable format are now available, almost any number
of comparable data sets can be quickly and cost effectively prepared for

other 1° x 2° quadrangles.

Classification schemes for potential uranium mineralization were
developed for test areas for both the Cochetopa and Marshall Pass uranium
districts. The general classification scheme is adaptable for simiiar
purposes, e.g., one can a classify areas of potential copper minerali-

zation by using known copper deposits as test areas.

Subsequent to the development of our classification schemes, we have
~xtended our data structure by repacking the data to accommodate addi-
tional data sets. This repacking allows both simultaneous access to all
~egistered data sets and very cost effective manipulation of tne

integrated d=*=,

The methodology developed allows rapid and efficient resource evaluation
on a reconnaissance scale, Data integration not only makes obvious
information readable, but also enhances subtle relationships in the data

that were not anticipated.
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APPENDIX A

The following 1ists the grid cell coordinates {or each coded uranium
occurrence. The occurrence locations are shown in Fig. 4 and described 1in
Table I. The code is as follows.

The first three digits refer to the host rock as defined by Nelson-Moore
et al, 1978. A 100 is an igneous or metamorphic host; a 200 is a sandstone,
arkose, conglomerate, siltstone, or lake sediment; a 300 is a spring deposit
or ground water occurrence; a 300 designates a coal, shale, or limestone host;
500 is undetermined. The fourth digit identifies the county.

1 = Delta 4 = Hinsdale 7 = Chaffee
2 = San Miguel 5 = Gunnison 8 = Park
3 = Ouray 6 = Saguache

The fifth and sixth digit are location numbers from Plate 7 of Nelson-Moore
et al (1978). The pixel coordinates are given column first (179 maximum) and
Tine second (119 maximum).

Grid Cell Grid Cell Grid Cell Grid Cell
Code Number Lolumn Line Code Number Column Line
100304 34 39 100609 111 37
100402 49 10 100610 105 35
100403 43 7 100618 153 45
100405 51 11 100620 109 38
100406 60 6 100621 152 45
100502 80 43 100626 166 38
100505 86 32 100630 109 42
100506 124 62 100637 155 48
100508 76 45 100639 116 23
100509 78 43 100640 118 24
100510 78 49 100641 140 23
100511 108 85 10C642 116 33
100512 81 40 100646 120 33
100514 80 41 100649 167 37
100516 83 40 100704 162 109
100517 127 103 100705 158 61
100518 78 40 100710 157 77
100519 83 40 100712 176 94
100520 81 52 100713 177 72
100521 105 95 100717 141 112
100523 89 42 100718 141 112
100525 73 48 100720 174 98
100526 75 43 100722 171 101
100525 73 48 200214 4 6
100526 75 43 200501 52 103
100527 63 68 200503 143 59
100601 123 36 200504 143 60
100603 150 32 200515 151 50
100605 111 47 200524 116 56
100608 164 46 200602 148 47
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Grid Cell Grid Cell
Code Numher Column Line
200606 149 47
200611 152 48
200615 174 24
2006156 110 38
200617 149 48
200619 112 43
200623 110 37
200631 113 45
200635 120 49
200636 120 46
200638 133 49
200644 107 43
200645 107 46
200646 114 44
200801 171 110

Grid Cell Grid Cell
Code Number Column Line
300101 18 93
300102 36 98
300103 10 93
300104 11 97
300105 24 91
300106 25 90
300311 31 7
400312 30 11
400522 136 74
400627 152 47
400708 151 61
400803 172 109
500507 105 105
500651 9?2 33
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Al Aluminum
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Uw Uranium (in waters)

llu

Zn Zinc



Zr

U/Th

Zirconium

U/Th ratio
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eTh Equivalent Thorium

eU Eguivalent Uranium
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ALUNINUN INH SEDIMENTS, MONTROSE

STATISTICS FOR CRYSTaALL.

NUMAER NT POINTS USED

2319

NUUQER BELOW DETECTINN LEVEL

RANGE
MEDIA

LNWER QUARTILE
UPPER OQOUARTILE

90T
CLAL)

AVERAGE

S.0.
ME AN
MEAN
MEAN
ME AN
ME AN

N

> 4+ 2+

STATISTICS

NUwRER NF POINTS USED

S.0.

2¢5.0.
3e5.0,
G.SID.
5#S.D.

4607.0
65545,
59840,
70370,
T4755,
77350,

€377,
11307,
750213,
86391,
97698,
«10001€404
«12031F406

FOR vOLCANIC

1
«11120F¢0n

1213

NUMRER RELOW ODETECTION LEVEL

106

BANGE
MEDTA

LOWFR QUARTILE
UPPER OQUARTILE

0TH

N

95TH »

AVERAGE

SUD.
MEAN
REAN
NEAN
nEAN
MEAN

L 2R K I I 3

SCD.

z‘leI
3#5.0.
“s.o.
5%5.0.

6600.0
69275,
€¢3Rr00.
76065,
78090,
80535,

GTR0S.
9865.2
77691,
87576,
97481,
+10735E+00
«11723E+0¢

1
4610,

STATISTICS FOR PLATEAV

NUMAER NF POINTS USED
NUSSER RFLOW DETECTION LEVEL

RANGE
MEDIA

LAWER QUARTILE
UPPER QUARTILE

N

QO TH

e5TH

AVERAGE

S.N.

HEAN ¢ 5.0,
MEAN ¢ 285.D.
MEAN ¢ 39S5,.D,
MEAN ¢ 405.D,
MEAN ¢+ 595,.D.

13040.
57090,
50350,
64205.
70295,
72025,

57022,
10283,
67305,
77588,
87871,
98154,

408
1
eqe70,

+10B44E 04

STATISTICS FOR att PDINTS

NUMBER DF POINTS USED

3940

NUMBER BE(Ow DETECTION LEVEL

RANGE
MEDIAN

LOWER QUARTILE
UPPER QUARTILE

90TH
95TH

AVERAGE
S.D.
REAN ¢
MEAN
MEAN «
MEAN <
HEAN o

S.0.

2¢5.,0,
3e5,0.
4*5,0,.
5¢S.0.

«607.0
66050,
59620,
71245,
75860,
78600,

64317.
11210.
75%27.
86727,
97947,
«10916E+08
«12037E+00

3
«11120E 06



1 ARSENIC IN SEDIMENTS, NONTRODSE

STATISYICS FOR ALL POINTS

NUMBER OF POINTS USED 1177

NUMBER BELCW DETFCTICN LEVEL €72
RANGF F.0C00 330.00
MEDIAY 9.CCCC

LOWER CUARTILF £.0070
UPTER QUR2ETILE 12.C0¢C

S0TH 17.CcCC
95TH 24.CCC
AVERAGE 11,994
SeD, 1f 448
MEAN ¢+ S.D. 30.431
MEAN 4+ 205,D, 4R,B79
HEAN ¢ 385,D, 67,327
MEAN ¢ 4®° [, E2,.774
MEAN ¢ ®85,C, 1€ .22

ARSENIC IN SEDIMERTS, ™MONTROCE
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BARJUM IN SEDIMENTS, MONTRDSE

STATISYICS FDR CRYSTALL. STATISTICS FOR PLATEAU
NUMBER NF POINTS USED 2274 NUMRER OF POINTS USED 402
NUMBER BELNW DETECTINN LEVEL Lh NUMBFR RELOW DETECTION LEVEL ?
RANGE 152.00 19610, RANGE 172.00 1224,.,0
MENTAN 655,00 MEDIAN 570.00
LNWER QUARTILE 544,00 LOWFR QUARTILE 470,00
UPPER QUARTILE 768,00 UPPFR QUARTILE 692,00
90TH 894,00 QOTH 801,50
95TH 989.00 95TH 866,00
AVERAGE 678,03 AVEPAGE 586424
SN, 451,93 SeDe 160.39
MEAN ¢ S,D. 1130.0 MEAN 4+ S,.D. 766,63
MEAN ¢ 2%5.D, 1581.9 MEAN 4+ 2855,D. 907.02
MEAN ¢ 3%S,D, 2033.8 MEAN ¢ 385,D. 1067.4
MEAN + 4%S,D. 24R5,8 MEAN ¢ 4%5,D, 1227.8
MEAN 4 5%5,D, 2937.7 MEAN 4+ 5%S,D. 13A8,2
STATISTICS FOR VOLCANIC STATISTICS FOR ALL POINTS
NUMRER NF POINTS USED 1192 NUMRER NF POINTS USED ifln
NUMBER ®ELCW CETECT1ON LEVEL 22 NUMBER BELOW DETECTION LEVEL 125
RANGE 297.00 7210.0 RANGE 152.00 1°4RD0,
MEDTAN 793.00 MEDIAN 681,00
LOWER QUARTILE 656,50 LOVER QUARTILE 561.00
UPPER QUARTILE 971.50 UPPER QUARTILE 820.00
QOTH 1175.5 Q0TH 994,00
9S5TH 1296.°F 95TH 1126,.0
AVERAGE 863,48 AVERAGE 726.26
SeDe 422464 SeDe 432.08
MEAN ¢ 5,.D. 128641 MEAN + S.D. 1158,3
MEAN + 285,.0, 170A.8 MEAN ¢ 2#S,D, 1590. 4
MEAN ¢ 3%5.D, 21314 MEAN ¢ 3s5,0D, 202245
MEAN ¢ 49%5.D, 255441 MEAN ¢ 4%S,D. 2454.6
MEAN + 5#5,.D, 2976.7 MEAN + 5#5,D. 2886, 6
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STATISTICS FOR CRYSTALL.

NUMRER NF POINTS USED

NUMBER BELONW DETECTIDN LEVEL

RANRE

MEDIAN

LOWER OQUARTIJLE
UPPER QUARTILE

90TH
95TH

AVERAGE

s’D.
MEAN
MEAN
ME AN
MEAN
MEAN

STATISTIC

* P+

s

S.D.

z‘s.o.
3¢S.D.
“s.o'
5¢5,0.

603,00
17300,
12330.
23660,
33010.
40825,

21001.
19073,
40080,
59158,
78237,
97316,

CALCTIUM IN SEDIMENTS, MONTROSE

2300
14
¢31320E40%

«11639F+06

FOR VOLCANIC

NUMBREP DF PDINTS USED

NUMBER BELNW CETECTION LEVEL

RANCGE
MEDTA

LOVER QUARTILE
UePER OQUARTILE

90TH
95TH

AVERAGE

S.0
MEAN
ME AN
MEAN
NEAN
MEAN

N

LR K 2 2 4

SCDI

Z.S.D.
3%5.0,
4*5.0,
5¢S.0.

195%,0
18040,
25610,
34970,
40090,

20630,
13107,
33736,
46843,
59950,
730%57.
86164,

11e2?
22
«15020F+04A

STATISTICS FOR PLATEAU

NUMRER OFf POINTS USED 407
NUMBER BELNW DETECTION LEVEL 1
RANGE 1502.0 «30BYCE4NS
MENTAN 24275,
LNWFR OUARTILE 13360,
UPPER QUARTILE 43670,
90TH 85495,
95TH «10850E+06
AVEPAGE 36280,
S.D, 35965,
MEAN + S.D. 72266,
MEAN &+ 235,D, +10821E400
MEAN + 3%5,D. e14418F+06
MEAM 4+ 4%5,D, «1R014F+08
MEAN 4 5%5,.0, «21811E€+006

STATISTICS FOR ALL PODINTS

NUMBER NF POINTS USED

3905

NUMAER BELOW DETECTION LEVEL 7

RANGE
MEDYAN
LOYER OUARTILE
UPPFR QUARTILE

QOTH

9574

AVERACE

$.0.

MEAN ¢ S.D.
MEAN ¢ 2e¢S.D.
MEAM ¢ 335,D,
MEAN ¢ 4%5,0,
MEAN ¢ 5¢5,D.

603,00 «31320F 408
17995,
12365,
25215,
35805,
48725,

22480,
20592,
43072,
63164,
84256,
«106485E406
212544E+06
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STATISTICS FOR CRYSTA

NUMBER OF POINTS USED

NJMBER BELOW DETECTION LEVEL

RANGE
MEDIAN
LOWER QUARTILE

UPPER QUARTILE
Q0TH

95TH

AVERAGE

S.D.

MEAN ¢+ S,D.
MEAN + 285,.0,
MEAN ¢+ 3¢5,D,
MEAN ¢ &%5,D,
MEAN ¢+ 5%5,D,

STATISTICS FOR VOLCAN

NUMBER OF POINTS USED

NUMBER BELOW DETECTION LEVEL

RANGE

MEDIAN

LOWER OQUARTILE
UPPER QUARTILE
SOTH

95TH

AVIRAGE

S.b.

MEAM 4 S.D.
MEAN + 285,0D,
MEAN ¢ 3%5,0,
MEAN + 485,0D,
MEAN ¢ 585,D,

110

LL.

12,000
123.00
81.0¢C
178.00
264,00
330.50

151.89
151.29
303.1¢8
«54.47
605.7%6
757.0¢4
906.33

I

33,000
924500
7%5.000
119.00
150.50
171.50

103,44
50.909
154,32
205.25%
256416
307.07
357.98

CERIJUM IN SEDIMENTS, MONTRQSE

2319
2

1213
0

«690.0

1004.0

STATISTICS FOR PLATEAY

NUMBER OF POINTS USED
NUMBER BELOW DETECTION LEVEL

RANGE

REDIAN

LOWER QUARTILE
UPPER QUARTILE

9O0TH
95 TH

AVERAGE

Se 0
MEAN
MEAN
MEAN
MEAN
ME AN

STATISTIC

NUMBER OF POINTS USED
NUMBER BELOw DETECTIOM LEVEL

RANGE

+
+
+
+
+

3

MEDIAN

LOWER QUARTILE
UPPER QUARTILE

90TH
95 TH

AVERAGE

SIDO
MEAN
MEAN
MEAN
ME AN
ME AN

+

+
+
+
*

S.D.

285.0.
3%5.0.
4%5.0.
585.0,

8.000C
62,500
$3.,000
76.000
92.000
102.00

Tl.222
70,357
141.58
211.94
282.29
352.65
423.01

FOR ALL POINTS

S.D.

Z.S'Dl
385.0.
4*5.0,
585.0.

8.000C
100.00
73.000
14%.00
220.00
209.50

128.61
125.03
253,63
3784606
503.68
629.71
753,74

409
0

394]
2

1394.0

«693.0



CHROPIUM IN SELIMENTS, MONTROSE

STATISTICS FOR CRYSTALL, STATISYICS FOK PLATEAUV
NUMBER OF POINTS USED 2210 NUMBER OF POINTS USED 403
NJUMBER BELDW DETECTION LEVEL 111 NUMBER BELOWw DETECTION LEVEL [}
RANGE 10.000 t16,00 RANGE 13.000 217.00
MEDI AN 48.000 MEDIAN 41.00C
LCWER QUARTILE 36,000 LOWER QUARTILE 34,000
UPPER QUARTILE 66,000 JPPER QUARTILE 53,000
Q0 TH 95,000 9D TH 65,900
95TH 126,00 95TH 71.500
AYVERAGE 57,248 AVERAGE 44,191
S.D, 364613 S.D. 17.2613
MEAN ¢ S.L. 93,862 MEAN + S.D. 61,454
MEAN ¢ 29S,D, 130.47 MEAN + 205,D, T8.718
MEAN + 35,0, 167,09 MEAN ¢ 305.D, 95,981
MEAN + 4¢S5,D, 203,70 MEAN ¢ 45,0, 113.24
MEAN + 5e5.D, 240,31 MEAMN ¢+ 595.,D, 120.51
STaTISTICS FOR VOLCANIC STATISTICS FOAR ALL PDINTS
NUMBER QOF POINTS USED 1060 NUMBER OF POINTS USED 3673
NJ4BER BELOw DETECTION LEVEL 153 NUMBER PELOw DETECTION LEVEL 270
RANGE 10,000 224 .00 RANGE 16,000 616 .00
MEDI AN 32.000 MEDT AN 42,000
LOWER QUARTILE 25,000 LOWER QUARTILE 31.000
UPPER QUARTILE 41.%00 UPPER QUARTILE 58.500
Q0TH 54.000 Q0TH 80,000
85TH 67.000 95TH 108,00
AVERAGE 35.915 AVERAGE ©9,5659
SeDo. 18,.,10¢ S.0. 32.033
MEAN ¢ S.D. 54,023 MEAN ¢ S.D. 81.692
MEAN ¢ 295,D, 724131 BEAN ¢ 295,D, 113,72
MEAN + 305,D. S0.238 MEAN ¢ 395,0, 145.7¢6
MEAN ¢ 425,0, 108,35 MEAN + &95,.D, 177,78
MEAN ¢ S95.D, 126. 45 MEAN + 595,0. 209,62
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STATISTICS FOR CRYSTALL.

NUYBRFR NF POINTS USED
NUAER BELNW DETECTION LEVEL

RANGE
MEDTAN
LOWER QUAPTILE
UPPFR QUARTILE

Q0TH

95T+

AVERAGE

S.ol

MEAN ¢+ S.C.

MEAN ¢ 20S5.D,

mEAN & 3eS5,0,

MEAN ¢ 405,D,

MEAN ¢ 505,D,
STATISTICS

NUuRER NF PDINTS USED
NUYSER BELTW DETECTIIN LEVEL

112

RANGE
MEDTAN
LOVER 2UARTILE
UPPER OQUARTILF

QOTH

95TH

AVEPRPAGE

S.0.

“EaN ¢ 5,0,
MEAN ¢ 25,0,
“EAN + 30S5,D.
MEAN ¢ 4°S5,.D,
MEAN ¢ 5e5,D,

1.7000
11.100
8.5200
16,400
18.550
21.4920

12.033
5.4920
17.52¢6
23.019
206.51?
34,005
39,498

FOR VOLCANIC

1.56000
11.000
8.7330
164.200
19.050
23,050

12.53¢2
T.2161)
19.75%2
26,9686
34,1080
410394
48,508

COBALT IN SEDIMENTS,

2299
21

120°®
5

53,300

10P,20

MONTRNSE

RANGE
NEDTAN

LOWER QUARTILE
UPPFR QUAKTILE
Q0Tw

S TH

AVERAGE

S.Dl

MEAN 4+ S5.D.

MEAN 4+ 205,D.

MEAN 4+ 35,0,

MEAN + 495,0,

MEAN + Se5,D,
STATISTICS FOR ALL

RANGE

MEDTIAN

LNWER QUARTILE
UGBER QUARTILE
Q0TH

95T

AVERAGE

S«D.

MEAN ¢ S.D.
MEAM ¢ 205,D,
MEAN ¢ 305,D,
MEAN ¢ 495,00,
MEAN ¢ S5eS5.0.

STATISTICS FOR PLATEAU

NU™SER NF POINTS USED
NUMRER MELOwW DETECTION LEVEL

3.7000
9,0%00
7.4500
12.100
15.500
19.800

10, /87
¢.1194
16.806
224+920
29.045
35.164
41,284

PPINTS

NUuBER NE POINTS USED
WUMRF® BELDw DETECTION LEVEL

1.6000
10,900
8.4000
14.200
18.550
21950

12.048
6.158¢4
18,207
24,365
30.52¢4
36,602
42,740

€09
o]

3926
26

66,400

108,30



STATYSTICY FOR @

YSTALL.

NUMBFR OF POINTS USED

P4 R BELOw DETECTIDON LEVEL

ANGE

®EDIAN
LOWER QUARTILE 24,000
UPPER QUARTILE 45.200

CXRET
95TH

AVERAGE

SeDa
MEAN
ME AN
MEAN
MEAN
MEAN

STATISTIC

*
+
*
+
+

S

5.0

2%5.0.
3#5.0.
4*S,D.
5¢5.0.

10.000
32.000

65,000
111.00

61.965
281.22
343,18
624,40
905.62
11864 ¢
146641

FOR VDLCANIC

NJMBER GF POINTS USED

NUMBER EELOw DETECTION LEVEL

RANGE
mEDIA

N

10.000
29.000

LOWER QUARTILE 22.000
UPPER QUARTILE 35,000

9C TH
95TH

AVERAGE

S.0.
MEAN
HEAN
ME AN
MEAN
MEAN

+
+*
+

L4
+

S.D.

2%5,D.
3¢5,0.
“SCD.
5%5.0.

53.000
94,000

63.76¢€
236.43
300.22
536.65
773.07
1005.5
1245.6

COPPER IN SEDIMENTS, MONTR

22136
47

1200
13

10358,

433%.0

DSE

STATISTICS FOR PLATEAU

NUMBER OF POINTS USED
NJUMBRER BELDW DETECTION LEVEL

RANGE
®EDIA

LOWER QUARTILE
UPPER QUARTILE

90TH
95TH

AVERA
S.0.
MEAN
MEAN
MEAN
MEAN
ME AN

N

GE

+ S.Da

4+ 2%5,0.
¢ 3%S5.D.
+ 485.D,
+ 5%S5,.D.

11.000
27.000
23.00¢C
34.000
47.000
72.5%500

40.807
130.89
171.70
302.60
433,46
564,39
695,28

STATISTICS FOR ALL POINTS

NUMBER OF POINTS USED
NUMBER eEL.Ow DETECTION LEVEL

RANGE
MEDIA

LOWER QUARTILE
UPPER QUARTILE

90 TH
95TH

AVERA
SeD.
ME AN
MEAN
ME AN
MEAN
ME AN

N

SE

+ S.0.

+ 2%5,.0.
+ 3+5.0,
+ 4¢5,D,
+ 505,D,

1C.000C
30,000
23.000
41,000
61,000
99.00C

60.304
255460
315.90
571.5¢C
827.10
1082.7
1338,3

4095
L)

3841
64

24550

10338,
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DYSPROSIUM I& SEDIMENTS,

STATISTICS FOR CRYSTALL.

NUMBER OF PODINTS USED
NUMBER BELOW DETECTION LEVEL

RANGE

MEDIAN

LOWER QUARTILE
UPPER QUARTILE

90TH
95TH

AVEPAGE

S.0D.
MEAN
ME AN
MEAN
ME AN
MEAN

+
+
+
+
*

STATISTICS

SIDC

2¢5.0.
3*5.0.
«*S.0.
5%5.0.

+70300
6.9000
5.1000
10.40C
14.650
184900

8.5912
61537
144745
20 4E9%
27.052
33.206
39.360

FOR VOLCANIC

NJUMBER OF POINTS USED

NUMBER BELOW DETECTIOM LEVEL

114

RANGE

MEDIAN

LONER QUARTILE
UPPER QUARTILE

QO TH
95TH

AVERAGE

S.Dl
ME AN
MEAN
ME AN
MEAN
ME AN

*
+
+
+
+

5.0,

2%5.D.
3#5.0.
Q‘SID.
5#5.D.

1,3000
&, 4000
3,8000
53000
65200
7.6000

h 7641
1.9192
6.6833
8.6024
10.522
12,441
14,360

2308
12

1204
10

117.3%0

32.700

MONTRODS €

STATISTICS FOR PLATEAU

NUMBER OF PDINTS USED
NUMBER BELOW DETECTION LEVEL

RANGE

MEDIAN

LOWER QUARTILE
UPPER OQUARTILE

9OTH
95T

AVEPA
s.D.
ME AN
ME AN
MEAN
ME AN
MEAN

STATISTIC

GE

+ S.D.

+ 295.D.
+ 35,0,
+ 4*5,D.
+ 55,0,

1.2000
3.8000
3.400C
6€.2200
5.000C
6.2500

4.1909
3.84006
8. 0315
11.872
15.713
19.5%53
23,394

S FOR ALL POINTS

NUMBER OF POINTS USED

NUMBER BELOW DETECTION LEVEL

RANGE
MED]IA

LOWER QUARTILE
UPPER QUARTILE

90 TH
95TH

AVERA
SIDU
MEAN
ME AN
MEAN
ME AN
FEAN

N

GE

+ SJDo

+ 28S.0.
+ 3+5.0.
+ &%5,D.
+ 5¢5.0.

«7T0000
5.3000
4.1000
8.0000
12.100
15.900

6.9577
53666
12.32¢
17.691
23,058
2B.424
33.791

408
1

3920
23

2.500

117.50



STATISTIZS FIR CRYSTA

NUMBER DF POINTS USED

NUMBER BELOw DETECTION LEVEL

RANGE
MEDIAN
LOWER QUARTILE
UPPER QUARTILE

SO¥=

95 TH

AVERAGE

5.0,

MEAN ¢ §5.D.
MEAN ¢ 25,0,
MEAN ¢ 3%5,D,
MEAN +« &*5,D,
MEAN ¢ B5eS5,.D.

STATISTICS FOR VOLCAN

NUMBER DF PDINTS USED

NUMBER BELOW DETECTION LEVEL

RANGE
MEDIAN
LO¥:R QUAKTILE

UPPER QUARTILE
90 TH

95TR

AVERASE

SeD.

MEAN ¢+ 5.0,
MEAN & 295,0.
MEAN + 35,0,
MEAN ¢ 45,0,
MEAN + 5¢5,D,

LLe

1.50C0
13.400
9.1000
21,400
38,650
56.902

20.231
23.517
“3, 748
67,205
90.762
114,30
137.82

IC

3.0000
9.8C00
744000
13,200
17.300
20.400

11.026%
5.7423
16,772
22,515
28.257
34,000
39.743

HAFNIUM IN SEDIMENTS, MONTRISE

2315
-]

1213
0

332.00

64,200

STATISTIC

NUYBER DF PDINTS USED
NUMBER BELOW DETECTION LEVEL

RANGE

N

MEDIAN

LOWER OQUARTILE
UPPER QUARTILE

90TH
95TH

AVERAGE

SeDe
MEAN
MEAN
MEAN
MEAM
ME AN

STATISTIC

NUMBER OF PDINTS USED
NJMBER BELDW DETECTIDON LEVEL

RANGE
MEDIA

LOWER CGUARTILE
UPPER QUARTILE

90TH
95TH

AVERAGE

SCD.
MEAN
ME AN
MEAM
ME AN
MEAN

+
+
+
+
+
>

N

+
+
*
+
*

FOR PLATEAU

SeD.

2¢S.0D,
3*5.D.
4%5.D,
5¢S,.D,

2.6000
T.7002
5.7000
10.100
13.70C
17.200

8.7892
5.3508
14,140
19. 69
24 4842
30.192
35,543

FOR ALL POINTS

S.D.

2%5.0.
3e5.D.
4*5.0,
5¢5.0,

1.5000
11.100
7.30C0
17.100
28.500
43,650

16.209
19.022

£.231
54,253
73.27%
92.297
111.32

4049
1

333e
?

51.000

322.00

115



IRON IN SEDIMENTS, MONTROSE

STAT[STICS FDR CRYSTALL.

NJUMBER OF POINTS USED

2321

NUMBER BELOw DETECTION LEVEL 0

RANGE 2360.0
MEQIAN 35350,
LOWER QUARTILE 25840,
UPPER QUARTILE 488135,
Q0 TH 66675,
95TH 87875,
AVERAGE 41542,
S.De. 27088,
MEAN ¢ S5.D. 60630,
MEAN ¢ 22S,0, 85718 .
MEAN + 3%S5.D. «12281E+06
MEAN + 4%S5,0. «149BQE+06
MEAN + 5¢S,D, +1769EE+06

STATISTICS FOR VOLCANIC

NUMBER DF PDINTS USED 1213

NUMBER BELOw DETECTION LEVEL 0
RANGE 7709.0
MEDIAN 28935,
LOWER QUARTILE 20520.
UPPER OQUAKTILE 39800,
90TH 54215,
95TH 67570
AVERAGE 33086,
S.De 18986,
MEAN ¢ S.D. 52076.
MEAN ¢+ 2¢5,0. 71065,
MEAN + 3¢5,0, Q0054
MEAN ¢ 4¢5,D, «10904E <06
MEAN + 55,0, +12803E+00

116

+ 42780E+06

«1928CE+06

STATISTICS FOR PLATEAU
NUMBER OF PDINTS USECL 409
MUMBER BELOW DETECTION LEVEL 0
RANGE 4979.C
MEDIAN 17165,
LOWER OQUARTILE 14120,
UPPER QUARTILE 23615,
9O0TH 34600,
95TH 46435,
AVERAGE 20980,
<.D. 12%79.,
MEAN ¢ S.D, 33560,
MEAN ¢ 2205,0, 46139,
MEAN ¢ 395,D, 9871€,
MEAN + 435,D, 71298,
MEAN ¢ 5%5,D, B3gr7.,
STATISTIC> FNK ALL PDINTS
NUMBER OF POINTS USED 3943
NUMBER RELOW DETECTION LEVEL o]
RANGE 2360.0
MEDIAN 31290,
LOJER QJUARTILE 2161C.
UPPER QUARTILE 44770,
90TH 61345,
95TH 77500,
AVERAGE 36808,
S.D. 264547,
MEAN ¢ S.D. 61354,
MEAN + 2¢5,.D, 8%901.,
MEAN ¢ 3%5,0. «11065€+086
MEAN + &%S.D, «13499E+06
MEAN + 55,D, 215954E406

«10220€+Ct

«4278IE+0S



STATISTICS FOR CRYSTALL.

NUMBER OF POINTS USED
NUMBER BELOW DETECTION LEVEL

RANGE

REOIAN

LOWER QUARTILE
UPPER QUARTILE

9CTH
95 TH

AVERAGE

SQDO
MEAN
MEAN
MEAN
ML AN
MEAN

STATISTIC

NUMBER COF POINTS USED
NUMBER BELOW CETECTION LEVEL

PANGE
MEDIA

LOWER QUAFTILE
UPPER QUARTILE

Q0TH™
Q5TH

AVERASE

SID'
MEAN
MEAN
ME AN
MEAN
MEAN

+
+
+*
.
.
S

N

+
+
+
+
+

S«D.

2*S.D.
3%5.0.
4%5,D,
5%3.0.

5.00C0
264,000
16.000
40,000
88.500
181 .50

89,1386
«75,.,9%
565,34
1041.3
1517.2
1993,2
26469.1

FOR VOLCANIC

SeD.

285.0.
35,0,
~.s IDO
5¢5.0,

5.0000
16,000
11.000
23.00C
57.000
226400

1. 0685
344,94
419,63
764,57
1109.5
16454.5
17884

LEAD IN SEDIMENTS, MONTROSE

2162
121

1067
146

11481,

5651.0C

STATISTICS FOR PLATES

NUMBER OF POINTS USED

NUMBER BELOwWw DETECTION LEVEL

RANGE
MEDIAN
LOWER QUARTILE
UPPER QUARTILE

QO0TH
95TH

AVERAGE

S«D.

MEAN + S,.D.
MEAN + 28S5.D,
MEAN » 38%S,D,
MEAN + 435,.D,
MEAN ¢ 5%5,D,

STATISTICS FOR ALL #¢O

NJHMEBER OF POINTS USED

NUYBER BELOW DETECTION LEVEL

RANGE
MEDIAN
LOWER QUARTILE

UPPER QUAKRTILE
90 TH

95TH

AVERAGE

S.D.

MEAN ¢+ S.D.
MEAN + 2%S,.D,
MEAN + 35,0,
MEAN ¢ 4&¢5,0,
MEAN ¢ 5¢5,D,

u

5.C000
15,000
11.000
22.000
89.000
145,50

44,976
210. 39
255.37
“65.76
676.15
886.55
109649

INTS

$.0000
19.0C0
13.000
34,000
83.000
179.50

080.344
£19.05
499,39
91B.44
1337.5
1756.5
2175.6

382
27

3611
294

3955.,0

11481,
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STATISTICS FOR CRYSTA

WijiAER NF DPOINTS USED

NU=.-78 AE{ Ny DETECTINN LFVEL

RANTE

MENTAN

LAWER QUAFTILE
YPPFR OQUARTILE
QOTH

AsTH

AVERANE

le'

“Ea% ¢ S,.C,
MEAN ¢ 205,D,
ME AN 4 39%5,0,
HEAN ¢ 495D,
MEAN ¢ 595,0,

STATISTICS FOP VOLCAN

NUWRER NE POINTS USED

NUMRFR AELNY CETECTION LEVFL

PANCE
MENTAN
LOVFR QUAFRTILE

Uepre QUARTILE
QnTw

95TH

AVERAGF

S.D.

uEaN & S,0,
MEAN ¢ 29%5,0.
MEAN ¢ 30%5,D,
MEAN ¢ 4®S.D,
MEAN ¢ 55,0,

113

LL.

1.0000
42,000
32.000
50,000
67.300
20.000

43,3090
19,052
62.4%1
81,503
100,56
119,51
13° .64

I1c

2.0000
27.000
20.000
37.000
45,000
49,000

29.789
21.517
51.367
T2.%44
94.522
116,10
137,48

LITHIUM fH SEDIMENTS, mONTROSE

2271
3

1201
12

152.00

57‘. 0N

STATISTICS FOR PLATEAV

NtyMREG NE PQINTS USED
NUSBER RELOW DETECTION LEVEL

RANGE
uFNJa

LNWFR QUARTILE
JOOPER QUARTILE

90 TH
95TH

AVERAGE

S.D.
MEAN
MEAN
wEAN
ME AN
uEAN

CT4TISTIC

NUYRER OF POINTS USED
NUMARER RELNW PETECTION LFVEL

PANGE
“EDTA

LNWFR QUARTILE
UCPER QUARTILE

OTH
e5TH

AVERAGE

S.0,
ME AN
MEAN
uraN
LY L
ME AN

N

.
*
*
.
.
S

N

L K I S I 3

S.0.

28%5.0,
3¢5.0,
4%S5.0,
"S.D.

65,0020
34,000
24,000
50.000
65.5%500
76.000

38,746
19.770
58,516
78,287
88,957
117.83
137.4690

FOE ALL POIKTS

s.D.

2%S,D.
3#5.0,.
6%%.0.
5¢%.0.

1.2000
37.000
25.000
47.000
62,000
74,000

38,799
20.252
59,562
B80.41%
101.27
122.12
142,907

409
o

3291
15

108,00

eTR, 00



MANGANESE TN SEBIMENTS, MTATWNSE

STATISTICS FNE rovoTaLl, STATISTI(CS Erw LAt
NUBER CF PTTATS I'SFEN 23:ZC NUMBER DF PTIANTC nigen 4C 3
NUMBER AE( 0w AETECTINN (EVEL o} NUMBER FELOWY ITTCCTINN L EVEL [¢]
KANGE 107.0C 14210, RANGE LA L1fc.l
qEST AN Qar.Ll MED AN Wy 5 C
LOwzh 0180770 Tr4.5¢C LOwtk CHa07C vl
JPPER GADTY(E 1220 .8 UPSER QUACTTYIF TAE L
0T 155G6.¢ 90T~ 111L.¢
95Tw 195835.0 G571 115¢.¢
AVERALSE 17¢5.6 AVERAGE ®ag, +¢
Sele 7re,. e 5.0, ehe, 13
MEas & TN, 17501 MEAN ¢ S, 0, NS3¢
MEAN ¢ P05 " 26744 MEAN « Jeg =, 1817.¢€
MESN ¢ 3eS 7 11e2,7 MEAW » 28 P, 1062.C
HERr 4 Let 1043, 0 PEIN o 4eg A PL4t, ¢
ME R 4 S~ LR ] MEAN o 585", 29iu.3
STATISTICS F78 wngmany” STATISTICS Q2 2Ll 27314Ts
NUSBER CF POTNTC jree 121« NUMEER DF PrRIuTC ten 20943
NUMBER S8 "d "o%00T9N [ fyEL c NUMBER Bl o RETYCFTTION | pyEy C
AGE 177.0C w5210, QANGE s, L ett]C,
EDIEN 9°3.0¢ MEDI AN I2¢.C0
LInIP ZHpnTrLE T3I3.0¢ LOwtk QraoTT(CE [k RE ¢
JIPER QAT E 1306 C UPPER QraRTI T 1212.¢C
501~ 170548 I0Tw 12¢t .8
GLTw °NT71.% 95T+ 1234,5%
AVERAGE 122%.2 AVERA(E 105z2,.9
S.Ce 172e.¢ S.C. 112447
“EAN ¢ .7, ?331.,9 HEAN & 5,0, 2175,2
MEAN « D0l ", xS,k MEAN o 2057, 3323,0
MEAN ¢ 385 N, L2es o MEAN & 28° N L2777
MEAN » 2T 0, A11l.¢€ MEAN 4 qeS, R, FRE2.F
MEAN + SeS .7 @3, & MEAN & S0 D, 8772

119



STATISTICS FOR CRYSTALL.

NU~“AER NF PDINTS USED
NUMBER PELNW DETECTION LEVEL

STATISTICS

Ny“3ce NF POINTS USED
NUMAER BELNw DETECTINK LFVEL

120

RANGCE

MEDTAN

LNWFR QUARTILE
UPPFR QUARTILE
90TH

95T~

AVERAGF

SeD.

MEAN 4+ 5.0,
MEAN ¢ 25,0,
MEAN & 385,D,
MEAN ¢ 405,.D,
MEAN ¢ 5e5,0,

PANGE

MENTAN

LODWER QUARTILE
USCFR QUARTILE
90TH

95TH

AVERAGF

S.0.

MEAN ¢ 5,0,
MEAN 4 2%5,0,
MEAN ¢ 3%5.D,
MEAN ¢+ 4¢S.D.,
NESN + B5eS5,.D,

2245640
19550,
16310,
23290,
26440,
28765,

19R4%,
5270.7
25114,
30385,
315557,
€0R27.
441097,

FOR VILCAN]C

7595,0
18535,
15670,
219%0,
25340,
276h0.

18923,
4B845.7
23768,
28h14,
33460,
381306,
43151,

POTASSIUM IN SEDIMENTS, MNNTRNSE

2278
42

11
39

424%0,

35740,

STATISTICS FOR PLATEAR

NUMAER OF POINTS USED

NUwBER RELNY DETECTION LEVEL

RANGE
MEDIAN
LOWER QUAPTILE

UPPER AUARTILF
Q0 TH

Q5TH

AVERAGE

S.D.

MEAN o S$.D.
WEAN + 285,0,
MEAN ¢+ 3¢5,0,
MEAN & &%S,D,
MEAN ¢ 55,7,

CYATICSTIC® FO® atl PO

NUMABER NF POINTS USED

NUWBFe RELNW CETECTION LEVEL

RANGE

MENTAN

LOvER OQUARTILE
UCPER QUARTILE

0TH

95TH

AVERAGS

S0,

MEAN + S,D.
MEAN + 25,0,
MEAN + 395,0D,
REAM ¢ 485,D,
MEAN + 5¢5,0,

u

5694.0
14900.
13245,
17030,
18840,
19970,

15157,
29R3,6
12140,
21124,
24107,
27091,
30075,

INTS

2265.0
18620,
15475,
22290.
25790,
28125,

19073,
51462.1
24215,
29357,
36500,
39642,
€478%,

404
.

1965
77

3010C.

42450,



SCANDIUM IN SEDIMENTS, MONTROCSE

STATISTICS FOR CRYSTALL, STATISTICS FOR PLATEAU
HJMBER COF PJINTS USED 2321 NUMBER QF POIKTS USED 409
NUMAER BELOW DETECTION LEVEL 0 NUMBER BT _ 0w DETECTIDON LEVEL 0
RANGE 1.0000 45,100 RANGE 1.8000 18,900
MEDIAN 11.40C MEDIAN 7.7002
LOWER QUARTILE 8.7000 LOJER QUARTILE 6.2000
UPPER QUARTILE 15.000 UPDPER OQUARTILE 9.0500
FOTH 19.400 90TH 11.30C
QS TH 23.3%0 95T 12.500
AVERAGE 12.471 AVERAGE 7.9499
SeD. 5.3611 SN, 2.5672
MEAN ¢ S.D. 17 .832 MEAN ¢ S.D, 10,517
MEAN ¢ 2%%,D, 23,1913 MEAN + 235,00, 13,064
MEAN ¢+ 3%%,D, 284,554 MEAN 4 35,0, 15.651
MEAN ¢ 425.D, 33.91¢ MEAN + 4%5,0D. 18.21°
MEAN ¢ E*5,.0, 39.277 MEAN & 5%5,D. 20,786
STATISTICS FOR VvOLCANIC STATISTICS FOR ALL POINTS
NUMBER DF PDINTS USED 12113 NJUMBER OF POINTS USED 3943
NUMBER BELOW DETECTION LEVEL [¢] NUMBER BELOW DEYECTION LEVEL 0
RANGE 3.4000 25.700 RANGE 1.0000 45.100
PEDIAN Q.6200 SEDJAN 10.200
LOWER QUARTILE 8,0000 LOWER QUARTILE 8.0000
LPPER QUARTILE 11.960 UPPER QUARTILE 13.500
QTH 14,650 90TH 17.500
95TH 16,700 95TH 20.950
AVERAGE 10,273 AVERAGE 11.326
S.D. 3.422% 3.0, 48472
MEAN ¢ S.D. 13,695 MEAN ¢+ S,D. 16.173
MEAN + 2%5,D. 17.118 MEAN + 2%5.D. 21,020
MEAN ¢+ 3%5,0. 2C 540 MEAN + 3s5.0, 25-887
MEAN + 4%5,0, 23.963 MFAN + 4%S,D, 30.71%
MEAN + 5¢5,D, 27.385 MEAN + 5¢5,D, 35,5862
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122

1 SELENIUM IN SECLIMENTS,

STATISTICS FCPR ALL PDINTS

NUMBER CF PCIMTS USED

MCNTRNSE

1r

NUMBER BFLOW DETECTICON LEVEL 2021

RANGE

MEDIAN

LNOWEP QUAPTILE
UPPER QUARTILE

90TH
95TH

AVERAGE

SQDI
MEAN
MEAN
MEAN
ME AN
MEAN

+
+
+
+

+

S.DI

2*S.C.,
3*S.0.
4%5,0.
5*S.D.

£.C0C0
7.00CC
Z.C000
G.C00C
1€.500
1E.2CC

E.7222
4.5FES
13.3C°
17.EQ%
22.482
27,0¢¢
31.¢55

SELENIUM IN SEDIMERTS,

19,000

BONTRCSF



STATISTICS FOR CRYSTA

NUMBER DF POINTS USED

NUHBER BELOW DETECTION LEVEL

RANGE
MEDIAN
LOWER QUARTILE

UPPER QUAKTILE
90TH

95 TH

AVERAGE

S.Dl

MEAN ¢ 5.0,
MEAN ¢+ 2%5,D,
MEAN ¢ 3s5,C,
MEAN + 4%5,D.
MEAN ¢+ S5%5,.D,

STATISTICS FOk VOLCAN

NUMBER DOF PTINTS USED

NUMBER BELOW DETECTIDN LEVEL

NANGE

MEDIAN

LONER QUARTILE
UPPER QUAKTILE
Q0 TH

95TH

AVERAGE

S.0.

MEAN ¢+ S.D.
MEAN + 2%5,D,
MEAN ¢ 35,0,
MEAN ¢ 45,0,
MEAN 5%5.0,

Lll

1.6000
15.500
9.8000
28,200
46.750
62.600

23,568
32.452
56,021
BB.673
120.93
153.3¢
1€5.83

IC

3.0000
1C.200
8.,6000
13.800
17,000
19,000

11,662
6.5831
18.275
24.859
31,442
3g,. 025
46,0608

THORIUM IN SEDIMENTS, MONTRCSE

2318
3

1213
0

999,00

178.10

STATISTICS FOR PLATEAU

NUMBER DF PDIN)> USED
NUMBER BELOW DETECTION LEVEL

RANGE

MEODT AN

LOWER QUARTILE
UPPER QUARTILE

90TH
95 TH

AVERAGE

SeD.
ME AN
MEAN
MEAN
MEAN
ME AN

STATISTIC

NUMBER OF POINTS USED
NJMBER BELOW DETECTION LEVEL

RANGE

*
+
*
-
+

5

MEDIAN

LOWER QUARTILE
UPPER QUARTILE

90TH
STH

AVERAGE

SeD.
MEAN
MEAN
MEAN
MELN
ME AN

*
+
+
+
*

SeDs

2%S.D.
3s5.D.
4%S5.0.
5%5.0.

1.8000
944000
8.3000
10.800
12.5350
14,1%0

9.815¢4
3.1103
12,926
16.03¢
19.,14¢
22.257
25.367

FOR ALL POINTS

S.D.

Z.SCD.
3*S.D.
ﬁ.s ID.
5%5.0,

1.6000
12,100
9.000C
19.300
35.100
%0.000

18, 484
25,904
44,389
70.293
96,19E
122.10
148.01

409
0

3940
3

38.00

969.0

1

)

0

4

3



STATISTICS FOR CRYSTA

NUMBER DF PDINTS USED

NUMBER BELOw DETECTION LEVEL

RANGE

REDLAN

LOWER QUARTILE
UPPER QUARTILE
SO TH

95TH

AVERAGE

S.D.

MEAN ¢+ S.D.
MEAN 4+ 295,C,
MEAN + 3*5,.D,
MEAN + &5.,D,
MEAN ¢ 595.D,

STAVISTICS FOR VOLCAN

NUMBER OF PDINTS USED

NUMBER BELOW ODETECTION LEVEL

RANGE
MEDIAN
LOWER QUARTILE

UPPER QUARTILE
90TH

e5TH

AVERAGE

S«De.

MEAN ¢ S,D,
MEAN + 285,D,
MEAN + 395.D,
MEAN ¢ &%5,D,
MEAM 4 5%5,.D,

124

LL'

1073.,0
4614.0
3509.0
5767.0
7855.5
9Q771.5

4991,3
23641.1
7332.4
9673.5
12015,
14356,
16697,

1C

1885.0
4623.0
3827.0
5879.0
7538.0
9639.0

5175.3
2168.,0
7343, 2
©511.3
11679.
13847,
16015.

TITANIUM IN SEDIMENTS,

2282
38

1190
23

23340,

20970,

MONTQQOSE

STATISTICo FOR PLATEAV

NUMBER OF POINTS USED

NUMBER BELOw DETECTION LEVEL

RANGE

MEDIAN

LOWER QUARTILE
UPPER QUARTILE

90 TH
95TH

AVERAGE

S.D.
ME AN
MEAN
MEAN
MEAN
ME AN

STATISTIC

+
+
+
+
+

S

S.D.

25,0,
3*5,.0.
4%5,.D.
5*5.0.

1761.0
3606.0
3037.5
4505.0
5731.0
6703.5

3930.,9
1378.9
5309.¢8
6609,6
8067.5
944b. 4
106825,

FOR ALL POINTS

NUMBER OF POINTS USED

NUMBER BELOw DETECTION LEVEL

RANGE
MEDIA

LOWER QUARTILE
UPPER QUARTILE

SOTH
95TH

AVERAGE

S«De
ME AN
MEAN
ME AN
MEAN
ME AN

N

+
+
+
+
*

S.De

2%5.0.
B.SQD.
©%5,.0.
5%5.0.

1073.0
4404, 0
3521.5
5666.5
7535.5
935¢6.5

4937.2
2234.0
717143
9405.3
11639,
13873,
16107,

406
5

187¢
66

10130,

23340,



URANIUM IN SEDIMENTS, MONTROSE

STATISTICS FOR CRYSTALL. STATISTICS FOR PLATEAJ
NJMBER CF POINTS USED 2321 NUMBER DF POINTS USED 400
NUMBER BELOw DETECTION LEVEL 0 NUMBER BELOw DETECTION LEVEL 0
RANGE «94200 3£3.40 RANGE 1.5300 o0.400C
MEDIAN 7.0800 MEDIAN 3.56C0
LOWER QUARTILE 4,3000 LOWER QUARTILE 3.095%0
UPPER QUARTILE 15,199 UPPER QUARTILE 4,105C
90T+ 31,505 90 TH 4.8B50
95TH 69,365 95TH 53800
AVERAGE 14.923 AVERAGE 3.67E9
S.D, 26.511 SeDs «93301
ME AN+ S,0, 316,434 MEAN ¢+ S,.D, 4.6119
MEAN ¢ 2¢3,D. 53,345 MEAN ¢ 2%5,D, 5.5449
MEAN ¢ 3988 ,.D, 69.457 MEAN + 205,00, 644 TBC
MEAN + 4#5.,D, 112.97 MEAN + 45,0, 74110
MEAN + 55,0, 137.46€ MEAN 4 5¢5,.D, 8.3440
STATISTICS FOR VOLCANIC STATISTICS FOR ALL PDINTS
NUMBER OF POINTS USED 1214 NUMBER OF POINTS USED 3944
NJMBER AELOW DETECTYION LEVEL 0 NUMBER BELOW DETECTION LEVEL 0
RANCE 1.0200 56,950 RANGE 294000 359,40
REDIAN 3,7400 REDIAN ©.8500
LOWER QUARTILE 2.9100 LOwER QUARTILE 3,4800
UPPER QUARTILE 540000 UPPER QUARTILE 9,2950
S0TH 65,8400 93TH 214500
95TH 8.4500 95TH 34.860
AVERAGE 4,50648 AVERAGE 10.550
SeDs 3,4€75 S.0. 19.615
MEAN ¢ S,D. 7.9923 MEAN + S.D. 30.165
MEAN + 25,0, 11 .4ED MEAN ¢ 2¢5,0D, 49,780
MEAN ¢+ 35,0, 164,967 MEAN ¢+ 395,0. 69,394
MEAN ¢ 4%35,D, 18.4%5 MEAN + 4%5,D, 89,008
REAN & 505,D, 21,943 MEAN + 5e5,D, 108.62



URPANTU» IN WATER, WONTUNSF

SYAYISYICS FDR CRYSTALL.

NURRTR NF o0INTS USED

132"

NUNARFR RELNW DETECTION LEVEL 0

RANAGE
MEDTAN

+10000€£-01 197,80
«62000

LNWER QUARTILE +2R000

UPPES® OQUARTILE 1.4200

30Y4 2.2%00

Q57w 4,2659

AVFPACE 2.0034

S.N. 9.7623

MEAN o+ §5.0, 11.751

MEAN + 2¢5,D, 21,493

MEAN & 38S,D, 31,235

MEAY & 45,0, 0,977

“EAM » 55,0, 50.720
STATISTICS FOR ¥OLCANIC
NUMAER NE PCOINTS USED nD?
NUMBFR PC Ny DETECTION LFVFL 0

QANRE «10000E-D1 ?.4700

MENTAN «23000

126

LOWER QUARTILE
UPPFR QUARTILE
90TH

9STH

AVERAGE

S«0.

MEAN ¢ S,D,
MEAN ¢ 25,0,
MEAN + 3eS5,.D.
NFAN & 4®S,D,
MEAN & 565,D,

120790
«51000
«98000
1.4500

6560
« 70261
1.167]1
1.8505
245529
3.2551
33,0577

STAYISTICS FOR PLATFAU

NUYRER NE POINTS USED

269

NUWRFR PELNW DETECTION LEVEL 0

PANGE
MEDIA

LOWFR QUARTILE
UPOER CUAFTILE

QOTH
CLA L

AVFRAGE

S.D.
ME AN
ME AN
MEAN
uE A
ME AN

STATISTIC

NUXBEP NF PNINTS USED

N

L2 R I I 4

S

S.0.

2%5.0.
3s5.0.
4¢S5,.0,
5*5.0.

+10000E~01 ne, o
1.4400
«%0000
3,9750
10.4%5
21,125

5.0664
15,412
20,058
36,670
52.482
€8,294
E&4. 106

FOR ALL POINTS

23690

NUYBER ®cL 0w OETECYINN LEVEL [}

RANGE
MERTA

LAWER OUARTILE
UPPER QUARTILE

90TH
Q5T

AVERARE

s'o.
nEAN
MEAN
E RV
“E AN
NEAN

LY

4
*
4
*
4

SOD.

2%5.0,.
365.0.
45,0,
5e3.D.

«10000E=01 200,70
«42209
» 19000
1.2100
2.7620
4.8000

1.2272
9.079%
10.907
19.,9n7
29,067
38,147
47,227



CSYATISTICS FDR CRYSTALL.

NUMRER NF POINTS USED
Ni'wRER RELOw CETECTINN LEVEL

RANGE
MEDIA

LDWER QUARTILE
UPPER QUAKTILE

0T+
Q5T

AVEFRARE

SeNa
MFEAN
MEaN
MEAN
ME A
MEAN

STATISTIC

NU¥9FR OF PDINTS USEC
NUMAER RELNW DETECTINN LEVEL

PANGE
YECTA

LN4FR QUARTILE
11°°FQ OQUAPTILE

SOTH
95TH

AVFPAGE

<. 0N,
ME AN
MF AN
WEAN
mEAN
uE AN

N

* * 4+

S

N

*» >+

Sl

2*5.0.
ELAT
‘.SUD.
5*5.0.

9.0000
82,000
61.000
111.0C
157.50
190.50

95,075
58.119
153,19
211.31
269,63
327,55
385,67

FNP vOLCANIC

Slc.

Z.SCD.
365,90,
«*S5.%,
5¢5.0.

22.000
87.000
65.000
120,00
174.50
234,00

105.73
68,248
173,98
242423
310.4%
370,72
446,97

VANADTUM IN SEDIMENTS, MONTRNSE

2306
14

1204
10

826,00

627,00

STATISTICS FDFP PLATEAU

NUuRER NF ODINTS USED
NUMBER BELNW DETECTION LEVEL

RANGE
MENTA

LNYFR QUARTILE
UPPER OQUARTILE

Q0TH
Q5T

AVEPAGE

s."‘
MEAN
MERN
wEAN
MEAN
MEAN

STATISTIC

NUMAER DF POINTS USED
NUMARER RELNW DETECTION LEVFL

RANGE
MEDTA

LDWER QUAPTILE
UPPER QUARTILE

90TH
O5TH

AVERAGE

SeDs
MEAN
ME AN
MEAM
MEAN
MEAN

N
+
+
“
+
+
S

N

+*
+*
+
L]
+*

le.

205.0,
3#5,.D.
4%S.0.
585.0.

22,000
87.000
63,500
129.00
166.00
206.%0

101.52
53,691
155.21
209,90
262.%9
316,29
369,91

FOR ALL PNINTS

SID.

2¢S.D.
3es5.D,
‘.S.D.
5¢S.0.

9.0020
84,000
63.000
1146.00
164,00
204.00

99,021
6l.167
160,19
221.36
282452
363,49
404,%6

400
1

jains
25

355,00

#24,00
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STATISTICS FOR CRYSTALL.

NUMBER NF PDINTS USFD
NUMBER ®E_OW DETECTION LEVEL

RANGE
MEDIA

LOWFR OUAPTILE
UPPER QUARTILE

QOTH
98TH

AVERAGE

SlD'
ME AN
NT AN
ME AN
“EAM
MEAN

N

* 4+

STATISTICS

NUMBFR NF PDINTS USED
NUMBER BEL"™W DETECTION LEVEL

128

RANGE
“ENTA

LOWER QUARTILE
UPPER QUARTILE

90TH
95TH

AVERAGE

SeN.
ME AN
MEAN
wEAN
ME AN
MEAN

N

*
*
*
*
*

s.Dl

2*5.D.
3¢5.D.
“SID.
5¢S.0,

25.000
139,00
101.00
196,50
323,00
580.50

260,55
B36.18
1006,7
1932.9
27169,.1
3605,1
661,

FOR vILCANIC

SeD.

2¢S.0.
3‘5'0.
4%*5.0.
3%S5.0.

29.000
123.00
94.009
166,00
292.00
10309,5

307.57
864,92
1272.5%
2237.4
3202.3
4167,.3
5132.2

ZINC IN SEDIMENTS, MONTRASE

1657
639

915
2P5

2647A0,

1R*€20.

STATISTICS FOR PLATEAU

NUMRES OF POINTS USED
NUJuRER BELMy DETECTION LEVEL

RANGE

MEDTAN
LOVER OUARTILE
UPPFR OQUAFTILE

QO0TH
e5TH

AVEPAGE

SeD.
MEAN
ME AN
ME AN
MEAN
nEAN

STATISTIC

NUMBER OF PDINTS USED

L R AR

<

S.C.

2%S.0.
S.S.D.
“S'Dl
5¢S.0.

22.,000
105.00
82.000
142,00
283.50
376.50

166,94
T0B.41
295,135
1603.8
2312.2
302045
3729.0

FOR ALL POInNTS

292
114

2Rt

NUMSEe SELNY DETECTINN LEVEL 1038

RANGE
MEDIA

LOWFR QUARTILE
UPPER OUARTILE

Q0TH
Q5TH

MVEPAGE

S-Do
ME AN
NE AN
MEAN
MEAN
MEAN

N

*
*
*
*
*

SeDe

Z.S.D.
3es. N,
4%5.7,
5'5'0'

22.000
129.00
86,000
181.00
313.00
625.5%50

26%.07
gef.28
1136,.3
2004.6
2872.8
3761.1
4609, 4

11020,

264°7%C,



1

1 LIRCONTIUM IN SFDTMENTS, MONTROSE

STATISTICS FOR 4LL ®NINTS
NUMBER 0OF POINTC ySFNn 2049
NUMBER BELCOW NETECTION LEVEL 4]
RANGE 37.C00 10155,
MEDIAN 35L.C0O
LOWER QUARTTLE 248,00
UPPER QUARTILF 542.0C
90T~ Q464,0C
95TH 138C.5
AVERAGE 530.27
S0 629.5%5
MEan ¢ S.N, 1159.8
MEAN ¢ 285,10, 1789,4
MEAN ¢ 395, 0, 2418,9
MEAN & 495, N, 3048,5
MEAN o 585 N, I678,0
ZIRCONLIUM IN SEDIMENTS, MONTROSE
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COMPARI SON FOR TEPOSIY TYPE 3

WEING LOG NORMAL AZSUMPTION FOR STARRED VARIABLES
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TOMPARIZON FDR DEPDSITYS OF ALL YTYPES
USING LOG NORMAL ASSUMPYIDON FOR STARRED YRARIABLES

DIFFERENCE PRODABILITY RATIO PROBABILITY
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APPENDIX F
CORRELATION COEFFICIENTS RAW DATA, MONTROSE QUADRANGLE, COLORADO

(Pages 162 through 169)

>0.50 are graphically plotted for
volcanic, and
raw

(Correlation coefficients
the entire quadrangle and for the plateau,
crystalline physiagraphic/geochemical provinces. The
data for data set are also included.)
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Correlation coefficients 20.50 for the entire quadrangle.
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data for the entire quadrangle.

HF

cavilve
oL 378
Seu3IbES
IR PY I
..18e?
#2055 C
L2206
ot Ar 8
1 e
1.Cuunt
«CEQTP
Q347
JLadE?
LRI
36000
at323r
e Gt E
+31312
—aluket
e2bL3Y
=«leS2u
WET31e
ERS L
A7t
WPPCLe
B Tan
-32710
2835
012137
XL ).74
«L23:F
Wit



Cu

ZrxXINO
§ nrm<

—Tom

LA MECNNDNC 4
pECFos il R
[”

e
wnununn
o

TxINOO0OOON
“m<CnDMbEE

Z
7

~I o

mm
CCNUP N =
Sl

x
5ac
o

~rree
wnununn
~ous

Al

OOm
™ D 2>

o
nMeCno

na —Irxnz

mMCCNWY
c;wgrm)N<**m”§C*I“°”°

LS?

-.r333n
-, A7)
AR
ERL IR
a.nnenn
RLEYEE
~,n182C
LT
EOEET R
2157
—eN113%
RN
1917
~.h1308
EFLIBRE]
201143
AL
SDe5e)
-AReTe
P LTS
ETSE
-,1070
SR
e
-.ATRan
IELETEY
TR
Lyreac
EETEN
P
Semme

[PELETE

LAt
Jneees

Table 1 continued.

P8
— s
—PetaE
HERAL
NTTS
-.07r ek
VACtOG
-.02%7]
RIErT
-, 0022
-.07M 11
WCYL e
BEALE]
1.0r000
-, 08Ted
WC1R5T
allers
[N LR
2116
LTS
“C1T7HY
-.Crier
-otgure
22430
A
P RE RS
Lerate
-.Cec1?
-,04r R
“iCurr
TR ]
-.037Ca

sC

JLLes

ERTLES
atrer
J7hNC7
LEELTY
ahF122

~.L2713
70
82152
L30ape

aka)A
I RANTY
13619

-.CaTe1

1.0t 00
PREE TS
P bR
PR R

-.La2]a
a1242¢

~.2h0 7
J30Ae

- C7Ce7

=01400

Otegy

- ULt an
LCes
$12781

-.ul?1?

m.(Cer?

=.LLi2F

-.Ciie

ETH

L00477
L7160
ERRIS A
LT
.ctr2
1030
Jlegse
P L
P
Lenes
LoLes
ST

-.01riF
—eGie20

TH

EU

S LaL]

WGCou?

\0e327

e
—Lprces

Orisz
LB
SLien?
WP Tae
L1ren7
P LR R
sougr?

IS
c.CIlke
NYEEE)
L0670
. giien
R RE Y
WOetle
ant 7E3
WLt
L7
1.L0e6e
EIRR
direcs
Glir?
L0t 710
fe2c]
0273

TI

«2310RT
IS Kl
Lrec??
L1702R
T IT
L1076
-, 00A0s
.17150
SRTEL7
Latatn
210549
N313L
-,0epCn
=lldts
ad%Ce
21200
1.c0C00
NI
PR LIE Y
AL
N TRYTY

WL2832

Lrale?

Crees
-.Cr279
-el0eey
~a13271

IRl
2001
LAMLLC
16701
L9087
12030
-.0bcta
.3%222
73650
31313
-.0936
= L7183
-.u3931
-ebel83
Jv120%
19578
RCLERYY
1.600¢0
-.10017
T3
06878
L2990
~.0102%
“-s0et?)
(9307
«0t322
03227
«31ce7
«0136¢C
~0Z%87
NAREL
LR

MAG

-.lulse
EITN 314
RELLE
L7027
TrE)
LCTee
~.Ctc.2
ellince
NI
L2283
-.Cetor
wtsCa
~r3?0
—.usL.?
L1273
Oire
Liticl
Jiiger
.. 0780
ALY
ailes?
atiiy
(279
-, 08 (G
b131¢7
dlivta
sL3le?
1.00200
clemgy
32046
LY E
+1383%

LS4

~.0179%%
-.06738
S0022)
-aC13%2
=.006 s
+02334
—LunEdn
«Glrie
-s0219%
L1237
-.CrsEs
liets
~.Qecto
-.08i=n
-rrty
ey
00snT
DS
-.0 302
~.Clete
awbale
-.0132%
03340
«La3e}
~eQ}2¢3
aud2e?
~.0BtaS
Llakly
1. 0OCLC
&T7,7
S2ie2
80P

163



N
$000000000.00 OO
ozo,o

G
' AN
XX
s X
TR
BN
)
TN
X B
X

)
e ‘:: : (0
"

B
B
SO
SR
‘o’o‘o‘:‘ %

%
BB
BB
0,0,0@0,0,0,0,0,0,00,’::.0

QRS
QR
RS

%

R
R
S

%8

Fig. 2. Correlation coefficients 20.50 for the plateau province.
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Table 2. Correlation coefficients raw data for the plateau province
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g Correlation coefficients >0.50 for the volcanic province
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Table 3 continued.
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Correlation coefficients >0.50 for the crystalline province.
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Table 4.

Correlation coefficients raw data for the Crystalline province.



Table 4 continued.
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VARIMAX ROTATION WITH KAISER NORMALIZATION
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Graphical representation of factor score data for the Montrose quadrangle,

Colorado.

Fig. 1

Factor scores raw data for the Montrose quadrangle, Colorado.
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PLATE I. URANIUM OCCURRENCES OVERLAY FOR THE MONTROSE 1 °x 2 °
QUADRANGLE, COLORADO.



