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SECTION 1. INTRODUCTION . 

1.1 SUMMARY OF THE PROBLEM 

In 1973, the United States Department of Energy (DOE) 
began the National Uranium Resource Evaluation (NURE) program 
in all' of the United States except Hawaii. The program 
includes airborne radiometric and hydrogrochemical (stream 
water, ground water, and stream sediment) surveys, surface 
cjeolocj ic inves.tiga.Cioris, and sub-surf ace drilling. The 
NURE data are published for individual two-degree National 
Topographic Map Series (NTMS) quadrangles. 

In the Hydrogeochemical and Stream Sediment 
Reconnaissance (HSSR) phase of.the program, extensive data 
are collected. About 1,400 sites are sampled for stream 
sediments in each two-degree quadrangle and about 1,200 
sites for ground or stream water (These numbers are very 
general; the number of sample sites varies from laboratory 
to laboratory, from quadrangle to quadrangle, and by sample 
types.) At the present time, these HSSR data have only a 
minor impact upon one of the terms in the ~epartment of 
Energy formula to calculate uranium endowment. 

The primary purpose of this was to develop a 
practical system for quantitatively assessing the uranium 
resouuces in individual quadrangles based upon the HSSR data 
and tonnage/grade data for occurrences. 

1.2 CURRENT TECHNIQUES FOR RESOURCE 

EVALUATION AND ASSESSMENT 

. Resource appraisal consists of a series of steps from 
making' abundance estimates in'a geological 'province or.other 
large region to obtaining location, grade, tonnage, and the 
probability of occurrence estimates for a deposit. The 
procedures used in-resource estimation depend on the purpose 
of the study as well as on the quantity and quality of 
avai.lable information. 

~echni~ues frequently used to estimate resources in 
areas where'comparatively little exploration or deposit data 
are available include abundance estimation (Celenk and -* 

others, 1978), volumetric estimation (Kingston and others, 
1978), and subjective probability. Abundance estimates 
compare the crustal abundance of minerals in known areas to 
those in unknown areas. Volumetric estimates compare the 





richness of an unexplored part of a region to an explored 
part. Subjective probability estimates are based upon 
expert judgement. 

In explored areas, deposit modeling (Sinding-Larsen 
and Vokes, 1978) can be used for resource estimation. 
Deposit modeling consists of any type of a model which uses 
deposit.,information to make resource estimates. One specific 
type is the discovery process model (Drew and others, 1980; 
Barouch and Kaufman, 1977) which estimates undiscovered 
petroleum resources in a.partially explored region based 
upon characteristics' of the discovery process. many 
different types of multivariate models have used deposit 
information to estimate mineral resource potential. These 
include multiple linear regression, factor analysis, 
discriminant analysis, logistic analysis, and characteristic 
analysis. 

The first two of these techniques are well known. In 
multiple linear regression, a plane (for a linear regression) 
or a curved surface (for a higher-order regression) is 
fitted to the observations in order to minimize the sum of 
the squared distances from the fitted surface to the 
reference plane, as measured perpendicular to that plane. 
Factor analysis ascerta?ns whether multivariate observations 
occupy a number of dimensions equal'to the number of 
measured variables or instead may be contained in a smaller 
number of dimensions, implying fewer variables' present than 
those measured. Koch and Link (1971, p. 77-152). explain the 
application of these  technique,^ to geological problems. 

The latter three models will be reviewed briefly. Many 
of these models have been used to estimate the chance that a 
deposit will occur in a cell or other small geographic 
region. Some comments will be made in the,summary section 
on the strength'and weakness of these approaches. 

Discriminant analysis is a multivariate statistical 
technique to classify an observation into one of several 
populations. It has been used by Harris (1965) and 
Beauchamp and others (1979) to identify favor'able areas for 
uranium. For our purposes, one population could be the 
uranium occurrence cells while the other would be the non- 
occurrence cells. Another application of discriminant 
analysis is to classify an observation by rock unit. 
Lachenbruch and Goldstein (1979) present a general review 
of discriminant analysis. 

Logistic analysis may be used to estimate the 
pr0babili.t.y t . h a t  a given cell contains one or more deposits, 



The form of this model is 

where 8 .  is the probability that cell i contains a deposit, 
x. is the multivariate observation in cell i, and B is a 
-1 parameter vector which is usually estimated from a-training 
set. The training set consists of a binary response 
variable indicating the presence or absence of a deposit and 
a set of predictor variables such as the stream-sediment 
data. The logistic model has been applied to geological 
variables by Agterberg (1974) and by others. Chung (1978) 
has developed a computer program, and Chung and Agterberg 
(1979) discuss various parameter estimation techniques and 
pre~ent a case study. 

Another ciassf f f ca t ion  tcckiniyue used by. Bo.l;bol and 
others (1978) is characteristic analysis. It may be ' 

regarded as a principal component analysis on a data.matrix 
consisting of 0's and 1's. To use this procedure a model: 
is developed by coding each of.the variables in each cell 
as.l or 0 to indicate the presence or absence of a variable 
which helps to define an anomalous cell. One coding 
technique is to code local maximums for each variable as 
1's. Suppose this data matrix is X(n x p) where there are 
n cells and p variables each'coded as O or 1. The form of 
the mode.1 is R= - v'x. - where v is the eigenvector (a set of 
weights) correspond$ng to the largest eicjenvalue .of X'X. 
The vector x. is a vector of coded variables for the ith 
cell. A lar&-e value of R is, evidence in. favor of the 
occurrence of a deposit. 

The results from all models are of course dependent 
upon the choice of parameters. The parameters for these 
models are usually estimated from a set of data called a 
training set. There are several potential weaknesses 
associated with multivariate modeling including the large 
number of parameters that must be estimated. For example, 
in a quadratic discriminant analysis model for 2 populations 
and 40 variables, there are 1720 parameters to be estimated 
'including variance and covariance terms. Most models assume 
,multivariate normality and homogeneity of variance; these 
assumptions rarely hold.. Even though the power and 
logarithmic transformations normalize skewed data, not enough 
is known.about their effect on misclassificatiori errors. 
The effects of outliers and skewed distributions in 
discriminant analysis has been studied.by Broffitt, Clarke, 
and .Lachenbruch (1980) and Lachenbruch (1979) . A major 
source of misclassification error is initial misclassifi- 
cation in the training set. For example, if certain 
occurrence cells are classified as non-occurrence cells, 
then the actual misclassification-error rate may be 



appreciably higher than the apparent-error rate. This 
problem has been studied in discriminant analysis by 
Lachenbruch (1974) and by ~razahowski (1977) . 
  here are few studies which.provide guidelines for choosing 
among the various deposit models. Press and Wilson (1978) 
discuss the choice between logistic regression and 
discriminant analysis. Finally, when two models are applied 
to a virgin area, there is an assumption that the,population 
parameters are .the same as those. in the training-set area. 

1.3 ACKNOWLEDGEMENTS 

. . . . . . 

We acknowledge with thanks' the following. contributions. 
Susan F. Carpenter devised the geological rock code. Roy K. 
Lowry participated in several phases of the study and wrote 
some of the computer programs. Chris Blaeser, Tommy Brazell, 
Verner Guthrie, and Gary Paulsen analyzed data. D:C. 
Hawkins advised on technical computing problems. Jane Plant 
and peter Simpson worked on geochemical signatures of 
granitoids . 

We also wish to thank the scientists and engineers of 
the United States Department of Energy, the Bendix Field 
Engineering Corporation, and the Los Alamos Scientific 
Laboratory with whom we had contact. 

We want to' stress.that we accept responsibility for all 
errors in judgement and mistakes. 



SECTI'ON '2. DATA BASES 

2 . 1  CONTENT OF THE DATA BASES 

The d a t a  b a s e s  a r e  f o r  IISSR s t ream-sediment  and '  w a t e r  
samples,. r a d i o m e t r i c  anomal, ies ,  geology i n  ce l l s ,  and 
o c c u r r e n c e s .  . .. 

F i g u r e  2 . 1  shows t h e , p r i n c i p a l  s t r u c t u r a l - g e o m o r p h i c  
u n i t s  i n  Colorado.  The e a s t e r n . o n e - q u a r t e r  of  t h e  . s t u d y  
area, i n c l u d i n g  a b o u t  h a l f  o f  t h e  Pueb lo  q u a d r a n g l e  and a 
third o r  rhe Tr l r i idad  . q u d d ~ d l ~ y l e ,  is in t11t  IIigk P l a i n 3  
p a r t  o f  t h e  G r e a t  P l a i n s  g e o l o g i c  p r o v i n c e .  To t h e  w e s t  
a r e  mountain r a n g e s  s e p a r a t e d  by ' b r o a d  v a l l e y s ,  i n c l u d i n g  
Sou th  P,ark and t h e  San Lu i s  Valley.: The ext reme n o r t h -  
e a s t e r n  p a r t  b e l o n g s  t o  t h e . C o l o r a d o '  P l a t e a u .  

Fj-gtlXe 2 . 1 ' " , a l s o  shows t h e  C o l o r a d o  M i n e r a l  B e l t .  
According t o  Tweto (196.8.~ p .  5 5 5 ) ,  "Most of t h e  m e t a l  mining 
d i s t r i c t s  of  Colorado l i e  i n . t h e  Colorado M i n e r a l  B e l t ,  a  
g e n e r a l l y  narrow b u t  somewhat i r r e g u l a r  s t r i p  o f  ground 
t h a t  e x t e n d s  southwestward  a c r o s s  t h e  s t a t e  from t h e  
mountain f r o n t  n e a r  Boulder .  t o  t h e  r e g i o n  of  t h e  San J u a n  
Mountains.  " 

F i g u r e  2;2 summarizes t h e  geology o f  t h e  s t u d y  a r e a  i n  
r e l a t i o n  t o  t h a t  o f  Colorado.  I n  t h e  High P l a i n s ,  t h e  r o c k s  
a r e  h o r i z o n t a l  o r  g e n t l y  d i p p i n g  sed imenta ry  ones ;  t h o s e  

. exposed a t  t h e  s u r f a c e  r a n g e  i n  a.ge from C r e t a c e o u s  t-o 
Recent ,  e x c e p t  f o r  a  few s m a l l  a r e a s  of  o l d e r  Mesozoic r o c k s .  
Westward, t h e  r o c k s  i n  t h e  C o l o r a d o . ~ r o n t  Ranges a r e  from 
Cambrian t o  Recent  i n  a g e ,  and l i e  unconformably on t h e  
Precambrian  metamorphic and i g n e o u s  r o c k s  t h a t  make up t h e  
c o r e  of  t h e  a n c e s t r a l  Rockies.  'To t h e  w e s t ,  t h e  P a l e o z o i c  
and Mesozoic r o c k s  i n  t h e  s a n g r e . . d e  C r i s t o  Mountains and t h e  
Sawatch R a n g e . g i v e  way t o  t h e  Cenozoic r o c k s  of  t h e  San L u i s  
V a l l e y  and t h e  v o l c a n i c  r o c k s  of  t h e  San J u a n  Mountains.  
The q u a d r a n g l e  r e p o r t s  of  The Los. Alamos S c i e n t i f i c  . 

Labora to ry .  .(LASL). p r o v i d e  s k e t c h  maps. and g e o l o g i c a l  
summaries f o r  t h e  f o u r  q u a d r a n g l e s  t o g e t h e r  w i t h  r e f e r e n c e s  
t o  d e t a i l e d  a c c o u n t s  of  t h e  geology (Shannon, 1978,  1979-a, 
1979-b; Broxton and o t h e r s ,  1979; Dawson and Weaver, 1979;  
Mor r i s  and o t h e r s ,  1 9 7 8 ) .  



FIGURE 2.1.-Principal structural-geomorphic units in -3e mountain province of Colorado 
and outline (of the Colorado Mineral Belt (stippled ares) {after Tweto, 1968). 



100 KILOMETERS 

FIGURE 2 . 2 .  - Geological  map of . t h e  s tudy  a r e a  ( a f t e r  King and Beikman, 1974) . 



HSSR Data Base 

The HSSR data base consists of stream-sediment and 
water data obtained from LASL on magnetic tape. The data 
are listed in the quadrangle reports. 

This description of the field and analytical procedures 
used by LASL for the HSSR data is abstracted.from a report 
by Broxton and others (1979,~. 238-242), for 'the Montrose 
quadrangle. Essentially the same procedures were followed 
for all four quadrangles. 

Water samplcs are collected first, directly from 
the source w l l e ~ e v e i  possible, filtcrcd through a 
0.45-p membrane filter . . . directly i n t v  ulle 
each, prewashed and sealed, 41-ml reactor "rabbit" 
and 25-1111 vial (both pblyethylcr~e) . W C L L ~ L -  snnq3lta 
in both the rabbit and vial are then acidified to 
a pH <1 with 8N reagent-grade HN03. . . Springs 
are sampled as near to their point of emergence a,s 
possible; stream waters are taker1 from the fast- 
flowing current away from the bank; ponds (includ- 
ing small lakes and reservoirs) are sampled from 
just below the surface, near their center; and 
well waters are taken near the wellhead if the well 
is pu~r~pir lg or from a holding tank if not. . . 
Following the collection of the water sample (if 
any), enough fine-grained, organic-rich, water- 
transported sediment to yield a composite sample 
of 25 g after processing (as indicated below) is 
taken from beneath the water level (where water 
exists) at three adjacent spots at each spring or 
stream location. . . After drying at < 1 0 0 ~ ~ ,  each 
sample is sieved through a 100-mesh stainless 
steel sieve. The minus 100-mesh fraction is put into 
a prewashed, 25-ml polyethylene vial which is then 
appropriately double-labeled . . . and sealed for 
shipment to the LASL . . . Delayed-Neutron Counting 
(DNC) Only waters with >40 ppb uranium (as deter- 
mined by fluorometry at the LASL, where this is the 
1ipp~7: limit of detection without recalibration) or 
those with impurities that cause interference w i L l l  
uranium-induced fluorescence are analyzed using DNC. 
. . . The concentrations of Ca, Co, Cr, Cu, Fe, Mg, 
Mn, Mo, Ni, Pb, Ti, and Zn in water samples are deter- 
mined at the LASL by inductively coupled plasma- 
source emission spectrography. . . All sediment 
samples are analyzed for total uranium by DNC. . . A 
computer-controlled, energy-dispersive x-ray fluores- 
cence system is used to determine Ag, Bi, Cd, Cu, Nb, 
Ni, Pb, Sn, and W in sediments. 



Beryllium and lithium are determined in sediment samples by 
arc-source emission spectrography. Neutron activation 
analysis is used to determine concentrations of these 31 
additional elements in sediment samples: Al, Au, Ba, Ca, 
Ce, C1, Co, Cr, Cs, Dy, Eu, Fe, Hf, K, La, Lu, Mg, Mn, Na, 
Rb, Sb, Sc, Sm, Sr, Ta, Tb, Th, Ti, V, Yb, and Zn. 

Table 2.1 lists the number of samples of various types 
from the four quadrangles. Because we omitted a few samples 
for which analytical or rock-type data were unavailable, 
there are fewer samples than in the.published reports. 

. -. 
TABLE 2 . 1 . - S o u r c e s  o f  d a t a  

E n t i r e  Q u a d r a n g l e  
S a m p l e  s t u d y  
t y p e  area ' P u e b l o  M o n t r o s e  Durango  T r i n i d a d  

A l l  w a t e r s  4804 8 6 1  1 3 6 5  1 5 1 8  LO60 

S t r e a m s  2960 359 1 0 8 6  1 1 7  1 344 

Wells 9 6 3  2 7 1  1 5  1 7 9  498 

S p r i n g s  719 1 5 9  .264 1 2 7  1 6 9  

A r t i f i c i a l  p o n d s  ' 1 0 0  5 5 - 1 9  2  6 

N a t u r a l  p o n d s  6  2  1 7  - 2  2 2  3  

Tables 2.2 and 2.3 list the means,, standard deviations, 
and-the numbers of observations above the detection limits 
for the stream-sediment and water samples. We set values 
below detection limits to one-half these limits. This 
setting is reasonable, though arbitrary, and allows us to 
asspme that the elemental abundance is greater than zero 
although indeterminate. For many chemical elements most 
values are below the detection Limit; however, the few 
higher values may contain significant geological information. 

Besides the numerical data on chemical elements for 
each sample site, we' think it essential to consider the 
geologic age and lithology of the rock u11iLs. For the 



TABLE 2 .2 . -  B a s i c  s t a t i s t i c s  f o r  5759 stream-sediment samples. Number of o b s e r v a t i o n s ,  
n; mean (ppm) e x c e p t  a s  i n d i c a t e d  a s  p e r c e n t a g e s ,  P; s t a n d a r d  d e v i a t i o n ,  s ;  c o e f f i c i e n t  
of  v a r i a t i o n ,  C. "D.L." means d e t e c t i o n  l i m i t .  (For  s t a r r e d  d e t e c t i o n  l i m i t s .  v a l u e s  
below t h e s e  i i m i t s  have been s e t  t o  one-half  t h i s  . l i m i t  and inc luded  i n  t h e  a n a l y s e s .  
NAA v a l u e s  below a v a r i a b l e  d e t e c t i o n  l i m i t  b u t  exceeding t h e s e  v a l u e s  have been 
s i m i l a r ' l y  t r e a t e d .  ) 

Element No. of  o b s e r v a t i o n s ,  n  D.L. ' 0 r . ig ina l  d a t a  Logar'i'thms 
o r  - - 

Variable T o t a l  Missing Below w .  s C w s C 
d. 1. 

cs 
cu 

DY 
Eu 

Fe 

H f  

K 

La 

L i  

LU 

M9 
Mn 
Na 

Nb 

N i 

Pb 

Rb 

Sb 

Sc 

Sm 

Sn 

S r  

Ta 

Tb 

Th 

T i  

U 

U/Th 

v 
W 

Yb 

Z n 

Cond 

PH 



TABLE 2:3.- B a s i c  s t a t i s t i c s  f o r  4805 w a t e r  s a m p l e s .  Number o f  o b s e r v a t i o n s ,  n ;  mean 
(ppb), w; s t a n d a r d  d e v i a t i o n ,  s; c o e f f i c i e n t  o f  v a r i a t i o n ,  C. "D.T,." means d e t e c t i o n  
l i m i t .  

E l e m e n t  No. o f  o b s e r v a t i o n s ,  n D.L.  O r i g i n a l  d a t a  L o g a r i t h m s  

Or T o t a l  M i s s i n g  Below 
- - 

V a r i a b l e  . 
W S C  W '  s C  

, d . 1 .  I 

Cond 4796 9  613 .71  2176 .46  3 . 5 5  2 .3605  .5217  .22  

PH 4784 2 1  7 . 4 5  . . 7 8  . 1 0  

Temp ,4767 38 1 2 . 9 9  5 .34  . 4 1  1.0692 .2239 . 2 1  

s tudy  a r e a ,  Susan F. c a r p e n t e r  dev ised  a  scheme t o  
r e p r e s e n t  each U.S.G.S. format ion symbol by an  e i g h t -  
c h a r a c t e r  code (Appendi .~  1) . 

Ur'anium Occ'urr'en'ces 

The uranium-occurrence d a t a . . b a s e , c o n t a i n s  e d i t e d  d a t a  
from B u l l e t i n  40  of t h e  Colorado Geologica l  Survey (Nelson- 
Moore and o t h e r s ,  1978) wi:th a d d i t i o n a l  in format ion  from 
o t h e r  sou rces ;  i t ' l i s t s  t h e  niime of t h e  occur rence ,  

. l a t i t u d e  and long i tude ,  t o n s  of o r e ,  g rade  of o r e ,  pounds 
of con ta ined  uranium, and h o s t  rock o r  rocks  according t o  
t h e  e i g h t - c h a r a c t e r  codes. For a d d i t i o n a l  i d e n t i f i c a t i o n ,  
t h e  quadrangle  and county names,' and t h e  number of t h e  
d e p o s i t  w i t h i n  county (corresponding t o  B u l l e t i n  40) a r e  
l i s t e d .  

B u l l e t i n  40, t h e  p r i n c i p a l  source  of i n fo rma t ion ,  was 
compiled mainly through a  l i t e r a t u r e  s e a r c h  wi thout  
oppor tun i ty  f o r  f i e l d  checking no r  t ime t o  r e c o n c i l e  some 
d i s c r e p a n c i e s ,  p a r t i c u l a r l y  i n  l o c a t i o n s .  P l o t t i n g  t h e  
d a t a  on seven and one-half minute topographic  quadrangles  
i n d i c a t e d  v a r i o u s  mi s t akes ,  and w e  could not f i n d  some . 

d e p o s i t s .  For t h e  l oca t ed  d e p o s i t s ,  w e  c a l c u l a t e d  l a t i t u d e s  
and long i tudes .  Fo'r t h e  Pueblo quadrangle ,  most d e p o s i t s  - 



that produced more than one ton of.ore were field checked 
by the U.S. Geological Survey (Hills, 1980), and we 
adjusted locations and other.,data as a result of this work. 
Not every item in this data base is correct, but we believe 
that it provides a generally accurate account of uranium 

I occurrences. 

We also compiled a supplementary occurrence data base 
for the entire state of ~oiorado, based'on Bulletin 40 with 
little additional editing by .us. For each deposit, this 
supplementary data base contains county name, mine name, 
.Lens of ore, '.grade of ore, major uranium minerals,, host 
rock or rocks, age of roclcs, structures, and associated 
metals. Because.this data base did not require accurate 
deposit locations, it was easier to compile. Our purpose 
was to relate the uranium mineralization in the study area 
to a larger area. 

Geology by Cells 

This data base lists the presence or absence of 
geologic formations 'and faults in essentially square cells 
that are about 5.5 km 0n.a side. In the study area, there 
are 2,480 of these cells. The geological data were 
obtained from the 1:250,000 geologic maps of the U.S. 
Geological Survey (Johnson, 1969; Scott and others, 1978; 
Steven and others, 1974; Tweto and others, 1976). Two 
workers recorded for each cell the presence and absence of 
faults and geologic formations, according to the U.S.G.S. 
symbols. Each cell contains from one to 20 formations. 
These variab.les were then.keypunched and processed by 
computer to identify inconsistencies, which then were 
reconciled. 'The variables were processed by computer to 
convert the U.S'.G.S. symbols to our eight-digit codes. For 
each quadrangle, we then made maps for each rock code on 
the fine'printer to indicate the cells containing each one. 
Through editing we removed erroneous entries. 

Our reakons for the form of this .data base are as 
follows: in digitizing geological information, we need to 
define the ideal product and then consider how closely we 
can approach it given the limitations of cost and technology. 
Ideally, geology would be-digitized on a fine grid in three- 
dimensional space extending deep down into the crust. 
Rocks would be classified in detail according to mode of 
formation, lithology, faults, folds, age and other factors 
related to uranium mineralization. In actuality, we can 
only approach this ideal. We faced the decision of whether 
to measure quantitatively the extent of different geologic 
units plotted on these maps or simply to record their 
presence or absence. There was a trade-off between choosing 
cell size and making this decision, because if the chosen 



cell is large, it is both technologically easier and also 
less laborious to measure quantitative areas than if the 
celi sizes are small. On the other hand, if the cell sizes 
.are small enough, then the presence/absence data become semi- 
quantitative for larger cells formed by aggregating the 
small ones. Moreover, using the small-scale 1:250,000 
geologic maps, it is difficult.to make quantitative measure- 
ments .of fhe'smaller formational areas, which also may be 
only nominal in size. We selected presence/absence data in 

. cells smaller than those that.have been used by most 
previous investigators. 

Our cell size is one-twentieth of a degree of latitude, 
equal to 5.556 km on a side 0f.a cell. This yields'40 cells 
from north to south across the two-degree area. At the 
latitude of the study area, setting the cell size approxi- 
mately square, yields 62 cells in an east-west direction. 
Because we wished to use existing maps and because the maps 
and HSSR data were gridded by latitude and longitude, 
setting up cells in this way provided a better representation 
than devising a new square grid with an origin at the center 
of the study'area. (A new grid would have been required 
because the square grid system for Colorado uses three grids 
across the study area so that no one of them would have 
served.) The difference in cell area from north to south is 
only 5 percent. 

Radiometric Data 
/ 

We incorporated limited information on airborne 
radiometric anomalies into the model, by classifying each 
cell as either "anomalous" or not. "Anomalous" cells were 
taken to be those containing at least one airborne radio- 
metric anomaly as summarized i n  the uranium anomaly 
interpretation maps from the contractor reports for the 
Pueblo, Montrose, Trinidad, and Durango quadrangles 
(geoMetrics, 1979-a, 1979-b; Western Geophysical, 1979; 
Texas Instruments, 1980), and after anomalies attributed 
to highways, uranium processing plants,/ etc. were omitted. 
While the EVAL model accepts presence or absence data only, 
the SURE model allows individual cells to be rated on a 
scale of zero to ten. Clearly, such a scheme could also 
take intn account the presence of thorium and potassium 
anomalies if so desired, but we believe that any 
interpretation of this type would best be made by a 
geophysicist prior to entering the cell ratings into the 

\ model. 



2.2 DATA BASE MANIPULATION 

Introduction 

We organized the data by the geology of the sample 
sites. This allowed us to study the characteristics of 
the geochemical variation iri formations or groups,of 
formations, as well as that of the total (pooled) data 
sets, and thus to understand better the patterns of 
geochemical behavior. We devised a method to encode the 
characteristics of the sample-site geology to facilitate 
rapid and flexible retrieval of a variety of .geologic 
characterisI;ics. 

The basis of the method is to transfer the geological 
information inherent in the eight-character rock code to 
presence/absence records by setting a binary bit to 1 
(present) or 0 (absent) in up to four words of computer 
storage. The programs are specific to the 60-bit words of 
the Control Data Corporation (CDC) Cyber computer system, 
but the principle is general. 

By using fairly broad categories, we were able to code 
the information into one word, which includes both age and 
lithologic information. Two additional words are required 
for the recording of individual geologic formations, one 
bit being set 'on' (logical 1) for each formation. One 
could either use more words to encompass all formations in 
all quadrangles simultaneously, or overlay similar 
formation presence/absence information in the same two 
words in storage by treating each quadrangle separately. 
In the latter case, which we have adopted, a specific 
subroutine encodes the information for each quadrangle, 
and it is therefore necessary to specify (from the sample 
coordinates or in some other way) in which quadrangle a 
sample lies. Table 2.4 details the bits set for the 
various geologic categories. Assigning a particular sample 
geologic codc to onc or morc of thcsc prc3cncc/abscncc 
categories is done using the legend of the relevant 
1:250,000 geological map. 

Retrieval based on bit-encoded geologic information 

The power of the method becomes clear when we need to 
retrieve samples in particular categories. To retrieve 
all samples from one, or more, formations we set the 
appropriate bit(s) in the words corresponding to individual 
formations to 1; one can also apply more powerful logic to 



TABLE 2.4.- Bit assiqnments for encodinq presence7absence 
geologic information in a sinqle 60-bit word. 

. , 
_-_-I_-__-___-_--_-__--------------I-------- AGE - ~ i c s  1-15 and 45-49: 
-_--_--_I_ 

- _-__- _._---- ---- ----I- 
01 Quaternary 
02 Tertiary 
03 Cretaceous 
04 Jurassic 
05 Triassic 
06 Permian 
07 Pennsylvanian 
08 Missiiisippian 
09 Devonian 
10 Silurian 
11 Ordovician 
12 Cambrian 
13 Precambrian 
14 Precambrian X 

. 15 Precambrian Y 
45 Pliocene 
46 Miocene 
47 Oli~ocene 
48 Eocene 
49 Paleocene -- --- ----- 

LITBOLOGY - Bits 16-44 and 50-60: _- - - - - -  --------- 
16 Drift 
17 Sedimentary 
18 Igneous . . 
19 Metamorphl c 
20 k i d  
21 Intermediate 
22 Basic 
23 Ultramafic 
24 Pyroclastic 
25 Extrusive 
26 Intrusive 
27 Conglomerate 
28 Sandstone 
29 Shale 
30 Limestone 
31 Granite 
32 Gneiss 
33 Diorite 
34 Quartz diorite 
35 Granpdiorite 
36 Quartz monzonite 
37 Syenite 
38 Alluvium 
39 Colluvilim 
40 Travertine 
41 Aeolian sand 
42 Glacial deposits 
43 Landslide deposits 
44 Gabbro 
50 Metasediment and metavolcanics 
51 Sand and gravcl 
52 Siliceous , 

53 Andesitic ' 

54 Rhyelitic 
55 Granitic 
56 Volcanic 
57 Biotite 
58 Latite 
59 Dioritic 
60 Quartzite -- -- - - 



retrieve, for example, reque,sts like "all granites or 
granodiorites"; "all Tertiary pyroc.lastics"; "all Jurassic 
or Cretaceous sha.les and sandstonesW;.etc. This forms a 
useful tool for rapid exploratory analyses of data,,, 
particularly in conjunction with interactive statistical 
analysis packages such as MINITAB (Ryan and others, 1976) .. 

.. . 

The encoding is carried.0u.t automatically 'using the 
8-charact.er .rock codes. Table 2.5 details the possible , ' 

lithologies represented by characters 3'and 4 of the co.de. 
  he extraction program (EXTRACT), .i.s ' able.'to retrieve . . 

information of both age (A) ., ,specific lithology '(L) , and . 
broad 1ithol.ogic descriptors (D) , 'or entire 8-character 
codes if the retrieval of information for spccif,ic . : 
formations is desired. The key words used for'retrieval 
are listed in table 2.6. Thus, by using combinations of 
age and/or lithologic key words, flexible retrieval of the 
sample geochemical data for subsequent analysis is easy. 



TABLE 2.5.- 8-character code lithology mnemonics 
(characters 3 and 4). 

--I-----_--_-----_---- ----------I__---- 

(1) Descriptor format: "-X" or "X-" where X is one of the following: --------_--- --- 
2 Alluvium 
W Colluvium 
T Travertine 
'J Glacial deposits 
S Sandstone 
C Conglomerate 
X Landslide deposits 
F Lava flow 
G Granite 
V Volcanics (flows and/or pyroclastics) 
A Andesite 
K Sediment 
H Shale 
L Limestone 
Y Syenite 
U Ultramafics 
B Gabbro 
N Gneiss 
.P Metasediments and metavolcanics 

. Q Quartzite 
I Intrusive . , . . . . 
D Diorjte 
R Rhyolite 
__-___--___I----__-- - --- 
(2) Lithologic descriptor "XX" where XX can be one of the following: 
--I-----_------------------- -we------ 

ES Aeolian sand 
RA Rhyolite8 and nndesites 
GD Granodiorite 
UM Ultramafics 
QM Quaftz monz'onite 
QD Quartz diorite 
ST Siliceous tuff 
SC Sand and gravel 
IT Intermediate tuffs 
RT Rhyolitic tuffs 
MT Mafic (basic) tuffs 
LT Latite tuffs 
LH Limestones and shales 
LS Limestones and sandstones 
SH Sandstones and shales 

_I-- ----- - . 
P-- I - - -__.  .._ T-----_l_ ------ ---- 

(3) A descriptor followed by one of the codes in (I) abo,ve: ............................................ 
. . 

S Siliceous 
A Andesitic 
R Rhyolitic 
G Granitic 
I Intermediate 
M Mafic (basic) 
V Volcanic 
U Ultrabasic 
0 .Biotite 
L J . o r i r ~  
D Dioritic 

--------------------_-___--_----i--------------- 

(4) A,descriptor of the form "XY", where both X and Y are as (1) aboye.. If X 
occurs in both (1) and ( 3 ) ,  then (3).is assumed to take precedence. 
-_--_---_I__X_-_----------------------------------- 

NOTE- This coding applies LO r l ~ r  P ~ e b l ~ ,  Trinidad, Durango, and Montrose 
quadrangles; care must be taken when applying this technique to new areas. 



TABLE 2 . 6 . -  Key words for geologic retr ieval .  

.......................................................................... 
AGE : 

AQUAT Quaternary 
ATERT Tertiary 
APLIO Pliocene 
AMIOC Miocene 
AULlG Oligocene 
AEOCE Eocene 
.AP+ Paleocene 
ACpT.Cretaceous 
AJliRA Jurassic 
ATRIA Triassic 
APERM Permian 
APEW Penno y lvoninn 
AMISS Mississippian 
ADEVO nevnnian 

, ASILU Silurian 
A O R M  nrrlnvi r i  an 
ACMB Cambrian 
.APREC Precambrian 
APKEY Precambrian '! 
A P E X  Precambrian X 

, , 

............................................................................. 
GENERAL LITHOLOGY: . . ............................................................................. 
LDRIF Drift (all recent sediments, Quaternary) 
LSEDI Sedimentary 
LIGNE Igneous 
W T A  Metamorphics 
LPYRO Pyroclastics 
LEXTR Lavas / 

LINTR Hypabyssal and plutonic intrusive rocks ............................................................................ 
SPECIFIC LITHOLOGY: ......................................................................... 
LALLU Alluvium 
LCOLL Colluvium 
LAEOL Acoliou sand and loess 
LGLAC G l n d n l ,  deposits 
LLAND Landslide deposits 
LTRAV Travertine 
LCONG Conglomerate 
LSAND Sandstone 
LGRAV -Sand and gravel 
LSHAL Shale 
LLIHE Limestone 

. LQUAR Quartzite 
L G W  Granitc 
LSYEN Syenite 
LQTZM Quartz rnonznni,fe (adamellice) 
LGDIO Granodiorite ' 
LQTZD Quartz diorite 
LDIOR Diorite 
LGABB Gabbio 
LMSED Metasediments and metavolcanics 
LGILYI Gnelss 

-\-------------------------------------------------------------------------- 

LITHOLOGIC DESCRIPTOR: (Should be followed by lithologic key word, above) .............................................................................. 

DACLD Aoid 
DINTE Intermediate 
DBASI Basic. 
DULTR Ultrabasic 
DSILI Siliceous 
DANDE Andesitic 
DRHYO Rhyolitic 
DGRAN Granitic 
DBIOT Biotitic 
DLATI Latite 
DDIOR Dioritic 



SECTION 3. STATISTICAL MODELS 

In this section, we describe the two statistical 
models developed through our research. While all of the 
principal investigators have worked on both models, George 
Koch and Richard Howarth are primarily responsible for the 
first model, which is point-oriented.. SURE, a package for 
a System for. Uranium Resource  valuation for the 
qugdrangle evaluators-(explainsd in Section 4) was 
developed from this model. John Schuenemeyer devised the 
second model, which is cell-oriented. In the rest of this 
section, we describe these two models. 

3.1 THE POINT-ORIENTED'STATISTICAL MODEL 

Introduction to the Point-Oriented Statist.ica1 Model 
/ 

Our point-oriented statistical model analyses HSSR, 
aerial radiometric, and geologic data to calculate a total 
score for an entire quadrangle. This score is made up of 
contributions from the presence of stream-sediment 
anomalies, water anomalies, favorable host rocks, favorable 
source rocks, and radiometric anomalies. We weighted these 
contributions 20, 20, 30, 20, and 10 percent, respectively 
(although different weights could be used if desired). 
These contributions are based on occurrences in individual 
map cells. To compare the total scores among quadrangles, 
we.arbitrarily equated that for Pueblo to 100 percent and 
compared the .total scores for other quadrangles to it. 

The geological intuition of a group of geologists 
determined the scores assigned to each of these variables. 
Both statistical theory (Tukey , 1948) and experience (Koch 
and Link, 1974) indicate that if the weights assigned to 

- scores are reasonable, no serious differences will result 
in comparing two quadrangles with one or another set of 
weights. , 

In the first part of the model, we introduce data for 
stream sediments, using a procedure which reduces the effect . 
of uranium in resistate minerals by regressing the rare 
earths on uranium and seLecting the residuals. For the 
Pueblo quadrangle, total points for stream-sediment 
anomalies were 20 percentage points. 

In the second part of the model, we add water-data 
anomalies obtained by regressing uranium on calcium and . 

magnesium concentrations and conductivity. Handling the 
water data in this way does not seem unreasonable. 
Langmuir (1978, p. 558) has written that: 



. . . there are seven or more factors, 
including source rock U content, which can 
influence the uranium dissolved in water. 
These are: 
(1) the uranium content in source rocks, 
sediments or soils and its leachability; 
(2) the proximity of-the water to uranium- 
bearing rocks or minerals;. 
(3) the degree of hydraulic isolation of 
the water from dilution by fresher surface 
or subsurface waters; 
(4) climatic effects and their seasonal 
variability, particularly the influence of 
evapotranspiration; 
(5) the pH and oxidation sta.te of the water; 
(6) concentrations of carbonate, phosphate, 
vanadate, fluoride, sulfate, silicate, 
calcium, potassium, and other species which 
can form uranium complexes or insoluble 
uranium minerals; and 
(7) the presence of highly sorptive 
materials such as organic matter, ferric, 
manganese, and titanium oxyhydroxides and 
clays. 

Third, we allow input of identifiers for geologic 
formations that are potential host- or source-rocks for 
uranium. The number of sites identified divided by the 
total number of sample points yielded a percentage of points 
for a given formation; we assume that sample locations are 
evenly distributed across the quadrangl'e. (For the study 
area, this assumption is reasonable; for other quadrangles a 
modification might be needed.) For the Pueblo quadrangle, 
total points so obtained were equated to 30. 

We followed a similar procedure for the source rocks. 
An essential part of the assignment of points to favorable 
or unfavorable.source rocks was the model developed by 
Simpson and others (1979) in Great Britain. This model is 
discussed in section 6. Simpson and his co-workers have 
found that through analysis of the REE and 'incompatible' 
elements they can distinguish favorable granitic rocks 
from unfavorable ones. While their work was on whole-rock 
geochemistry and our work was on stream-sediment samples, 
meaningful relationships can be developed. For the Pueblo 
quadrangle, the total points obtained'for the presence of 
source rocks was equated to 20. ' . 

Finally, we used the presence or absence of radiometric 
anomalies to develop the last 10 points of the 100 point 
total score. 



The point-oriented model provides data aggregated for 
entire quadrangles. The computer program also keeps track 
of scores for indivi.dua1 cells; these data will be valuable 
for a projected study analyzing frequency distributions for 
the.cell.scores. Forms of distributions may be as 
important as single-valued estimates for the quadrangles. 
For instance, if two quadrangles had the same overall 
score, presumably the more valuable one would be that with 
the larger variability of map-cell scores. 

Preliminary investigations for the Pueblo quadrangle 
have shown that although potential source-rocks could.be 
identified from the geochemistry of the stream-sediment 
samples alone, distinction between host rocks and other 
sedimentary rocks may not be possible. Compiling the 
geologic cell data base was expensive and time consuming. 
Effort and expense would be saved if further investigations 
could provide reliable results without using the 
'geological maps. 

Outline of the EVAL Scheme --- 
For convenience'in computer processing, the analysis 

is performed by a series of computer programs linked 
through a set of common files. These have to be.run as 
separate phases on the Imperial College CDC 6500 computer 
system because of limited core storage (60,000 octal) 
available for interactive.processing; this limitation does 
not apply to the University of Georgia or other larger CDC 
installations. Man/machine communication is via a remote 
terminal. 

The overall scheme linking the Fortran modules SEDS, 
WATER, SREG, WREG, MPOST, QPLOT, and EVAL is shown in 
.ti9 u r e  3.1. The modules SEDS and WATER reforrnat the 
original LASL data tapes into suitably structured data 
files, and at the same time the eight-character geologic 
codes are added to each sediment record. 

SREG allows definition of up to five lithologic groups: 
igneous, metamorphic, pre-Quaternary sediments, and' 
Quaternary sediments, and "Unknown" (an error trap for rock 
codes which cannot be assigned to one of the previous 
groups). We also provide for scoring on the inferred 
presence of uranium source and host rocks which are defined 
using up to 45 different keywords (sub-section 2.2). 
Output includes : (1) printed summary information, (2) site 
coordinates and regression residual values (for each 
geologic group to be used for later off-line map plotting) 
and (3) map-cell scores. 



FIGURE 3 . 1 . -  Flowchar t  t o  show f i l ' e  and program i n t e r a c t i o n  
i n  t h e  EVAL system. 



WREG c a r r i e s  o u t  an a n a l y s i s  s i m i l a r  t o  SREG f o r  t h e  
w a t e r  d a t a ;  t h e s e  a r e  a u t o m a t i c a l l y  c a t e g o r i z e d  a's s t r e a m ,  
pond, o r  s p r i n g - p l u s - w e l l  w a t e r s .  

# 
EVAL combines t h e  i n d i v i d u a l  map-cel l  s c o r e s  (based  

on t h e  p r e s e n c e  of s t ream-sediment  anomal ies  (SREG), w a t e r  
anomal ies  (WREG), s o u r c e  and h o s t  r o c k s  (SREG), and ce l ls  
c o n t a i n i n g  a i r b o r n e  anomal ies )  i n t o  a  f i n a l  o v e r a l l  
q u a d r a n g l e  s c o r e .  A l i n e p r i n t e r  map of t h e  d i s t r i b u t i o n s  
i s  made. 

MPOST and QPLOT r e f o r m a t  t h e  sample-point  r e g r e s s i o n  
. r e s i d u a l  f i l e s  f o r  t h e  v a r i o u s  sample c a t e g o r i e s  used  in '  

SREG and WREG i n t o  a, form s u i t a b l e  f o r  p l o t t i n g .  They 
p l o t  t h e  p o s i t i v e  r e s i d u a l  v a l u e s  from t h e  U n i v e r s a l  
T r a n s v e r s e  Merca to r  p ro jec t . ed  1:250,000 q u a d r a n g l e  s h e e t s  

- (Cheadle ,  1977) , t o g e t h e r  w i t h  t h e  map-cel l  g r i d .  The 
o u t p u t  w a s  d e s i g n e d  f o r  a  Kongsberg Kingmatic  f l a t - b e d  
p l o t t e r  ( a t  I m p e r i a l  C o l l e g e )  which p l o t s  t h e  anomalous 
v a l u e s  i n  s e v e r a l  c o l o r s ,  b u t  v e c t o r  p l o t t i n g  commands i n  
t h e  F o r t r a n  program c o u l d  be e a s i l y  a d a p t e d  f o r  o t h e r  
o u t p u t  media. 

B a s i s  o f  t h e  Model -- 

R. H. C a r p e n t e r  has. shown i n  work on HSSR d a t a  from 
t h e  s o u t h - e a s t e r n  Uni'.ted S t a t e s  (.Koch and o t h e r s ,  1979) 
t h a t  c o r r e c t i n g  t h e  obse rved  s t ream-sediment  uranium 
c o n t e n t  f o r  t h e  p r e s e n c e  of  uranium i n  r e s i s t a t e  m i n e r a l s  
( i n c l u d i n g  m o n a z i t e ,  xenot ime,  a l l a n i t e ,  z i r c o n ,  etc.). can  
enhance l o c a l  u,ranium anomal ies .  However, such  an approach 
r e q u i r e s  d e t a i l e d  knowledge of  t h e  c o n t e n t s .  of uranfufn and 
o t h e r  e l e m e n t s  i n  t h e s e  m i n e r a l s  from a  g i v e n  r e g i o n .  
C a r p e n t e r  was a b l e  t o  d e r i v e  a  minera . log ica1  formula  t o  
c o r r e c t  uranium v a l u e s  by e s t i m a t i n g  t h e  t e t r a v a l e n t  
uranium i n  m o n a z i t e ,  xenot ime,  and z i r c o n  from t h e  thor ium,  
ce r ium,  hafnium and dyspros ium v a l u e s  of t h e  s t ream- 
s e d i m e n t s  (Koch and o t h e r s ,  1979,  p .  44-54).  H i s  t e c h n i q u e  
worked w e l l  i n  t h e  s o u t h e a s t ,  b u t  does  n o t  g e n e r a l i z e  t o  
o t h e r  r e g i o n s  w i t h o u t  d e t a i l e d  geochemical  i n f o r m a t i o n  on 
t h e  t y p i c a l  c o n c e n t r a t i o n  r a n g e s  o f  uranium and o t h e r  
e l e m e n t s  i n  t h e  r e s i s t a t e  m i n e r a l s ;  t h e r e f o r e ,  a  method 
which can  b e  a p p l i e d  s e m i - a u t o m a t i c a l l y  would b e  p r e f e r a b l e .  

For  a 1 1  t h e  major  l i t h o l o g i c  g roups  i n  t h e  Pueb lo  
q u a d r a n g l e ,  p r e l i m i n a r y  i n v e s t i g a t i o n s  of  t h e  r a r e - e a r t h  
e lement  (REE) abundances showed t h a t  t h e  s t r e a m ' s e d i m e n t s  
e x h i b i t  REE p a t t e r n s  which c l o s e l y  resemble  t h o s e  f o r  



s o l i d  r o c k s  (Wildeman and Haskin ,  1973; Shaw, D o s t a l ,  and 
Keays, 1979; Nance and  T a y l o r ,  1976, 1977; Hanson, 1 9 8 0 ) .  
The abundances  w e r e  r a t i o e d  t o  t h e  composi t ion  o f  c h o n d r i t i c  
meteorites (Haskin  and  F r e y ,  1 9 6 6 ) .  The REEs a r e  lanthanum, 
c e r i u m ,  samarium, europium,  t e r b i u m ,  dyspros ium,  y t t e r b i u m ,  
and l u t e t i u m .  The r e s i d u a l  uranium (obse rved  minus 
r e g r e s s i o n - p r e d i c t e d  uranium) v a l u e s  r e p r e s e n t  t h e  p a r t  of  
t h e  uranium v a r i a t i o n  t h a t  c a n n o t  b e  e x p l a i n e d  i n  terms of  
t h e  i n d e p e n d e n t  v a r i a b l e s  used  i n  t h e  l i n e a r  r e g r e s s i o n  
model.  These w e r e  found t o  b e  n o  l o n g e r  s i g n i f i c a n t l y  
c o r r e l a t e d  w i t h ,  fo r  example,  hafnium and thor ium.  
(Zi rconium,  n o t  d e t e r m i n e d  i n  t h e  LASL d a t a  s e t ,  would he 
e x p e c t e d  t o  f o l l o w  c l o s e l y  t h e  b e h a v i o r  o f  ha fn ium) .  I n  
7 4  s t r e a m  s e d i m e n t s  from t h e  P i k e s  Peak a n d  San Isabel 
g r a n i t e s ,  t h e  r e g r e s s i o n  reduced  t h e  U-Th c o r r e l a t i o n s  
from 0.936 t o  0.092,  and t h e  U-Hf ones  from 0 .812  t o  
-0.013. T h i s  r e d u c t i o n  s u g g e s t s  t h a t  t h e  e f f e c t  of t h e  
res i s ta te  m i n e r a l s  on obse rved  s t ream-sediment  uranium 
v a l u e s  h a s  been  s u c c e s s f u l l y  removed, i n  g e n e r a l  accord  
w i t h  C a r p e n t e r '  s r e s u l t s .  R e s i d u a l  s t ream-sediment  ' 
uranium v a l u e s  b a s e d  on REE r e g r e s s i o n  have  t h e r e f o r e  been 
used  i n  o u r  model a s  a n  i n d e x  o f  f a v o r a b i l i t y .  

The model combines t h e  uranium r e s i d u a l s ,  b a s e d  on 
t h e  d i f f e r e n t  s t ream-sediment  t y p e s  s e l e c t e d ,  a s  a we igh ted  
sum. However, it is  d e s i r a b l e  t o  t r e a t  these uni fo rmly  to 
a l l o w  f o r  d i f f e r e n t  b e h a v i o r  between t h e  v a r i o u s  stream- 
s e d i m e n t  t y p e s  s e l e c t e d  i n  t h e  model.. The s q u a r e  o f  t h e  
m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  (R-squared)- e x p r e s s e s  t h e  
p r o p o r t i o n  o f  t h e  t o t a l  v a r i a b i l i t y  e x p l a i n e d  by t h e  
m u l t i p l e  r e g r e s s i o n .  R-squared i s  d e f i n e d  a s :  (Sum of 
s q u a r e s  due t o  r e g r e s s i o n ) / ( T o t a l  sum o f  s q u a r e s  of t h e  
uranium v a l u e s  a b o u t  t h e i r  mean). R-squared l i e s  between 
0.0 and 1 . 0 ,  t h e  l a t t e r  v a l u e  c o r r e s p o n d i n g  t o  p e r f e c t  
c o r r e l a t i o n  o r  l i n e a r  r e g r e s s i o n .  I t  s e e m s  i n t u i t i v e l y  
r e a s o n a b l e  t h a t  a r e s i d u a l  o f ,  s a y ,  +20 ppm from a 
r e g r e s s i o n  w i t h  R-squared close t o  1 .0  w i l l  b e  o f  g r e a t e r  
i n t e r e s t  t h a n  one  o f  t h e  same s i z e  from a  r e q r e s s i o n  w i t h  
d11 erratic relationship ( f i g u r e  3 . 2 )  . T h e r e f o r e ,  w e  have  
i n c l u d e d  t h e  o p t i o n  t o  p o s t - m u l t i p l y  a l l  t h e  uranium 
r e s i d u a l  v a l u e s  by t h e  c o r r e s p o n d i n g  R-squared v d l u e  p r i o r  
t o  c a l c u l a t i n g  t h e  f a v o r a b i l i t y  s c o r e s .  R e s u l t s  from 
t h e  Pueb lo  q u a d r a n g l e  show t h a t  t h i s  p r o c e d u r e  e l i m i n a t e s  
a number o f  low-ampli tude anomal ies  a s s o c i a t e d  w i t h  t h e  
Q u a t e r n a r y  of  t h e  Denver P l a t e a u ,  etc.  W e  t r e a t e d  t h e  
w a t e r  d a t a  s i m i l a r l y .  

\ 



FIGURE 3 . 2 . -  Concept of r e s i d u a l  uranium anomaly s i g n i f i c a n c e  
i n  r e l a t i o n  t o  r e g r e s s i o n  on R E E ' s  w i t h  h i g h  ( A )  o r  low ( B )  
R-squared v a l u e .  



Calculation of Scores 

We have used the concept of a score value as a 
favorability index throughout, for the individual cells and 
for each quadrangle. The score for the water and stream- . 

sediment.data in the EVAL package is derived as follows: 

For any.cell, we define the average uranium anomaly, A, - 
as the sum of.the positive regression residuals (either' 
raw or post-multiplied by R-squared) divided by the total 
number of samples in that cell. Then, for any subset of 
either the water or stream-sediment types (for example, 
stream waters, or sediments derived from igneous rocks) the 
contribution to the cell score for that subgroup, S, is 
assigned a value of zero if there is no positive averaye 
anomaly, 0.01 if A - is between zero and 1, 0.1 if A, is 
between 1 and 10, and 1.0 if A - exceeds 10. We multiply this 
value by the relative weight, w, assigned to the sample 
type (for examplk, stream waters, 0.50; spring waters, 
0.30; pond waters, 0.15;.and well waters, 0.05; or igneous 
= metamorphic = sedimentary rock = Quaternary derived 
stream sediments, all weighted 0.25). Hence, if several 
subgroups occur in a given cell, the maximum ranked score 
for that cell is equal to the sum of the weights over all 
categories present, Cw. The total cell score is then 
( c S / C ~ _ ) ,  expressed as-a percentage, the summations applying 

- over all categories. The final mean quadrangle score is . 

then the sum of these total scores from cells with at least 
one sample type present (clearly different' subsets can occur 
in different cells), divided by the total number of such. . 
cells. We modify scoring in the SURE package (section 4) to 
use .the actual or post-multiplied residual values, rather 
than these classed values. 

Treatment of the Stream-Sediment Data 

Uranium is regressed on the REEs present in the LASL 
data file (La, Ce, Sm, Eu, Tb, Dy, Yb, and Liij  for fuur 
sub-groups. These are selected from the data by scanning 
the binary bit-patterns corresponding tu the 8-character 
rock codes (section 2 . 2 ) ,  tu ir~~lude all samples in the 
groups: all igneous rocks;-all metamorphic rocks; all 
pre-Quaternary sediments; all Quaternary sediments. Except 
for the Pueblo quadrangle, for which regressions were 
carried out on additional subgroups using the EXTRACT 
program (section 2) together with the MINITAB package 
(Ryan and others, 1976), we obtained all results using the 
standard sub-groups in EVAL. 

While selecting sub-groups on the basis of catchment or 
sample-site geology is obviousl~y advanta(jcous, coding of 



t h e  numerous f o r m a t i o n s  p r e s e n t  i n  many q u a d r a n g l e s  t a k e s  
t i m e  even u s i n g  t h e  a b o v e ' b r o a d  c a t e g o r i e s .  An. a l t e r n a t i v e  
s t r a t e g y  would be t o  c l a s s i f y  t h e  s t r eam-sed iments  i n t o  
c a t e g o r i e s  based  s o l e l y  on t h e i r  geochemical s i g n a t u r e .  
P r e l i m i n a r y  s t u d i e s  f o r  t h e  Pueb lo  q u a d r a n g l e  s u g g e s t  t h a t  
w h i l e  c e r t a i n  g roups  ( s u c h  a s  t h e  P i k e s  Peak g r a n i t o i d s )  
would b e  c l e a r l y  i d e n t i f i a b l e ,  c l a s s i f i c a t i o n  of  t h e  
d i f f e r e n t  sed imenta ry  l i t h o l o g i e s  may p r p v e  t o  have  
u n a c c e p t a b l y  h i g h  e r r o r  r a t e s .  For  t h e  p r e s e n t ,  w e  assume 
t h a t  sub-groups w i l l  b e  d e f i n e d  i n  b o t h  t h e  EVAL and SURE 
packages  w i t h  8 - c h a r a c t e r  g e o l o g i c  codes .  W e  a l s o  p r o v i d e  
f o r  t h e  u s e r  t o  i n t e r a c t i v e l y  a s s i g n  w e i g h t s  t o  t h e  
subgroups  f o r  s c o r i n g .  

Both EVAL and SURE a l l o c a t e  s c o r e s  t o  t h e  p r o p o r t i o n  
of ce l l s  t h a t  c o n t a i n  p o t e n t i a l  uranium s o u r c e  o r  h o s t  
r o c k s .  By s o u r c e  rock  we  mean a u n i t  which c o u l d  p r o v i d e  
uranium t o  t h e  s u r r o u n d i n g  envi ronment .  The P i k e s  Peak 
g r a n i t e  i n  t h e  Pueb lo  q u a d r a n g l e  i s  an example ( s e c t i o n  6 ) .  

W e  u s e  t h e  t e r m  h o s t  r o c k  f o r  f o r m a t i o n s  known t o  b e '  -- 
c l o s e l y  a s s o c i a t e d  w i t h  t h e  o c c u r r e n c e  of  uranium d e p o s i t s  
of.  s - i g n i f i c a n t  s i z e  ( f o r  example t h e  T a l l a h a s s e e  Creek 
Conglomerate,  Morr ison Format ion ,  Dakota S a n d s t o n e ) .  The 
p r e s e n c e  o f  t h e s e  f o r m a t i o n s  c o u l d  b e  s u p p l i e d  t o  t h e  model 
u s i n g  t h e  d a t a  b a s e  which r e c o r d s  a l l  t h e  r o c k  t y p e s  
p r e s e n t  i n  a  g i v e n  ce l l ,  b u t  t h i s  d e t a i l e d  i n f o r m a t i o n  
t a k e s  t i m e  t o  compi le .  Consequent ly ,  t h e  model u s e s  t h e  
o c c u r r e n c e  of 8 - c h a r a c t e r  g e o l o g i c  codes  a s s o c i a t e d  w i t h  
t h e  sample s i tes.  The i n v e s t i g a t o r  e n t e r s  t h e  i n f o r m a t i o n  
i n t o  t h e  EVAL model by s u p p l y i n g  t h e  model w i t h  key-word 
mnemonics, on an  i n t e r a c t i v e  b a s i s .  SURE u s e s  8- 
c h a r a c t e r  rock codes .  The c e l l  s c o r e  i s  t h e n  c a l c u l a t e d  
f o r  t h e  p r o p o r t i o n  of  samples  i n  t h e  c e l l  w i t h  s o u r c e  o r  
h o s t  rock  codes .  These c e l l  s o u r c e s  a r e  t h e n  averaged  t o  
5 i v e  t h e  q u a d r a n g l e  s o u r c e  o r  h o s t  rock score. I f  t h e  
sample-point  s p a c i n g  is r e l a t i v e l y  even ,  t h i s .  a v e r a g i n g  
' p rov ides  a  r e a s o n a b l e  estimate. 

I 

- ' Tr'e'atme'nt' 'of ' the'  Wa'ter 'Data 

The water-sample codes  a l l o w  s p l i t t i n g  t h e s e  d a t a  i n t o  
t h e  c a t e g o r i e s :  s t r e a m  w a t e r ,  pond w a t e r ,  and s p r i n g -  and 

, w e l l - w a t e r s .  F o r  t h e  EVAL model,  w e  g roup  s p r i n g -  and w e l l -  
w a t e r s  t o g e t h e r  a s  a  g e n e r a l  "groundwater"  c a t e g o r y .  
Regress ion  f o r  t h e  uranium i s  done on t h e  b a s i s  of  ca lc ium,  
magnesium and c o n d u c t i v i t y .  Of t h e  o t h e r  a v a i l a b l e  
p a r a m e t e r s  i n  t h e  LASL d a t a  ( S e c t i o n  2 ) ,  w e  i n v e s t i g a t e d  
i n c l u d i n g  pH and/or  t e m p e r a t u r e  i n  t h e  m u l t i p l e  r e g r e s s i o n s  



f o r  t h e  Pueblo quadrangle  d a t a .  Nei ther  made a  s i g n i f i c a n t  
improvement t o  t h e  r e s u l t s  a s  measured by t h e  R-squared 
va lue .  W e  c a l c u l a t e d  . the  c e l l  s c o r e s  on t h e  same b a s i s  a s  
t h a t  d i s c u s s e d  f o r  t h e  stream-sediment d a t a .  A s  b e f o r e ,  
t h e  ' u se r  can i n t e r a c t i v e l y  a s s i g n  weights  t o  each sub-group 
p r i o r  t o  s c o r i n g .  

'Treatment of  -- t h e  'Airborne' 'Radiometr'ic. Data 

The p re sence  of  a i r b o r n e  gamma-ray anomalies i s  e n t e r e d  
i n t o  EVAL a s  t h e  row and column c o o r d i n a t e s  of a l l  cel ls  
c o n t a i n i n g  one o r  more of the anomalies recorded  on t h e  
"uranium anomaly i n t e r p r e t a t i o n  map" o i  t h e  quadranqle  
c o n t r a c t o r  r e p o r t s  (geoMetr ics ,  1979a, 1979b; Western 
Geophysica'l, 1979; Texas In s t rumen t s ,  1980) ,  a f t e r  
o m i t t i n g  f a l s e  anomalies a t t r i b u t e d  t o  highways, yellowcake 
p l a n t s ,  e t c .  C l e a r l y ,  more s o p h i s t i c a t e d  geophysical  i n p u t  
cou ld  be  i n c l u d e d ,  and SURE p rov ides  f o r  c e l l s  t o  be ranked 
on a  1 t o  10 s c a l e ,  fo l lowing  assessment  of t h e  a i r b o r n e  
d a t a  by a  g e o p h y s i c i s t .  The p ropor t ion  of "anomalous" 
c e l l s  c o n t r i b u t e s  t o  t h e  o v e r a l l  quadrangle  s c o r e ,  and 
aga in  t h i s  component can be  weighted h igh  o r  low as d e s i r e d .  

C a l c u l a t i o n  of  t h e . F i n a 1  Quadrangle Scores  -- 
EVAL de t e rmines  t h e  f i n a l  quadrangle  s c o r e  a s  a  

weighted combination of t h e  stream-sediments,  w a t e r s ,  
s ou rce  and h o s t  r o c k s ,  and a i r b o r n e  anomalies.  The d e f a u l t  
we igh t s  a r e  set  w i t h i n  t h e  program t o  2 0 ,  20, 20, 30, and 
10 p e r c e n t ,  r e s p e c t i v e l y .  SURE a l lows  t h e  u se r  t o  
i n t e r a c t i v e l y  change t h e ' w e i g h t s .  

Assigning.  s u b j e c t i v e  weights  i n  t h e  model w i l l  
i n f l u e n c e  t h e  f i n a l  quadrangle  s c o r e ,  b u t  an in formal  p o l l  
of g e o l o g i s t s '  p r e f e r r e d  weights  ( a t  a  seminar i n  Grand 
J u n c t i o n ,  Colorado,  i n  March 1980) i n d i c a t e d  g e n e r a l l y  
s i m i l a r  cho ices .  . F i g u r e  3 . 3  shows t h e  change i n  p o s s i b l e  
s c o r e  f o r  t h e  Pueblo quadrangle  f o r  a l l  ( 1 4 4 )  combinations 
o f  sugges ted  weights .  W e  have dev ised  a method t o  a s s i g n  
an approximate conf idence  i n t e r v a l  t o  t h e  quadrangle  s c o r e  
and i n c o r p o r a t e d  it i n t o  t h e  SURE model. 

T y p i c a l  CDC 6500 t imings  ( cen t r a l -p roces so r  seconds 
under  t h e  NOS 1.1 o p e r a t i n g  system) t o  do an EVAL a n a l y s i s  
f o r  t h e  Pueblo quadrangle  d a t a  (which i n c l u d e s  performing 
r e g r e s s i o n s ,  p r i n t i n g ' m a p s  of  t h e  number of p o i n t s  p e r  I 

ce l l ,  t o t a l  and average c e l l  s c o r e s ,  and t h e  gene ra t ion  of 
f i l e s  ' for  o f f - l i n e  map p l o t t i n g  f o r  each sub-group) a r e  a s  
fo l lows :  



F I G U R E  3.3.-  Frequency d i s t r i b u t i o n  o f  EVAL q u a d r a n g l e  
s c o r e s  f o r  Pueb lo  on t h e  b a s i s  of  a l l  p o s s i b l e  ( 1 4 4 )  
combina t ions  of. s u b j e c t i v e  w e i g h t s  c h o s e n  by g e o l o g i s t s  
f o r  t h e  c a t e g o r i e s :  s t r e a m  s e d i m e n t s ,  w a t e r ,  s o u r c e  and 
h o s t  rocks, and. r a d i o m e t r i c  d a t a .  Also  shown i s  t h e  
mean q u a d r a n g l e  s c o r e  u s i n g  d e f a u l t  w e i g h t s  (Q), with '  
i t s  approximate  95  p e r c e n t  c o n f i d e n c e  i n t e r v a l .  



Water analysis 
( 3  regression passes; 861 samples) ..... 8.31 sec. 

Sediment analysis 
(5  regression passes; 1060 samples) ... 26.31 sec. 

Aerial radiometric analysis and summz.ry 
(620 cells) ............................. 0.47 sec. 

Re ional Anomaly ....... Patterns 2 --.. ........... ., .,. .-..,-* "- 

This discussion is based on the EVAL point-source- 
regression residual maps which contain the most detailed 
information; the patterns are essentially the same as the 
SURE cell-based maps. All the patterns are based on the 
uranium residuals (in ppm for stream-sediment data and ppb 
for water data) post-multiplied by the R-squared values. 
Table 3.1 lists the R-squared values and sample sizes. 
The terms low, moderate, and high refer to post-multiplied 
positive residuals in the ranges 0.1-0.9, 1.0-4.9, and 5.0 
and greater, respectively. 

TABLE 3.1. - R-squared values (percent) for stream-sediment and water 
regression analyses for each quadrangle. Sample sizes in parentheses. 

Type 
Quadrangle 

Pueblo Montrooc Durnngo ~rinidad. 
- 

Stream sediments 

Igneous 69 (282) 41 (742) 57 (520) 94 (113) 
Metamorphic 33 (115) 64 (157). 92 (61) 94 (14) 
Sediments 57 (331) 33 (524) - 71 (706) 95 (744) . 
Quaternary 55 (324) 62 (413) 59 (287) 59 (297) 

Water 

Streams 65 (356) 9 (1073) 57 (1168) 43 (342) 
Springs & wells 22 (427) 94 (275) 6 (303) 23 (658) 
Ponds 23 (72) - (0) 52 (41) 27 (49) 

Pueblo 

High residual values in the stream sediments generally 
occur over the Pikes Peak batholith, Cripple creek-Phantom 
Canyon gneiss, Eleven Mill Canyon quartz monzonite, Castle 
Rock Gulch granodiorite, and the granodiorite of Boulder 



Creek age  e a s t  o f  t h e  Cotopaxi  F a u l t  a t  F e r n l e a f  Gulch.  ' ' 

S c a t t e r e d  low t o  moderate v a l u e s  o c c u r  o v e r  t h e  C r i p p l e  
Cre'ek g r a n i t o i d s  and on t h e  Precambrian  g r a n i t o i d s  a t  
G r i b b l e s  Run i n  t h e  headwate r s  of  Badger Creek ,  n o r t h e a s t  
of S a l i d a .  Elsewhere  i n  t h e  Precambr ian ,  a l i n e  of low t o  
modera te  v a l u e s  f o l l o w s  t h e  I l se  F a u l t  zone,  e s p e c i a l l y  
where it c r o s s e s  t h e  San I s a b e l  b a t h o l i t h ,  a l t h o u g h  no 
anomal ies  a p p e a r  t o  be r e l a t e d ' t o  t h e  a r e a  o f  Cambrian 
a l k a l i c  i n t r u s i v e s  (McClure Mountain, G e m  Pa rk  and 
Democrat Creek) and a s s o c i a t e d  Th-bear ing  c a r b o n a t i t e  
dykes  i n  t h e  c e n t r a l  W e t  Mountains (Armbrustmacher,  1 9 7 9 ) .  
S c a t t e r e d  low t o  modera te  v a l u e s  o c c u r  o v e r  t h e  P a l e o z o i c s  
of t h e  Sangre  d e  C r i s t o  r a n g e  ( f o r  example t h e  C r e s t o n e  
Conglomera te ) ,  t h e  Cre taceous  N i o b r a r a  Formation ( e a s t  o f  
t h e  s o u t h e r n  Rocky M o u n t a i n s ) ,  t h e  L a t e  Eocene Echo Park  
Alluvium, and t h e  Ol igocene  T a l l a h a s s e e  Creek Conqlomerate.  
Dra inage  i n  t h e  s o u t h e r n  Rocky Mountains was c o n d i t i o n e d  
by a shal low southeas teYPy-dipping p a l e o s l o p e  trom l a t e  
Eocene t i m e  onwards,  f o l l o w i n g  t h e  Laramide u p l i f t  o f  t h e  
Precambrian  . c r y s t a l l i n e  rocks .  T h i s  i n f l u e n c e  c o n t i n u e d  
th rough  t o  t h e  l a t e  Ol igocene  ( E p i s  and o t h e r s ,  1976) and 
c o n t r o l l e d  t h e  d e p o s i t i o n  of  t h e  Echo Park  Alluvium, 
T a l l a h a s s e e  Creek Conglomerate and l a t e r  u n i t s .  ~ o l l o w i n g  
Neogene b l o c k - f a u l t i n g ,  s e d i m e n t s  w e r e  c a r r i e d  d i r e c t l y  
from h i g h l a n d s  i n t o  a d j a c e n t  b a s i n s  ( E p i s  and o t h e r s ,  
1976) r e s u l t i n g  i n  low t o  modera te  r e s i d u a l  v a l u e s  i n  t h e  
San L u i s  and W e t  Mountain v a l l e y s  and o v e r  t h e  High P l a i n s  
e a s t  o f  P i k e s  Peak. ' 

i The h i g h e s t  w a t e r  anomal ies  o c c u r  i n  w e l l s  and streams 
i n  s m a l l  a r e a s  o v e r  t h e  P i k e s  Peak G r a n i t e ,  t h e  F e r n l e a f  
Gulch g r a n o d i o r i t e  of Boulder  Creek a g e ,  t h e  T a l l a h a s s e e  
Creek Conglomerate a t  T a l l a h a s s e e  Creek,  and i n  w e l l s  and 
s p r i n g s  5 ' t o  10 m i l e s  east  of  S a l i d a .  Low t o  modera te  , 
v a l u e s  o c c u r  i n  s t r e a m s  o v e r  t h e  P i k e s  Peak ~ r a n i t e  and 
t h e  Precambrian  r o c k s  n o r t h w e s t  o f  Canon C i t y ;  s t r e a m s  
o v e r  t h e  Q u a t e r n a r y  i n  t h e  W e t  Mountains and San L u i s  
v a l l e y s ,  and w e l l s  i n  t h e , H i g h  p l a i n s ,  e a s t  of  Colorado 
S p r i n g s  and Pueblo .  

Montrose . 
The main s t ream-sediment  r e g r e s s i o n  r e s i d u a l s  a r e  t h e  

h i g h  v a l u e s  o v e r  t h e  Precambrian  g r a n i t o i d s  of  t h e  Sawatch 
Range, and t h e  T e r t i a r y  Mount P r i n c e t o n  b a t h o l i t h  complex 
( p a r t i c u l a r l y  t h e ' ~ o u n t  Ante ro  G r a n i t e ) .  Moderate v a l u e s  
a r e  r e l a t e d  t o  t h e  Laramide Twin Lakes s t o c k  and d r a i n a g e  
from t h e  Precambrian  of t h e  Mosquito Range, and from t h e  
areas ol: Precambrian  metamorphics i n  t h e  Sawatch Range 
( s o u t h  and w e s t  o f  Gunnison, and i n  t h e  Powderhorn 
d i s t r i c t  ) .  Moderate v a l u e s  a r e  a s s o c i a t e d  w i t h  t h e  Dry 



Union Formation of P l iocene  t o  Miocene age and wi th  l a t e r  
Quaternary sediments  of t h e  Arkansas Val ley  de r ived  from 
t h e  sur rounding  c r y s t a l l i n e  rocks .  Low t o  moderate v a l u e s  
a r e  a s s o c i a t e d  w i t h  t h e  Oligocene r h y o l i t i c  ash-flows from 
t h e  San Juan  Mountains t o  t h e  s o u t h , ' a n d  w i t h  t h r e e  upper 
Cre taceous  u n i t s :  Mancos Sha le ,  Dakota Sandstone,  and 
Burro Canyon Formation. 

. Because t h e  r e g r e s s i o n  f o r  s t ream wa te r s  i s  low ( 9  
p e r c e n t  R-squared) i n  t h i s  quadrangle ,  t h e  pos t -mu l t i p l i ed  
r e s i d u a l s  a r e  sma l l .  Mostly low t o  moderate v a l u e s  'occur  
over t h e  Precambrian,  and over  some a c i d  t u f f s  i n  ' t he  San 

. Juan  a r e a .  Moderate v a l u e s  occur  i n  an . a r e a  of radioa.c t . ive  
s p r i n g s  (Nelson-Moore and others,  1 9 7 8 )  i n  t h e  Mancos Sha le  
n o r t h  of  t h e  Gunnison River .  The few high v a l u e s  i n  t h e  
quadrangle  a r e  l n  streams drai.ni..ng the Masshall  Pace areai 

Durango 

The few h igh  r e s i d u a l  v a l u e s  a r e  r e l a t e d  t o  d ra inage  
from t h e  Precambrian Eolus and F l o r i d a  River G r a n i t e s ,  o r  
t h e  r i m s  of t h e  T e r t i a r y  Uncompahgre and Lake C i t y  c a l d e r a s .  
Other  s c a t t e r e d  moderate t o  h igh  va lues  occur  over  t h e  
T e r t i a r y  r h y o l i t i c  l a v a s  and p y r o c l a s t i c  f lows i n  t h e  
r e g i o n  between t h e  Needle and La G a r i t a  Mountains. Samples 
w i t h  low v a l u e s  a r e  i r r e g u l a r l y  s c a t t e r e d  over  most of t h e  
quadrangle .  

Desp i t e  t h e  f a i r l y  h igh  r e g r e s s i o n  f o r  most of t h e  
wa te r  samples ( s t r eams  and ponds, t a b l e  3 . 1 ) ,  a l l  of t h e  
v a l u e s  a r e  low f o r  t h i s  quadrangle  excep t  f o r  a few 
moderate ones  i n  streams over  t h e  Eocene San J o s e  Formation 
and t h e  upper Cre taceous  sediments  i n  t h e  San Juan bas in .  
Low p o s t - m u l t i p l i e d  r e s i d u a l s  a l s o  occur  i n  a few w e l l s  i n  
t h e  Rio Crande v a l l e y .  

T r in idad  

The p o c t - m ~ i l t i p l i e d  r e s i d u a l s  &re h ighe r  i n  t h i s  
quadrangle  t han  i n  t h e  o t h e r s ,  p a r t l y  because t h e  strearn- 
sediment  r e g r e s s i o n s  are h igh  ( t a b l e  3.1) . Moderate t o  
h igh  anomalies are a s s o c i a t e d  wi th  t h e  Precambrian a l a s k i t e  
g r a n i t e s  and y n e i s s e s  of t h e  Culebra  Range, and wi th  t h e  . 

Pa leozo ic  rocks  of t h e  Sangre de  C r i s t o  Mountains. High 
v a l u e s  a l s o  occur  over  t h e  ~ e n o z o i c  Raton Formation, Poison 
Canyon Formation,  and F a r i s i t a  Conglomerate, a l l  of which 
c o n t a i n  de r ived  Precambrian m a t e r i a l  (Tweto, 1975) .  S c o t t  
and Taylor  (1975) t h i n k  t h a t  t h e  F a r i s i t a  Conglamerate is 
e q u i v a l e n t  t o  t h e  Echo Park ~ l l u v i u m  t o  t h e  n o r t h .  



Moderate t o  h igh  v a l u e s  a r e  a s s o c i a t e d  w i t h  t h e  Dakota 
Sandstone  t o  N i o b r a r a  S h a l e  i n t e r v a l  o f  t h e  C r e t a c e o u s .  
Low t o  modera te  v a l u e s  o c c u r  i n  t h e  Q u a t e r n a r y  s e d i m e n t s  
of t h e  s o u t h e r n  W e t  Mounta ins 'Va l l ey  and i n  t h e  s o u t h e a s t e r n  
p a r t  o f  t h e  San L u i s  V a l l e y  (mainly  i n  C o s t i l l a  Coun ty) .  

High w a t e r - r e s i d u a l  v a l u e s  o c c u r  i n  s p r i n g s  and w e l l s  
i n  the ,  T e r t i a r y ' ~ u e r f a n 0  Format ion ,  which i s  mainly  
d e r i v e d  from t h e  Pennsy lvan ian  and Permian r o c k s  of  t h e  
Sangre  d e  C r i s t o  Range ( S c o t t ,  1 9 7 5 ) ,  and t h e  F a r i s i t a  
Conglomerate.  ~ o d e ' r a t e  t o  h i g h  r e s i d u a l s  are a l s o  
a s s o c i a t e d  w i t h  w e l l s  i n  t h e  C r e t a c e o u s  i n t e r v a l  from t h e  
C a r l i l e  S h a l e  t o  t h e  Pierre S h a l e .  G e n e r a l l y  low t o  
modera te  v a l u e s  a r e  a s s o c i a t e d  w i t h  w e l l s  i n  t h e  
Qua te rna ry  o f  t h e  San L u i s  V a l l e y  a n d . w e l l s  and s t r e a m s  i n  
t h e  Precambrian  r o c k s  of  t h e  s o u t h e r n  C u l e b r a  Range. 

3.2 T H E , U R A N I U M  OCCURRENCE CELL-CLASSIFICATION MODEL 

USING STREAM-SEDIMENT DATA 

I n t r o d u c t i o n  

W e  have developed t h e  c e l l - c l a s s i f i c a t i o n  model f o r  
s t ream-sediment  data i n  t h e  Pueb lo  q u a d r a n g l e .  Of t h e  620  

. c e l l s  i n  t h e  q u a d r a n g l e ,  75 c o n t a i n  a t  l e a s t  one r e p o r t e d  
uranium d e p o s i t  and 2 3  produced uranium. I n  t h e  Pueb lo  
q u a d r a n g l e . t h e r e  a r e  1056 s t ream-sediment  samples .  Most 
known d e p o s i t s  ( f i g u r e  3.4)  and most samples  ( f i g u r e  3.5)  . 
o c c u r  i n  t h e  w e s t e r n  h a l f  o f  t h e  q u a d r a n g l e .  

Il'he purpose  o f  t h i s  phase  o f  t h e  i n v e s t i g a t i o n  was t o  
d e v e l o p  a  model t o  p r e d i c t  t h e  p r o b a b i l i t y  t h a t  one o r  more 
uranium d e p o s i t s  o c c u r s  i n  a  c e l l .  The l o g i s t i c  model was 
chosen b e c a u s e  it h a s  been used  i n  d e p o s i t  modeling by 
Chung and A g t e r b e r g  (1979) and o t h e r s .  The form o f  t h e  
model i s  

i = P (Yi  = 1) = exp  (x:g/(l + exp (x!  g )  ) -1- 

where o i  i s  t h e  p r o b ? b i l i t y  of  f i n d i n g  one o r  more deposi ts  
i n  t h e  g i v e n  c e l l ,  x :  = ( l , x i l ,  . . . , x .  ) i s  t h e  obse rved  
v e c t o r  o f  p  v a r i a b l e & ,  and g 1s t h e  v e c t B r  o f  p a r a m e t e r s  t o  

. be e s t i m a t e d  from a  t r a i n i n g  se t .  

For  t h e  p u r p o s e s  o f  p a r t i t i o n i n g  t h e  c e l l s  i n t o  a. 
t r a i n i n g  and a  v a l i d a t i o n  set t h r e e  c a t e g o r i e s  of ce l ls  
w e r e  c o n s i d e r e d : '  (1) t h e . o c c u r r e n c e  cel ls  w i t h  p r o d u c t i n n ,  
( 2 )  t h e  o c c u r r e n c e  ce l ls  w i t h o u t  p r o d u c t i o n ,  and ( 3 ) ' t h e  

. . 
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F'lGuKE 3 . 4 . -  S t r e a m - s e d i m e n t  s a m p l e s  p e r  c e l l :  i n  t h e  P u e b l o  
quadrangle . 

LOCATION OF U OCCURRENCES CIST L INE)  
TRAINING SET=I, VALIDATION SET=2 C2ND L INE)  

F I G U R E  3 .5 .  - L o c a t i o n s  o f  u ran ium o c c u r r e n c e  cel ls  and  
i d e n t i f i c a t i o n  o f  t h e  t r a i n i n g  se t  i n  t h e  P u c h l o  quadrang1.c.  - 



I .  

non-occurrence cells. Cells within each of these three 
groups were randomly assigned so that one-half were 
assigned to the training set and one-half to the validation 
set. The production cells were randomly assigned in 
descending order of production. Each cell contained from 

/ 0 to 7 stream-sediment 'samples with the greatest sample 
density occurring in the.Tallahassee Creek region. 

Descriptive Compar i s'on of. .the. 'S tre'aiti-.S.edime.n.t 'EI.eme'n.ts -- 
for Occurrence versus Non-Occurrence Cells 

We plotted side-by-side box plots for each of the 
chemical elements using the Pueblo training set data. The 
left box (figure 3.6) represents the distribution in the 
uranium-occurrence cells (0) while the right one is for the 
non-occurrence cells (n). Following the usual practice in 
a-nalysis of trace-element data, all box plots are in 
logarithms. The ability of the chemical element to 
identify occurrence cells is a function of the displacement 
in the positions of the two distributions. For Ca, Ce, Co, 
Cr, Fe, La, Mg, Mn, Na, Sc, Sm, Th, and Ti, the 
distribution in the uranium-occurrence cells is shifted 
upwards from the non-occurrence cells.   ow here does the 
lower quartile in the occurrence cells exceed the upper 
quartile in the non-occurrence cells; (a) of figure 3.6 is 
typical of these distributions. For the other chemical 
elements, no difference in the relative positions of the 
two distributions was observed; (b) ancl (c) of figure 3.6 
are typical. However, none of  he individual elements 
appear to be good discriminators of occurrence cells. 

FIGURE 3.6.- Side by side'box plots comparing two 
pupulations by various chemical elements. 



One concern was that within the cells classified as 
containing one or more uranium deposits there might be a 
difference between the cells with zero and non-zero 
production. We generated side-by-side box plots.for . 
stream-sediment data to examine this conjecture. No 
displacement was observed in the distributions. The box 
plots shown in (d) of figure 3.6 are typical of these. 

In addition, the area in the Pueblo quadrangle between 
105.032 and 106 degrees longitude was examined separately. 
This area (20 rows and the 15 leftmost columns) is 
primarily the Tallahassee Creek region and contains most of 
the known deposits. Although side-by-side box plots which 
appear to be wcak dicariminators of occurrence cells (Co, 
Cr, Dy, Li, Mg, Mn, Sc, V) were somewhat different from 
those for the cntire Pueblo quadrangle, no element was a 
good discriminator. The box plot shown in Ce) of figure 
3.6 appears to be typical of the elements which may be 
weak discriminators. 

The Losistic-Rearession Mo'del 

We used subsets of the 44 variables in the Pueblo 
training set to estimate the model parameters. The 
variables chosen were those that best discriminated between 
occurrence and non-occurrence cells on the basis of a 
distribution shift. Unfortunately no model was found which 
effectively discriminated between occurrence and non- 
occurrence cells. Some reasons for this will be discussed, 

We fitted a logistic-regression model (Chung, 1978) to 
a 14 variable subset of the stream-sediment variables in 
the Pueblo quadrangle. The variables Ca, Ce,Co, Cr, Fe, 
La, Mg, Mn, Na, Sc, Sm, Th, Ti, and U, were selected as the 
best univariate discriminators between the occurrence cad- 
non-occurrence cells by visual inspection of the box plots. . 

A natural log transformation was performed on all 
variables. When multiple samples occurred in a given cell, 
each sample was entered separately in the model. When two 
or more samples occur in a cell, the largest probability 
is shown. A .  cell is.arbitrari.1~ designated as a mis- 
classification i.f P(Yi = 1) < . 5  given that the cell 
contains a uranium deposit or P(Yi = 1) > . 5  given that the 
cell does not contain a uranium deposit. The probabilities 
of classifying a cell in the Pueblo quadrangle as an 
occurrence cell are given in figure 3.7. Table 3.2 is the 
misclassification table for both ,the training and . 

validation sets and table 3.3 isthe frequency distribution 
of probabilities of occurrences of the samples in both 
sets. Almost all samples are classified as being non- 
uranium (NU) deposit cells. 
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F I G U R E  3 .7 . -  P r o b a b i l i t i e s  o f  c l a s s i f y i n g  ce l l s  i n  t h e  
P u e b l o  q u a d r a n g l e .  

TABLE 3.2.- Numbers of misclassified cells for the training 
and validation sets, Pueblo quadrangle. . Classifications 
are based on the maximum probabilities for cells with 
multiple samples. 

Type of cell , ~otals Training Validation 
set set 

NU U NU U 

?ion-uranium deposit (NU) 418 208 1 207 2 

uranium deposit (U) 6 2 2 9 3 3 0 0 
I 

Empty cells 140 



TABLE 3.3. - Distributions of estimated probabilities of 
occurrences or samples. 

Percent Training set Validation set 

NU U NU U 

70 - 80 0 1 1 0 

8 0  - 30 O 0 U 0 

90 - 100 0 0 0 0 .  
............................................................ 

Total 476 7 1 423 8 5 

We also considered separately the area between 105.032 
and 106.000 degrees longitude. A different logistic model 
was estimated; however, classification was no better than 
that using the model for the entire quadrangle. 

Discussion 

There .are three major reasons for the poor performance 
of the logistic model: 

(1) The cells are not homogeneous, 
( 2 )  A sample indicating the presence of a deposit 

may be in a different cell from the deposit; and 
(3) Misclassification errors may exist in the 

training set. 

Cells frequently contain multiple rock types, and some of 
these are not in.dica.t.ors of uranium occurrences. Tl .~us ,  
the distribution of stream-sediment samples associated 
with occurrence cells is mixed or contaminated. Later 
analysis will show that certain stream-sediment variabLes 
are good discriminators of rock types. One possible 
solution to this heteroscedasticity problem is to reduce 
the cell size; however, this results in more empty cells. 
Also for smaller cells, it is less likely that the sample 
derived from a deposit will occur in the same cell as'the 
deposit. Filtering techniques might be applied to'select. 
the appropriate sample. The success of any classification 
technique depends in part on the initial classification of 



the cells into the correct populations. 1nitia.l mis- 
classification may result in biased estimates,for the model 
parameters and incorrect apparent-classification errors. 
This misclassification would exist. if some of the non- 
occurrence cells ,contained a deposit.' Therefore, the 
combination of events just described could account for the 
poor performance of the logistic model. 



SECTION 4. SURE, A SYSTEM FOR URANIUM 

RESOURCE EVALUATION 

4.1 INTRODUCTION 

SURE is a System for Uranium Resource Evaluation 
based on the EVAL model. SURE 2s adapted for input and 
output by means of a single computer package. Madmachine 
commuriication is. completely interactive, using a remote 
terminal. No external plotting facilities are required, 
because a11 maps are produccd'at thc terminal. 

A simplified flowchart of the SURE system is given in 
Appendix 3, with emphasis on the stages at which the user 
interacts.with the flow ,of the program. unlike EVAL, the 
program contains options to enable the user to carry out a 
quadrangle analysis in the absence of complete information. 
For example, if coded geology is not. avai'lable, the user 
may lump the stream-sediment data together. ~lternatively, 
the user can attempt to split the data into a number of 
sub-groups based on sample-site geochemistry. The data 
files used are the same as those for the EVAL system: the 
stream-sediment, water and radiometric data bases. 

For the u.ser, program operation is simple becausc the 
package issues prompts or requests for alternative action 
as appropriate.. Appendix 4 is an example o.f detailed 
interaction for the Pueblo quadrangle. 

Percentage weights used in the scoring operations 
were set arbitrarily as follows: 

(1) Data types: host rocks, 26; source rocks, 14; 
water, 20; stream-seidments, 24; ,and 
radiometrics, 16. 

(2) Water sub-populations (A) streams, 60; springs 
and wells, 30; and ponds, 10; or ( B )  streams 

. 50; springs, 30; ponds, 15; and wells, 5. 
(3) Stream-sediment sub-populations: igneous, 25; 

metamorphic, 25; sediments, 25'; drift, 25; 
unknown,, 0. 



The u s e r  e n t e r s  t h e  quadrangle  name, t h e  program then  
checks whether t h e  a p p r o p r i a t e  wate r -da ta  f i l e  i s  
a v a i l a b l e  and whether  it c o n t a i n s  d a t a  on t h e  n a t u r e  of  t h e  
sample t ypes .  I f  t h e  l a t t e r  a r e  n o t  a v a i l a b l e ,  t h e  
program a s k s  whether t h e  u s e r  wishes t o  t r e a t  t h e  d a t a  
lumped t o g e t h e r  o r  i gno re  it i n  t h e  subsequent s c o r i n g  
( t h e  l a t t e r  a c t i o n  w i l l  be  r e f l e c t e d  i n  t h e  conf idence  
i n t e r v a l  on t h e  f i n a l  quadrangle  s c o r e ) .  The program then  
checks  t o  see whether geo log ic  codes a r e  p r e s e n t  f o r  t h e  
stream-sediment d a t a  (a l though  we use  ou r  8 -charac te r  
codes ,  SURE a l lows  t h e  use  of t h e  format ion codes of  t h e  
Uni ted S t a t e s  Geologica l  Survey) .  I f  such codes a r e  absen t  
t h e  u s e r  has  t h e  o p t i o n  of  singlc popula t ion  regression nr 
d a t a  se t  r e j e c t i o n ,  w i t h  t h e  p o t e n t i a l  o p t i o n  of d i v i d i n g  
t h e  d a t a  i n t o  sub-populat ions  on t h e  b a s i s  of geochemistry.  
( N e w  d i s c r i m i n a t o r y  l o g i c  may be necessary  t o  ex tend  t h e  
l a t t e r  o p t i o n  t o  o t h e r  p a r t s  of the  United S t a t e s . )  The 
u s e r  i s  now g iven  t h e  o p t i o n  t o  change t h e  d e f a u l t  s c o r i n g  
we igh t s  (above) f o r  t h e  d i f f e r e n t  t ypes  of  d a t a .  

Mul t ip l e  r e g r e s s i o n  f o r  t h e  wate r  o r  stream-sediment 
d a t a  proceeds  much a s  i n  t h e  EVAL package, excep t  t h a t  
h e r e  t h e r e  i s  more f l e x i b i l i t y  i n  a s s ign ing  t h e  n a t u r e  of 
t h e  sub-groups f o r  r e g r e s s i o n  a n a l y s i s ;  sub-populat ion 
d e f a u l t  weigh ts  may be changed; ou tpu t  of t h e  anomalies i s  
o p t i o n a l ,  and l i s t i n g  of v a l u e s  below a  user -def ined  
t h r e s h o l d  can be suppressed ;  t h e  f u l l  ou tpu t  of 
c o r r e l a t i o n  m a t r i c e s ,  r e g r e s s i o n  e q u a t i o n s ,  u n i v a r i a t e  
s t a t i s t i c s  and maps of sample occurrence and anomaly 
d i s t r i b u t i o n  f o r  each  sub-group may be suppressed.  The 
geo log ica l ly -based  d e f a u l t  c a t e g o r i e s  ( igneous ,  metamorphic, 
sediment ,  and g l a c i a l  d r i f t  o r  o t h e r  s u r f i c i a l  d e p o s i t s )  
a r e  r e t a i n e d  i n  SURE f o r  t h e  s t ream sediments .  (Applying 
t h e  model t o  new quadrangles  would r e q u i r e  some form of 
encoded geology t o  a l low t h i s  r e t e n t i o n ,  u n l e s s  c rude r  
a n a l y s i s  on pooled d a t a  o r  geochemically de f ined  sub- 
groups i s  done.)  

The wate r  a n a l y s i s  i n c l u d e s  an op t ion  t o  d i f f e r e n t i a t e  
between s p r i n g  and w e l l  waters i f  d e s i r e d .  This  should be 
h e l p f u l ,  a s  many of t h e  wells may penetrate deep a q i l i f e r  
systems.  I f  such s u b d i v i s i o n  i s  r eques t ed ,  t h e  program 
re -a s s igns  t h e  d e f a u l t  wate r  sub-population weights .  

Host and sou rce  rock occur rence  i n  a  quadrangle  may 
be based on t h e  count  of a p p r o p r i a t e  g e o l o g i c a l  format ion 
codes p r c s e n t  on a  p e r  c e l l  b a s i s  i f  t h e  r e l e v a n t  
i n fo rma t ion  i s  a v a i l a b l e .  I f  n o t ,  p r o v i s i o n  e x i s t s  t o  
e n t e r  an o v e r a l l  p ropor t ion .  A s i m i l a r  c a p a b i l i t y  t o  
e n t e r  an o v e r a l l  s c o r e  e x i s t s  f o r  t h e  a i r b o r n e  r ad iome t r i c  
d a t a  f i l e .  A s  b e f o r e ,  guessed o v e r a l l  s c o r e s  w i l l  r e s u l t  
i n  a  l a r g e r  conf idence  i n t e r v a l  on t h e  f i n a l  quadrangle  



score. Maps of cell-score distributions for these data' 
types can be obtained if required. 

4.2 SCORING FOK..PACKAGE SURE 

Scoring is similar in general to that used in EVAL; 
however, positive residual values for a cell are now 
summed directly (rather than being ranked with a possible 
maximum of one) before dividing by the number of samples 
in a cell to give the average anomaly value; this value is 
multiplied by the appropriate sub-population (or total 
population) weight. The final score for the water or 
stream-sediment regressions is equal to the sum of the 
cell anomalies over all groups, divided by the number of 
cells occupied hy one (or more) sub-group(s). Host and 
source rock scores come from the weighted proportion of 
occupied cells. The radiometric score is computed from 
the total weighted cell scores divided by the number of 
scored cells, rather than the full 620 cells used in EVAL. 
This allows for possible differences in airborne coverage 
from one quadrangle to another. The final quadrangle 
score is the weighted sum of the component scores. 

I$ we consider the e'stimate of the overall quadrangle 
score S to be a linear composite.of approximately randomly 
distributed normal variables, then the scores for the i 
individual data types ai, each weighted by an amount wi 
may be shown (JHS) to have a workable conservative/\' 
approximation to a 95 percent confidence bound on S which 
is given by 

l n  , 

where ni is the number of data points (cells) in the ith 
category. This' has been implemented in SURE. 

. . 

. . 
4.3 SURE RESULTS . 

The full interaction possible for a quadrangle 
analysis is typified by the man/machine dialogue.for the 
Pueblo quadrangle in figure 4.2, which i.s essentially . . 
self-explanatory. 'As described above, options are present 
throughout the program to enable the user to suppress full 
details of.the'regression analysis and/or score maps if 
he wishes. Results for the Pueblo, D u ~ a n y o ,  Montrose, and 
Trinidad quadrangles are essentially compatible with those 



p r e v i o u s l y  o b t a i n e d  w i t h  t h e  EVAL s u i t e  of programs, wi'th 
t h e  excep t ion  o f  t h e ' s c o r i n g  methodology d e s c r i b e d  above. 
F i n a l  s c o r e  v a l u e s  a r c  l a r g e r  a s  a  r e s u l t  of t h e  use  of 
f u l l ,  r a t h e r  t h a n  ranked,  r e g r e s s i o n  r e s i d u a l  v a l u e s  ( c f .  
f i g u r e  3 .3)  . 

Table  4 . 1  compares t h e  s co re s '  f o r  each ca tegory  f o r  a l l  
f o u r  quadrangles .  I f  w e  t a k e , t h e  Pueblo quadrangle  a s  a  
s t a n d a r d ,  we may compare t h e  o t h e r  quadrangle  s c o r e s  f o r  
e .ach 'ca tego , ry  by m u l t i p l y i n g  them by t h e  s p e c i f i e d w e i g h t  
p e r c e n t  f o r  t h a t  c a t e g o r y  d iv ided  by t h e . c o r r e s p o n d i n g  raw 
s c o r e  f o r  Pueblo.. . The r e c a l c u l a t e d  Pueblo s c o r e s  t hen  match 

. t h e  we igh t s  which each  ca t ego ry  c o n t r i b u t e s  t o  t h e  f i n a l  
quad rang le  s c o r e ,  and t h o s e  f o r  t h e  o t h e r  quadrangles  a r e  in '  
t h e  same propu; Liuri. 

. . . . 

For  Pueblo t h e  t o t a l  s c o r e  i s  100,  t h e  ~ u r a n g o  t o t a l  
s c o r e  i s  t w o - t h i r d s  t h a t  o f ' p u e b l o ;  t h e  Montrose s c o r e  i s  
4 5  p e r c e n t  l a r g e r ,  and t h e  T r in idad  s c o r e  i s  30 p e r c e n t  
l a r g e r .  .Therefore ,  i f  Pueblo were f u l l y  .explored we could 
e q u a t e  its s c o r e  of L O O  t o  t h e  t o t a l  va lue  of uranium a s  
measured by one o r  ano the r  a t t r i b u t e  of t h e  occur rence  d a t a ;  
and,  i f  Tr in idad  w e r e  unexplored,  we could p r e d i c t  i t s  va lue  
t o  b e  1'31.5 p e r c e n t  t h a t  of Pueblo. 

TABLE 4 . 1 .  SURE ! q u a d r a n g l e  scores per c a t e g o r y  c o m p a r e d  to  
P u e b l o  scores ( p e r c e n t )  

W e i g h t ,  ~ u a d r a n g l c  
S c o r e d  i t e m  % P u e b l o  UUrango M o n t r o s e  T r i n i d a d  

Water ( 4  g r o u p s )  2 0  2 0 . 0  2 . 7  3 . 1  1 0 . 5  
. . 

S t r e a m -  s e d i m e n t s  
(4 .  g r o u p s )  2 4  ' 2 4 . 0  1 2 . 2  3 6 . 7  . 5 2 . 6  

A i r b o r n e  r a d i o -  
m e t r i c ~  1 6  1 6 . 0  . 1 4 . 3  1 5 . 0  9 . 5  

S o u r c e  r o c k s  1 4  . 1 4 . 0  ' 0 . 6  - . 2 8 . 8  1 0 . 0  

H o s t  r o c k s  2 6  2 6 . 0  3 7 . 1  6 0 . 2  4 8 . 9  - - -  
TOTAL ' 1 0 0  1 0 0 . 0  6 6 . 9  1 4 3 . 8  1 3 1 . 5  

Our s u p p o s i t i o n s  i n  t h e  p rev ious  paragraph a r e  t o  
i l l u s t r a t e  a  method t h a t  would be  a p p l i c a b l e  t o  t h e  
e v a l u a t i o n  of quad rang le s  i n  a  l i t t l e - e x p l o r e d  r e g i o n ,  a s  
i n  p a r t s  of Alaska. I n  r e a l i t y ,  a l l  f o u r  quadrangles  i n  
t h e  s ' tudy a r e a  have been exp' lored,  a l though  n o t  equa l ly .  



A f u r t h e r  i n c r e a s e  i n  e f f i c i e n c y  over EVAL i s  obta ined  by 
us ing  b ina ry  inpu t /ou tpu t  f o r  t h e  i n t e r n a l  s c r a t c h  f i l e s .  

SURE r e q u i r e s  45k (decimal)  of c e n t r a l  memory on a 
t y p i c a l  CDC 6500 i n s t a l l a t i o n ,  which a l l ows  d a t a  sets 
c o n t a i n i n g  up t o  2000 samples t o  be processed .  However, 
t h i s  requirement  i s  e a s i l y  a d j u s t e d  and t h e  program can be 
run  i n  a s  l i t t l e  a s  25k i f  t h e  d a t a  sets c o n t a i n  on ly  450 
samples. Consequently,  t h e  program could be  run 
i n t e r a c t i v e l y  a t  most CDC s i t e s .  Overlay s t r b c t u r e  and 
b i t -manipula t ion  o p e r a t i o n s  ( s e c t i o n  2 . 2 )  would need 
mod i f i ca t ion  f o r  o t h e r  computers. 

I d e a l l y ,  SURE cons ide r s  d a t a  from each of t h r e e  f i l e s  
con ta in ing :  "16" format stream-sediment d a t a ,  "17"  format  
wate r  d a t a ,  and f ree- format  r a d i o m e t r i c  d a t a  ( c e l l  
coo rd ina t e s  and a user -ass igned  anomaly s c o r e ) .  The 
absence of one o r  more of t h e s e  f i l e s  will n o t  p r o h i b i t  an 
e v a l u a t i o n .  

I n  o r d e r  t o  make SURE e a s i e r  t o  u se  t han  EVAL, none 
of t h e  data-base  f i l e s  a r e  reused  a s  s c r a t c h  f i l e s ;  
t h e r e f o r e  permanent f i l e  cop ies  ( o r  magnetic t a p e s )  can 
be s a fe ly  used i n  d i r e c t  acces s  mode. Seventeen l o c a l  
f i l e s  a r e  r e q u i r e d  f o r  t h e  procedure ,  source  code,  
a b s o l u t e  and r e l o c a t a b l e  b i n a r y ,  d a t a ,  i n p u t / o u t p u t ,  and 
s c r a t c h  f i l e s .  

SURE c o n t a i n s  i n t e r n a l  e r r o r  checks.  A s  d i s cus sed  
above, t h e  o p t i o n s  p r e s e n t e d ' t o  t h e  u s e r  a r e  governed by 
t.he s t anda rd  of t h e  a v a i l a b l e  d a t a .  I n  a d d i t i o n ,  t h e  
program checks t h e  fo l lowing : '  t h a t  t h e  sample s i t e s .  l i e  
w i t h i n  t h e  bounds of t h e  quadrangle ;  t h a t  d a t a  a r e  p r e s e n t  
f o r  a l l  t h e  p r e d i c t o r s  used i n  t h e  m u l t i p l e  r e g r e s s i o n ;  
t h a t  no c e l l  i s  ass igned  more than  one r a d i o m e t r i c  s c o r e ;  
and t h a t  a l l  i n p u t  v a l u e s  1 i e . w i t h i n  expected l i m i t s .  I f  
any e r r o r  i s  d e t e c t e d ,  t h e  l eas t  d i s r u p t i v e  cou r se  of 
c o r r e c t i v e  a c t i o n  i s  taken .  Add i t i ona l  e r r o r  checks i n  
t h e  r e g r e s s i o n  so f tware  p r e v e n t s  r e g r e s s i o n  on d a t a  s e t s  
con ta in ing  less t h a n  10 samples,  o r  i s s u e s  a warning i f  
t h e  d a t a  set  c o n t a i n s  from 10 t o  2 5  samples. 

A t y p i c a l  t iming  f o r  t h e  complete SURE quadrangle  
a n a l y s i s  i s  23.3 CDC 6500 c e n t r a l - p r o c e s s o r  seconds under 
t h e  NOS 1.1 o p e r a t i n g  system f o r  t h e  Pueblo quadrangle ,  
i n c l u d i n g  r e g r e s s i o n  c a l c u l a t i o n s  and o u t p u t  of a l l  maps 
(Appendix 3) . 

SURE can be e a s i l y  adapted t o  p r o c e s s  quadrangles  
o t h e r  tI id11 L~IOSE: i n  t h e  'study a r c a .  For each q u a d r a n g l e  
r e q u i r i n g  new geo log ic  codes ,  programs would need t o  be  
r e w r i t t c n  t o  i n t e r p r e t  t h e s e  codes;  t h e  p r e s e n t  programs 
would s e r v e  a s  models, s o  t h e  r e w r i t i n g  would be  r o u t i n e .  



Tab le  4 . 2  shows t h a t  Montrose and Pueblo p roduc t ions  have 
been f a r  h i g h e r  t h a n  t h o s e  from t h e  o t h e r  two. Adding o r e  
r e s e r v e s  p u b l i s h e d  f o r  t h e  Hanson o r e  body i n  Pueblo and 
t h e  P i t c h  mine i n  Montrose (Nelson-Moore and o t h e r s ,  1978, 

, p .  148,  393) r e v e r s e s  t h e  p o s i t i o n  of t h e s e  quadrangles  
b u t  t hey  s t i l l  l e a d .  Consider ing t h e  h igh  s c o r e  from 
T r i n i d a d  t o g e t h e r  w i t h  i t s  low p roduc t ion ,  we can p r e d i c t  
an  e x c e l l e n t  exp lorAt ion  p o t e n t i a l  f o r  t h i s  quadrangle .  

TABLE 4 - 2 - - Prod. !!$.f.i.~!n ... ai.d.d.df:e~e.~e~SSSOfOfOfura*i~ f o r  t h e  
f o u r  q u a d r a n g l e s  I n  t h e  s t u d y  a r e a .  P r o d u c t i o n  d a t a  f rom 
Nelson-Moore and  o t h e r s  ( 1 9 7 8 ) .  reserve d a t a  f rom DOE 

P r o d u c t i o n  P r o d u c t i o n  & p u b l i s h e d  r e s e r v e s  
Q u a d r a n g l e  ibo. U308 l b s .  U308 Tons  U 3 0 8  

Mon t rose  2 ,630 ,272  8 ,410 ,272  4 ,205 

P u e b l o  468,748 40 ,158 ,748  20,079 

T r i n i d a d  1 , 4 1 7  1 , 4 1 7  0 .7  

Durango 956 956 0 .5  

T r in idad  s c o r e s  h ighe r  than  Pueblo c h i e f l y  because 
t h e  c o n t r i b u t i o n  from stream-sediment anomalies i s  about  
double  t h a t  i n  Pueblo.  Of cou r se ,  d i f f e r e n t  weigh t ings  
f o r  t h e  s co rcd  i t c m s  o r  changes i n  model d e t a i l s  would 
y i e l d  d i f f e r e n t  r ank ings  f o r  t h e  f o u r  quadrangles .  

W e  d i d  n o t  score t h e  source  rocks f a r  Durango and 
Montrose, because in format ion  w a s  l a ck ing  when t h e  a n a l y s e s  
w e r e  made; however, even i f  we r a t e d  t h e s e  source  rocks  a s  
h i g h  a s  Pueblo,  t h e  t o t a l  s c o r e s  would s t i l l  be  w e l l  below 
t h o s e  f o r  Pueblo. 

4 . 4  COMPUTING DETAILS 

The SURE package c o n s i s t s  of a  s i n g l e  FTN compat ible  
F o r t r a n  program which i s  heav i ly  o v e r l a i d ,  a s  t a b l e  4.3 
shows, i n  o r d e r  t o  op t imize  t h e  use  of computing r e sou rces .  

1 , '  



TABLE 4.3.- SURE overlay structure. 

................................................................................ 
Level (O,O), program INTRO: 
User introductions; 
Input file testing; 
Primary overlay loading; , 

BITSET (bit-manipulation) and EDIT (change input parameters) options. 

Level (2,0), program REGPRI: 
Load secondary overlays for regression ,and anomaly scoring .operations; 
Multiple regression and c o r r e l a t , i o n ' s u b r o u t i n e s .  

Level (2,1), program WREG: 
Water regressions .on streams, springs plus wells, and ponds. 

Level (2,2), program SCORIT: 
Water and stream sediment' anomaly scoring operations. 

Lave1 (2,3),progromSAV~C: . ' 

Stream sediment regression on.-basis of assigned geologic groups. 

Level .(2,4), program WREGC : . . 
' Water regressions on streams, springs, wells, and ponds. 

Level (2,5), program GREG: 
Stream sediment regression on basis of sample gcochcmistry. 
(This is currently a dummy subroutine requiring discriminant logic). 

Level (3,0), program RMETRIC: 
Airborne radiometric (cell) anomaly input and scoring. 

Level (4,0), program GCODE: 
Perform source and host rock scoring on.basis of geologic codes. 

~evel'(5,0), program GCODE2: 
Perform source rock scoring on basis of geochemistry. . . 

(This is currently a dummy subroutine requiring discriminant logic). 

Level (6,0), program TERM: 
Combine results and compute overall cell and total quadrangle scores. ............................................................................... 



SECTION 5': ANALYSIS OF URANIUM 'OCCURRENCES 
. . .  

The uranium-occurrence  d a t a  r e f l e c t  t h e s e  f a c t s  a b o u t  
t h e  s t u d y  a r e a :  (1) uranium d e p o s i t s  were formed th rough  
a v a r i e t y  o f  g e o l o g i c a l  p r o c e s s e s  t a k i n g  p l a c e  a t  d i f f e r e n t  
t i m e s  i n  d i v e r s e  s t r a t i g r a p h i c  and s t r u c t u r a l  g e o l o g i c  
u n i t s ,  ( 2 )  g e o l o g i c a l  e x p l o r a t i o n  i s  incomple te  and v a r i e s  
i n  i n t e n s i t y  from p l a c e  t o  p l a c e ,  and ( 3 )  q u e s t i o n s  a b o u t  
how t o  d e f i n e  an o c c u r r e n c e  arise.  T h e r e f o r e ,  o u r  a n a l y s i s  
c o n t a i n s  many s u b j e c t i v e  e l e m e n t s  and i s  less s t r a i g h t -  
fo rward  t h a n  one f o r  o t h e r  g e o l o g i c a l  s i t u a t i o n s .  For  
instance, a n a l y s i s  nf cna l  resources i n  w e s t e r n  
P e n n s y l v a n i a ,  o f  pe t ro leum i n  t h e  Denver-Julesburg  B a s i n  
o f  Colorado,  o r  o f  z i p c  m i n e r a l i z a t i o n  i n  t h e  T r i - S t a t e  
d i s t r i c t  of  M i s s o u r i ,  Oklahoma, and Kansas would b e  
s t r a i g h t f o r w a r d  because  t h e  geology i s  s i m p l e  and 
e x p l o r a t i o n  i s  r e l a t i v e l y  comple te .  I n  s h o r t ,  t h e  
uranium-occurrence  d a t a  i n  t h e  s t u d y  a r ea  a r e  what one 
would e x p e c t :  n o t  i d e a l ,  b u t  n o n e t h e l e s s  t h e  b a s i s  f o r  
mean ingfu l  a n a l y s i s .  W e  w i l l  summarize t h e  o c c u r r e n c e  
d a t a  and t h e n  d i s c u s s  them. 

W e  needed t o  a p p r a i s e  t h e  o c c u r r e n c e s .  C e r t a i n l y . ,  
t h o s e  ~ 5 t h  p r o d u c t i o n  have  uranium m i n e r a l i z a t i o n  i n  
commercial  o r  near-commercial  amounts; b u t  . o t h e r s  a r e  more 
d i f f i c u l t ,  u s i n g  Colorado  B u l l e t i ' n  40 (.Nelson-Moore and 
o t h e r s ,  1 9 7 8 ) .  Some a r e  c l e a r l y  o r e  d e p o s i t s  w i t h  
s u b s t a n t i a l  r e s e r v e s ,  some , a r e  c l e a r l y  uranlum d e p o s i t s ,  
hav ing  been. examined a n d . s a m p l e d  by q u a l i f i e d  i n d i v i d u a l s ;  
o t h e r s  however, may r e p r e s e n t  w i s h f u l  t h i n k i n g ,  may have  
n o  i d e n t i f i a b l e  m i n e r a l i z a t i o n ,  and may n o t  have  been 
r e v i s i t e d  s i n c e  t h e i r  o r i g i n a l  l o c a t i o n  under  t h e  mining 
laws. They r e p r e s e n t  a  mixed bag ,  d i f f i c u l t  t o  a n a l y z e ;  
w e  used  a n  a r b i t r a r y  c u t o f f  t o  d i s t i n g u i s h , d e p o s i t s  t h a t  
have  produced a t  l e a s t  one t o n  o f  uranium o r e  from t h e  
o t h e r s .  

, 
Table  5 . 1  l i s ts  d a t a  f o r  t h e  5 1  mines  I n  t h e  s t u d y  

a r e a  t h a t  have produced a t  l e a s t  one t o n  of  o r e ,  a r r a n g e d  
i n  o r d e r  o f  d e c r e a s i n g  tonnage.  The t a b l e  shows a  
f a m i l i a r  p a t t e r n .  few d e p o s i t s  a r e  r e l a t i v e l y  l a r g e  
b u t  most a r e  s m a l l ;  tonnage  and g r a d e  a r e  n o t  c l e a r l y  
r e l a t e d ;  t h e  d e p o s i t s  are d i s t r i b u t e d  non-uniformly 
t h r o u g h o u t  t h e  s t u d y  a r e a ;  and a l t h o u g h  c e r t a i n  g e o l o g i c  
u n i t s  a r e  f a v o r a b l e  fo r  ore a e e u r r e n c e s ,  t h e  l a r g e s t  
tonnages  have  come from g e o l o g i c  u n i t s  t h a t  have n o t  been 
p a r t i c u l a r l y  p r o d u c t i v e  otherwise ' .  T h i r t y - s i x  mines ,  

61 



TABLE 5.1.- L o c a t i o n ,  p r o d u c t i o n ,  and  g e o l o g i c  d a t a  f o r  t h e  51  mines  i n  t h e  s t u d y  a r e a  
t h a t  h a v e  p r o d u c e d  1 t o n  o r  more u r an ium o r e .  Quad.  - q u a d r a n g l e :  Page ,  p a g e  i n  
Nelson-Moore a n d  o t h e r s ,  1978 .  

Rank N a m e  Quad.  Page  Long. Tonnage Grade ,  
% 

Lbs . 
'3'8 

~ e o i o g i c  
unit (s) 

Los Ochos  MO 

P i t c h  

T- 2 

L a s t  Chance  

Gunnison  S c h o o l  

P i c n i c  T r e e  

Avery Ranch 

J o a n  2 

Dickson-Snooper  

L i t t l e  I n d i a n  

S m a l l e r  L e a s e  

S e c t i o n  36 

Knob H i l l  

Thome PU 

Mary L. PU 

L i t t l e  Abner  PU 

Co lexco  1-43 PU 

S u n s h i n e  PU 

Good Hope 

F i r s t  Chance  

B a d i t o  Cone 

Brown Derby 

S e c t i o n  36 

B o n i t a  

B i g  Red 22 

Mike Doy le  

L i g h t n i n g  2 

Bob C a t  P U 

High P a r k  PU 

8mrinc !do 
C i t y  S l i c k e r  TR 

McVey PTJ 

Cap Rock PV 

Ram Lode PU 

D i l l e y  PU 

B e t h  MO 

Hass  pu 

F o l b r e  PU 

Lady S t i t h  PU 

A b r i l  PU 

Watters PCI 

-X-G---- 
-J-s--ME 

PN-K--MB 

-J-S--ME 

TOVCTMTC 

TOVCTMTC 

TnVSTMTC 

KJ-S--DB . 

TECZ--EP 
TOVCTMTC 

OCLS---- 

TECZ--EP 

TOVCTMTC 

TOVCTMTC 

TOVCTMTC 

TECZ--EP 

TECZ--EP 

KJ-S--DB 

TOVCTMTC 

-J-S--ME 

TOVCTMTC 

KJ-S--DB 
-X-G---- 

TOVCTXTC 

? 

OCLS---- 

KJ-S--DB 

-Y-GPPPP 

-X-G---- 

TOVCTMTC 

CJCI,$---- ( ? )  

TOM?---- 

TOVCTMTC 

TOVCTMTG 
-x-p---- 

-J-S--ME 

38.761 105 .621  16  . 10  32 TOVCTMTC 

38.723 105.263 8 . 18  29 TOVCTMTC 



TABLE 5 .1 . .  ( C o n t i n u e d l  

Rank Name Quad.  P a g e . ,  L a t .  Long.  Tonnage G r a d e ,  Lbs .  G e o l o g i c  
% U308 u n i t ( s )  

James-Tay lor 

Mocking B i r d  

A n a l  No. 1  

Genev$eve  

M i s e r y  

Sand Creek  

Good f lope  

Deck Mountain 

S ~ h o o l  So~tion 

PU 1 4 8  38. '597 1 0 5 . 5 2 0  

DU 392  3 8 . 2 6 7  1 0 5 . 8 5 1  

TR 1 8 2  3 7 . 8 7 4  1 0 5 . 2 4 4  

PU 453  3 8 . 8 1 6  1 0 5 . 1 5 1  

PU , 1 5 0  3 8 . 4 7 2  1 0 5 . 5 4 4  

PU 1 5 1  3 8 . 6 9 2  1 0 5 . 2 7 9  

PU 147  3 8 . 4 5 9  1 0 5 . 6 0 4  

TR 119  3 7 . 9 4 0  1 0 5 . 4 8 6  
PII  i s  7 ~  7 4 s  i n s  77n 

TOVK---- 
-X-N---- 

-K-H--MS 

TOVCTMTC 

TOVCTMTC 

TOVC'IMTC 
-X-N---- 

abou t  t h r e e  f o u r t h s  of  t h e  51 ,  a r e  i n  t h e  Pueb lo  
q u a d r a n g l e ;  1 0 ,  or less t h a n  a f o u r t h ,  a r e  i n  t h e  Montrose 
q u a d r a n g l e ;  f o u r  are i n  t h e  T r i n i d a d  q u a d r a n g l e ,  and o n l y  
one i s  i n  t h e  Durango ,quadrangle .  The f i r s t  two 
q u a d r a n g l e s  have  produced t h e  most u r a n i u m , ' w i t h  t h e  
l a r g e s t  mine i n  a n o t h e r  q u a d r a n g l e  b e i n g  n i n e t e e n t h ,  i n  
r ank .  The t h r e e  most p r o d u c t i v e  mines ,  a c c o u n t i n g  f o r  84 
p e r c e n t  o f  t h e  t o t a l  tonnage ,  a r e  i n  t h e  Montrose 
q u a d r a n g l e .  

IJearly h a l f  o f  t h e  mines a r e  i n  T e r t i a r y .  r o c k s .  The 
T a l l a h a s s e e  Creek Conglomerate c o n t a i n s  1 7 ,  o r  abou t  one- 
t h i r d  of  kh6e 5 1  mines ,  and o t h e r  T e r t i a r y  u n i t s  accoun t  
f o r  a n o t h e r  seven .  Nine o f  t h e  rest a r e  i n  e i t h e r  t h e  
Dakuta Sar~dstwrie uf  C r e t a c e u u s  dye ur L11e M u r i i s u ~ ~  
Format ion  of  J u r a s s i c  age. 

T a b l e  5 . 1  a l s o  shows t h a t  t h e  two l a r g e s t  mines have  
produced s i m i l a r  amounts o f  U308, a b o u t  1 ,200 ,000  lbs: 
e a c h , ' a l t h o u g h  t h e  Los Ochos tonnage i s  'about  f o u r  t i m e s  
t h a t  of P i t c h .  T h i s  p r o d u c t i o n  of U 3 0 8  i s  t e n  t i m e s  t h a t  
o f  t h e  t h i r d  and f o u r t h  ranked T-2 and L a s t  Chance mines .  

Tab le  5 . 2  compares t h e s e  o c c u r r e n c e  d a t a . t o  t h o s e  f o r  
a l l  d e p o s i t s .  For  a l l  d e p o s i t s ,  t h e  l a r g e s t  number, 98,  
a r e  i n  Precambrian  r o c k s ,  w i t h  t h e  second l a r g e s t  number, 
8 3 ,  i n  T e r t i a r y  r o c k s ,  fo l lowed  by 43 i n  ~ e s o z ' o i c  r o c k s  
and 35 i n  P a l e o z o i c  r o c k s .  Notab ly ,  f o r  r o c k  t y p e s ,  t h e r e  
i s  no r e l i a b l e  c o r r e l a t i o n  between t h e  o c c u r r e n c e s  w i t h  and 
t h o s e  w i t h o u t  p r o d u c t i o n .  Much o f  t h e  d i s p a r i t y  r e f l e c t s  t h e  
f a c t  t h a t  many p e g m a t i t e s  and o t h e r  d e p o s i t s  i n  Precambrian  
r o c k s  a r e  o c c u r r e n c e s  t h a t  never  y i e l d e d  p r o d u c t i o n .  



TABLE 5.2.- Uost rocks for uranium occurrences in the ' 

study area. ~ - 

Geologic unit Rock code Number of occurrences 
Produc- Produc- 
tion <1 T , tion 21 -T 

Miocene intermediate 
flows 

Antero. Fm 

Tallahassee Creek 
Conglomerate 

Farisita Conglomerate 

Oligocene flows 

Oligqgene, volcanics 
and sediments 

Wall Mountain Tuff 

Echo Park Conglomerate 

Tertiary veins in 
Precambrian r o c k s  

TOITTMBA 

TOVCTMTC 

Fox Hills Sandstone -K-S--LF , 

Mesaverde Formation '-KSH--MV 

Mancos Shale -K-H--MS 

Pierre Shale -KLH--PG 

Dakota Sandstone, etc. KJ-S--DB 

Morrison Formation, etc. -3-S--ME 

Cutler ' Formation -P-K--CL 1 0 

Sangre de Cristo PPCS--SC 15 0 
Formation 

Belden Formation, etc. PN-K--MB 7 1 

Leadville Limestone, PA-K--LI 
etc. 

Fremont Formation DO-L---- 

Harding Quartzite, etc. OCLS---- 

Uncompahgre Formation PC-P--UN 2 0 

Pikes Peak Granite -Y-GPPPP 10 1 

lrollnt KOSa Granite -Y-GPPMR 1 0 
Precambrian Y -Y-G---- 2 0 

Silver Plume Granite -YQMSP-- 1 0 

EO~UE Crani$o - Y . . ~ ' -  +bO, 1 0 

Precambrian X, gneiss -XGN---- 13 0 

Precambrian X, 
granodiorite 

Prccmbrian X,'granitic -,X-G---- 
rocks 

Precambrian X, -x-p---- 
metasedimentary rocks 

Precambrian X, -x-N---- 
metasedimentary and 
metavolcanic gneisses 



. - . -. . . -. . . - -. - -. - 

Table 5.3 is a frequency distribution of grades for 
the 51 mines in the study area.that have produced one ton 
or more ore. Most grades are less than 0.30 percent U308; 
the highest grade (0.58 percent) was that of the Pitch 
mine, which produced the second largest tonnage of ore and 
also the second' largest amount of U308. 

TABLE 5.3.- G r a d e  d i s t r i b u t i o n  f b r  t h e  5 l ' m i r . e ~  i n  t h e  
s t u d y  a r e a  t h a t . h a v e  p r o d u c e d  1-ton o r  more u r a n i u m  o r e . '  . 

. . 

G r a d e ,  F r e q u e n c y  C u m u l a t i v e  R e l a t i v e  ' '3'8 f r e q u e n c y  . c u m u l a t i v e .  
. . f r e q u e n c y ,  % 

For our study, the occurrence data serve two purposes. 
The first is to introduce bedrock geology into the model 
by idcntifying the rock units that are favorable host or 
source rocks for uranium. The second (discussed in section 
7) is to calibratc thc results of thc modcl by rclating thc 
scores to the known uranium endowment. Most mines that 
produced uranium are in the Tallahassee Creek Conqlomerate, 
associated Tertiary units, the Dakota Sandstone, and the 
Morrison Formation. The tables show that some rock units 
have neither producing mines nor known uranium occurrences. 



6. GEOCHEMICAL RECOGNITION OF METALLIFEROUS G R A N I T O I D S :  
. . 

IDENTIFICATION OF PIKES-PEAK-TYPE BATHOLITHS FROM HSSR DATA 

. . 6.1, 'INTRODUCTION 

. . 

~ e c e k t  s t u d i e s  of g r a n i t o i a s  ranging i n  age from 750 
t o  250 m.y. i n  t h e  Caledonian and.Hercyriian'provinces of 
t h e  B r i t i s , h  I . s l e s  sugges t  t h a t  'uranium mine ra l i za t i ' on  
r e s u l t s  from t h e  r e d i s t r i b u t . i o n  o£ uranium . i n  g r a n i t o i d s  
which start wi . . th  a h i g h  mean:- con ten t  af uranium i n  t h e  

,who le  rock ,  and no t  from f u r t h e r  i n t r o d u c t i o n  of uranium 
(Watson and P l a n t ,  1979; Simpson. and o t h e r s ,  1979; P l a n t  

a n d  o t h e r s , , i n  p r e s s ) .  ' F i s s i o n  t r a c t  s t u d i e s  i n d i c a t e  
t h a t  t h e  h igh  'background' uranium c o n t e n t  of g r a n i t e s  away 
from m i n e r a l i z a t i o n  is due t o  t h e  occur rence  of uranium i n .  
r e s i s t a t e  primary m i n e r a . 1 ~  such a s  z i r con .  These mine ra l s  , , 

break down l a t e r  t o  r e l e a s e  uranium. . 
. . 

W e  can d i s t i n g u i s h  two' . types  of g r a n i t o i d s .  
M e t a l l i f e r o u s  g r a n i t o i d s  c o n t a i n . h i g h  primary c o n c e n t r a t i o n s  
of uran'ium and ot;her me ta l s  :.predominantly i n  t h e  s i l i c a t e  
miner:als.  I n  m i n e r a l i z e d . g r a n i t o i d s ,  t h e  me ta l s  , a r e  i n  
d i s c r e t e  o r e  mine ra l s .  . Most of  t h e  l i t e r a t u r e .  on g r a n i t e ' s  
has  c .oncentra ted on major element ,geochemistry .or on 
pe t rog raph ic  ,and miner.alogic a spe , c t s . ,  .The r e c e n t ' s u r v e y s  
by Nishimori  and o t h e r s .  (1977,)-, Castor  and . o t h e r s  (1977) , . 
and Murphy and o t h e r s :  :(1978) c o n f i r m  t h e  g e n e r a l  l a c k  of 
r e l i a b l e  .whole-rock geochemical  d a t a  i n  r e l a t l o n  t o  u r a r i i m  
geochemi.stry i n .  g r a n i t o i d s . ,  and.. . . . a l l i e d  rocks .  

Simpson and o t h e r s '  (1979) , P ' l a n t  and o t h e r s  ( i n  p r e s s )  , 
and Brown and .o thers  ( i n  pres .s) .  have shown t h a t ,  i n  t h e  

' B r i t i s h  Isles, m e t a l l i f e r o u s  (and t h e r e f o r e  . p o t e n t i a l l y  
'm ine ra l i zed )  i n t r u s i v e  complexes w i t h  a h igh  mean .conten t  
of uranium h a v e . t h e s e  . c h a r a c t e r i s t i c s :  (1) i n c r e a s e d  
whole-rock l e v e l s  of Th; ~b', K ,  Sn, Nb, Y ,  C s ,  T a ,  L i ,  B e ,  
and F; ( 2 )  low Ba, S r ,  and Z r ;  ( 3 )  high  Rb/Sr and U/Th 
r a t i o s ;  ( 4 )  and en r i ched  REE. w i t h  chondri te-normal ized REE 
d i s t r i b u t i o n  p a t t e r n s  having"pr.onounced n e g a t i v e  Eu.  
anomalies;  ( 5 )  in '  many n e g a t i v e  g r a v i t y  and magnet ic ,  
anom'alies (perhaps  r e l a t e d  t 'o, 'emplacement ' i n  deep ly  bu r i ed  
Archaean basement) .  .The expected s p a t i a l  a s s o c i a t i o n  . .  
between t h e  occu r rence  of !..tin-ijrctrli l e s  ' ' and uranium . 

m i n e r a l i z a t i o n  may be -obscured  when uranium i s  moved away 
from t h e  g r a n i t e s  by hydrothermal processes .  o r  weather ing.  



The m e t a l l i f e r o u s  i n t r u s i o n s  e v i d e n t l y  r o s e  r a p i d l y  
a long  deep p o s t - t e c t o n i c  f r a c t u r e s ;  t h e  magmas supp l i ed  
h e a t ,  m e t a l s ,  and e lements  such as f l u o r i n e  f o r  complexing. 
M i n e r a l i z a t i o n  i s  a s s o c i a t e d  wi th  t h e s e  i n t r u s i o n s  only  
where r i s i n g  magma i n t e r a c t e d  w i t h  e p i z o n a l  wate r  du r ing  o r  
a f t e r  emplacement. The i n t r u s i o n s  were probably emplaced 
a t  a  h igh  s t r u c t u r a l  l e v e l  fo l lowing  r e g i o n a l  coo l ing  of 
t h e  c r u s t ;  t h e y  have low p r e s s u r e  thermal  metamorphic 
a u r e o l e s ,  and probably  c r y s t a l l i z e d  n e a r  t o  t h e  s u r f a c e  
under c o n d i t i o n s  of low water  p a r t i a l  p r e s s u r e .  

The i n i t i a l  c o n c e n t r a t i o n  of urahium (and r e l a t e d  
e l emen t s )  and t h e  low KjRb r a t i o  i n  t h e  magma are ' .  

a t t r i b u t e d  t o  scavenging du r ing  a s c e n t  of f l u o r i n e - r i c h  . . 
v o l a t i l e s  fo l lowing  breakdown of ph logop i t e  a t  depth .  .The . . 

low K/Rb r a t i o  . i s  c o n s i s t e n t  w i th  a s u b - c r u s t a l  o r i g i n .  

Simpson. and o t h e r s  (1979) sugge'st t h a t  m i n e r a l i z a t i o n  
. i n v o l v e s  l e a c h i n g  o f  a ho t  g r a n i t e  magma, 'enriche,d i n  
m e t a l s  and f l u o r i n e ,  by' me teo r i c  .or  fokmat ional  wate r  
con ta in ing  d i s s o l v e d  carbona te .  They a t t r i b u t e  t h e ,  
breakdown of  pr imary mine ra l s  to a  b r i e f  phase of h igh 
t empera tu re  i n t e r a c t i o n  of g r a n i t e  magma with. ep i zona l  
w a t e r s ,  and b e l i e v e  t h a t  uranium m i n e r a l i z a t i o n  occur red  
a t  t h a t  t i m e .  

The subsequent  hydrothermal s t a g e  fo l lows  g r a n i t e  
emplacement. I t  r e q u i r e s  t h e  f low of e p i z o n a l  wa te r s  
th rough  channe ls  t o  produce s e r i c i t i z a t i o n ,  g r e i s e n i z a t i o n ,  
t o u r m a l i n i z a t i o n  o r  s i m i l a r  rock a l t e r a t i o n .  La t e r  ( a t  
lower t empera tu re s )  k a o l i n i z a t i o n  r e s u l t s  a s  me ta l s  are 
removed from t h e  c o o l i n g  body and p r e c i p i t a t e d  i n  mine ra l  
v e i n s .  Fehn and o t h e r s  (1978) have shown t h e o r e t i c a l l y  
t h a t  h igh  concen t r . a t i ons  of  U, Th, and K could have 
produced h o t  ' rock region's capable  of main ta in ing  
t empera tu re s  of from ,100 to ;more  than  2 0 0  degrees  
Centi .grade f o r .  a long pe r iod  of . t i m e  over  b a t h o l i t h s  of t h e  
Conway, New Hampshire, t ype ,  p a r t i c u l a r l y  dur ing  p e r i o d s  of 
h i g h e r  t han  average  h e a t  f l o w , . s u c h . a s  t h e  T e r t i a r y .  F a u l t s ,  
i n  t h e  ' g r a n i t e  would f a v o r  t h e  format ion of a ' s y s t e m  of 
channe ls  t o  h e a t  and c i r c u l a t e  t h e  w 3 t e . r .  

I n  t h e  m i n e r a l i z e d  g r a n i t o i d s '  of  t h e  B r i t i s h  Isles, 
p e t r o g r a p h i c  c r i t e r i a  i n d i c a t i n g  high- temperature  water-  
rock i n t e r a c t i o n  (Simpson and o t h e r s ,  1979; P l a n t  and 
o t h e r s ,  i n  p r e s s )  i nc lude :  t h e  presence  of  two micas ,  
w i t h  muscovite r e p l a c i n g  b i o t i t e ;  g r e i s e n i z a t i o n ;  
a l t e r a t i o n  of  f e l d s p a r  t o . s e r i c i t e  and/or k a o l i n i t e ;  
a l t e r a t i o n  of ferromagnesian m i n e r a l s  t o  c h l o r i t e ;  
hema t i za t ion  o r  m a r t i t i z a t i o n  of  ferromagnesian mine ra l s  
and magnet i t e ;  and t h e  presence  of ' a cces so ry '  m ine ra l s  
such as' f l u o r i t e ,  t opaz ,  b e r y l ,  c o l u m b i t e - t a n t a l i t e ,  
u r a n i n i t e ,  t h o r i t e ,  monazi te ,  xeno t ime , ' and  a p a t i t e .  



We b e l i e v e  t h a t  it i s  p o s s i b l e  t o  r ecogn l se  
m e t a l l i f e r o u s  g r a n i t o i d s  of p o t e n t i a l  importance a s  uranium 
source  rocks  on t h e  b a s i s  o f " t h e  HSSR d a t a .  Geochemical 
and pe t rog raph ic  evidence from t h e  l i t e r a t u r e  on t h e  P ikes  
Peak b a t h o l i t h  s u p p l i e s  conf i rmatory .evidence.  

6.2 PIKES PEAK PLUTON: WHOLE-ROCK GEOCHEMISTRY 

The Pueblo quadrangle  cont.ains t h e  sou thern  h a l f  of 
t h e  P ikes  Peak b a t h o l i t h , ,  i nc lud ing  t h e  a s s o c i a t e d  smal l  
s o d i c  and p o t a s s i c  p l u t o n s  of Lake George and Mount Rosa. 
The b a t h o l i t h  was i n t r u d e d  under c o n d i t i o n s  s i m i l a r  t o  
t h o s e  f o r  m e t a l l i f e r o u s  g r a n i t o i d s  of t h e  B r i t i s h  Isles. 
Barker and o t h e r s  ( 1 9 7 5 ) ' e s t i m a t e  t h a t  c r y s t a l l i z a t i o n  was 
completed a t ' a b o u t  700 d.egrkes C. and 1 .5  Kbar, corresponding 
t o '  5 km depth.  Hawley ' and  Wobus (1977) sugges t  from t h e  
metamorphic assemblage a s s o c i a t e d  wi th  t h e  p l u t o n  t h a t  
maximum P-T c o n d i t i o n s  were 'about 6  Kbar and.700 degrees  C . ,  
t h a t  wate r  was a v a i l a b l e  t o  r e a c t i o n s ,  and t h a t  t h e  system 
was l o c a l l y  open t o  carbon d iox ide .  C r i t e r i a  suppor t ing  
e x t e n s i v e  hydrothermal a l t e r a t i o n  inc lude :  t h e  presence  of 
b i o t i t e  and muscovite;  a l t e r a t i o n  of f e l d s p a r s  and f e r r o -  
magnesian mine ra l s ;  g r e i s e n i z a t i o n ;  and t h e  occur rence  of 
accessory  f l u o r i t e ,  t opaz ,  and b e r y l .  The mineralogy,  
pe t rography ,  and geochemistry of ' the  b a t h o l i t h  have been 
desc r ibed  by Gross and Heinr ich  (1965, 1 9 6 6 ) ,  Barker and 
o t h e r s  (1975, 1976) , Wobus (1976) ,  Bryant and Hedge ( ,1978),  
and Carpente r  and o t h e r s  (1979) . 

The p e t r o g r a p h i c ,  mine ra log ic ,  and geophys ica l  f e a t u r e s  
a s s o c i a t e d  wi th  the '  m e t a l l i f e r o u s  g r a n i t o i d s  ,of t h e ' B r i t i s h  
Isles and the P ikes  Peak b a t h o l i t h  ( t a b l e  6.1) a r e  s i m i l a r .  
Recent aeromagnetic d a t a  ( g e o ~ e t r i c s ,  1979a). f o r  t h e  
Pueblo quadrangle .show s t r o n g  nega t ive  magnet ic  p a t t e r n s  
a s s o c i a t e d  wi th  .the . b a t h o l i t h .  - ~ a r k e r  and o t h e r s  (1975) 
r e p o r t  I. Ze i t z  (United S t a t e s  Geologica l  Survey) a s  s t a t i n g  
t h a t  t h e  pronounced magnetic 'low a s s o c i a t e d  wi th  t h e  
b a t h o l i t h  i s  due t o  a  permanently r eve r sed  remanent 
magnet iza t ion ;  t h a t  it may be u n d e r l a i n  a t  dep th  by a  
l ayered  gabbro-anor thos i te  complex, formed when t h e  e a r t h ' s  

* 

magnetic f i e l d  was reversed:  From a broad-sca le  r e g i o n a l  
g r a v i t y  survey; Qureshy (1958, 1962) has  r e p o r t e d  a  p o s i t i v e ,  
Airy-Heiskanen anomaly of 35 mgal over  t h e  b a t h o l i t h ,  
assuming a  30 km c r u s t a l  . th i .ckness  a t  s e a - l e v e l  and a 
d e n s i t y  of 3..27 g/cc,  implying a  r e g i o n a l  c r u s t a l , t h $ c k n e s s  
of t h e  o r d e r  of 40 km,with a l o c a l  upwarping of 2 t o  3 km. 
Qureshy (1962) g i v e s  a  Bouguer anomaly map f o r  Colorado 
which i s  n o t  t e r r a i n  c o r r e c t e d ;  it i s  t h e r e f u ~ e  urlcertain 
what t h e  Bouguer r e s i d u a l s  a r e  over  t h e  b a t h o l i t h .  However, 



TABLE 6.1.-Comparison of geological and geophysical 
characteristics of metalliferous granitoids of the British 
Isles with Pikes Peak batholith. 

. '  Metalliferous Pikes Peak 
. (a-c) (d-g 

PETROGRAPHIC CHANGES 
~wo-mica granite; muscovite 
replacing biotite Yes 

Feldspars to sericite/ 
kaolinite Yes 

Ferromagnesians to chlorite/ 
epidote, etc. Yes 

Hemaeization of ferromagnesians Yes 
Tourmalinization Yes 
Greisenization Yes 

ACCESSORY MINERALS 
Fluorite 
Topaz 
Beryl 
Cassiterite 
Colurnbite- tantalite 
Uraninite, uranothorite,. etc. 
Thori te 
Xenotime 

' Monazite 
Apatite 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 

Yes 

Y e s  
'Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Yes 

GEOPHYSICAL 
I Strong negative Bouguer anomaly Yes 

. . 
? 

Negative magnetic anomaly Yes Yes (h) 
Zone of high heat flow Yes . Probably (i) 

SETTING 
Intruded into 'wet' country 
rock Yes Probably 

(a) Plant and others (in press); personal communications, 
1979/80 

(b) Brown and others (in press) 
( 0 1  Tic~hcndorf (1377) 
(dl Gross and Heinrich (1965,1966) 
(el Barker and others (1975) 
(f) Carpenter and others (1979) 
(g) Hutchinson (1976) 
(h) geoMetrics (1979a) 
(i) Blackwell (1978), Lachenbrvch (1978) 



o v e r  g r a n i t e  b a t h o l i t h s  s t r o n g  p o s i t i v e  g r a v i t y  anomal ies  
a r e  e v i d e n t l y  r a r e . .  Only two of 28 S c o t t i s h  g r a n i t o i d s  
have them ( P l a n t  and o t h e r s ,  i n  p r e s s )  ; i n  b o t h  b o d i e s  t h e  
Bouguer anomaly i s  less t h a n  1 3  mgal and i s  unaccompanied 
by a  n e g a t i v e  'magnetic  anomaly. .Furth'ermore , , t h e  sou th -  

, w e s t  England g r a n i t e s  ,show n e g a t i v e  g r a v i t y  anomal ies  of 
a b o u t  -20  mgal ' ( ~ o t t  and o t h e r s , '  1 9 5 8 ) .  T h e r e f o r e ,  t h e  

. . 
i n t e r p r e t a t i o n  o f  Q u r e s h y ' s . r e g i o n a 1  g r a v i t y  d a t a ,  i s  
u n c e r t a i n .  Barke.r and o t h e . r s  (1975) s u g g e s t  t h a t  a  p o s i t i v e  
g r a v i t y  anomaly would b e  c o n s i s t e n t  w i t h  r e a c t i o n - m e l t i n g  
and t h e  accumula t ion  o f  o l i v i n e  and pyroxene . i n  t h e  lower  
c r u s t ,  o r  t h a t  much of  t h e  m a f i c  cumula te  may have  sunk .  
i n t o  t h e  m a n t l e  and i s  no l o n g e r  p r e s e n t  i n  t h e  lower  
c r u s t  . 

T a b l e  6.2 compares t h e .  ' a v a i l a b l e  whole-rock chemica l  
d a t a  f o r  t h e  b a t h o l i t h  w i t h - t h a t  of  b a r r e n  and. m e t a l l i f e r o u s  - 
g r a n i t o i d s  o f  t h e  B r i t i s h  Isles. P i k e s  Peak i s  s i m i l a r  i n  
i t s  whole-rock geochemis t ry  t o  t h e  m e t a l l i f e r o u s  s u i t e .  

TABLE 6 .2 . -  Comparison of whole-rock geochemistry of 
g r a n i t o i d s  of  B r i t i s h  I s l e s  with Pikes Peak b a t h o l i t h  (ppm 
except  f o r  K and F percen t .  . . 

....................................................................... 
. . Normal netalliferous Pikes Peak.' 

(a,b) (a,b) (c-e) . . 

Eu anomaly No ' Yes . Yes 
Enhanced HREEs No Yes Yes 

a) Plant and others (in press); personal communications 1979/80 
b) Brown and others (in press) 
C) Carpenter- and ochers (1979) . 
d) Hawley and.Wobus (1977) 
e) Barker and pthers (1976) . 
E) Tischendorf (197.7) 
g )  Wilson (.1972) . . 

. . 

F i g u r e  6 . 1  'shows 'a whole-rock S r  v e r s u s  K . p l o t  f o r  t h e  , . 

. . B r i t i s h  g r a n i t o i d s  i n  which t h e  f i e l d  of  "barre'n" 
g r a n i t 0 i d s . i ~  d i s t i n g u i s h e d  from t h a t  o f  t h e  m e t a l l i f e r o u s  
s u i t e  r e p r e s e n t e d  by (1) t h e  f i e l d  f o r  t h e  Cairngorm 
g r a n i t e ,  S c o t l a n d ,  (Sn-Nb-Pb-Zn-Li-F) , t o g e t h e r  w i t h  
b a t h o l i t h s  of  southwest .  Fn.gland (Sn-W-CII.-.AS-Z~-P~-U-MO) , 
and ( 2 )  t h e  f i e l d  o f  t h e  E t i v e  g r a n i t e ,  s c o t l a n d ,  (Mo-Cu- 
Th) . The Helmsdale g r a n i t e ,  S c o t l a n d ,  (U-Pb-Ba-F) i s  
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FIGURE 6.1.- Comparison of whole rock Sr and K for Pikes 
Peak batholith.with granitoids of British Isles. C-- 
Cairngorm granite; E--Etive granite. 

d e s i g n a t e d  " i n t e r m e d i a t e "  i n  f i g u r e s  6 .1  and 6 . 2  because 
t h e  uranium w a s  e v i d e n t l y '  i n t roduced  by post-magmatic 
f a u l t - c o n t r o l l e d  m i n e r a l i z a t i o n  (Simpson and o t h e r s ,  1979; 
Tweedie, 1979; P l a n t  and o t h e r s , . i n  p r e s s ) .  For P ikes  
Peak (Hawley and Wobus, 1977) , t h e  S r  v e r s u s  K ( f i g u r e  6.1) 
and Y ( f i g u r e  6.2) p l o t s  are s i m i l a r  t o  t h o s e  f o r  B r i t a i n ,  
d e s p i t e  d i f f e r e n c e s  i n  t h e  a n a l y t i c a l  methods. 

6 . 3 .  PIKES PEAK PLUTON: ST'REAM-SEDIMENT GEOCHEMISTRY 

.Stream-sediment s amples .  £.ram t h e  Pikes .  Peak p l u t o n '  
r e f l e c t  c h a r ' a c t e r i s t i c s  of  t h e  whole-rock geochemist ry ,  . 

a l though  element  c o n c e n t r a t i o n s  change i n  t h e  stream- 
sediment  regime. Table  6 . 3  compares t h e  c o n c e n t r a t i q n s  of -  
s e l e c t e d  e lements  i n . s t r e a m  sediments  from t h e '  P ikes  Peak 
and San I s a b e l  b a t h o l i t h s  of t h e  Pueblo quadrangle  w i th  
t h o s e  f o r  a l l  g r a n i t e s  from t h e  Durango', T r i n i d a d ,  and 
Montrose quadrangles .  C o l l a b o r a t i v e  work w i t h  J ane  
P l a n t  ( I n s t i t u t e  of Geologica l  Sc i ences ,  Lon,don) has  shown 
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FIGURE 6 . 2 . -  Comparison o f  whole r o c k  Y and S r  f o r  P i k e s  
Peak b a t h o l i t h  w i t h  g r a n i t o i d s  of B r i t i s h  Isles. 

TABLE 6.3 . ~ o n > e n t r a ' t i o n  l e v e l s  f o i  s e l e c t e d  e l e m e n t i  i n  s t r e a m  s e d i m e n t s  
.over g r a n i t e s .  - - 
....................................................................... 

Pueblo ' Durango T r i n i d a d  Moncrose  

P i k e s  Peak San I s a b e l  
(60) (14) (68) (42) ( 1 5'3 ) 

- - - - W S  W S  W S  ij s w. S ....................................................................... 

Ba 594 266 898 103 482 189 743 152 '630 219 
Be , 5.7 . 4.1 1.0 0.5 2.9 1.2 . 3.1 0.6 2 3  1.1 
Cs 3.7 1.7 . 1.7 1.2 1 1  7 2.2 1.8 - 4.1 2.7, 
Eu . 2.9 1.2 . 3.0 0.8 2.1 0.5 2.9 1.0 '2.1 1.4 
Hf 89. 102 26 11 18 17 ' 2 0  1 4 '  28 33 
K x .:2.3. 0.9 1.9 0.2 1.8 0.8 2.1 , 0.6. 1.8 n.5 
La 265 211. 94 31 51 26 80 93, 114 263 

. 'Li . 39 25 21 . 6 53 31 41' 16 41 . 20 
. . Lu 4.3 3.6 1.1 0.4 0.7 0.5 0.8 0.4 , , ,  1.0 0.6 

Xg % 0.4 0.5 1.4 0.6 1.8 1.1 1.7 0.4 1.7 0.9 
Nb 116 139 14 8 10 0 11 3 13 'LO 
Rb 96 32 34 21 64 53 . 33 35 . 52 .31 

Sr  . 100 0 197 195 137 119 127 84 127 114 
Th 74 66 13 3 17 16 1 1  3 35 83 
U 21 30 5 1 9 1 1  12 36 14 17 ....................................................................... 

Eu anom Strong None Weak None Moderate 

; = bleat) 
s = S t a n d a r d ' d e v i a t i o n  



t h a t  many o f  t h e  whole-rock t r e n d s  i d e n t i f y i n g  
m e t a l l i f e r o u s  g r a n i t o i d s  i n  t h e  B r i t i s h  Isles a r e  a l s o  
p r e s e n t  i n  t h e  P i k e s  Peak s t ream-sediment  samples. I n  
compar ison,  t h e  San I s a b e l  p l u t o n  appea r s  t o  be a  t y p i c a l  
b a r r e n  g r a n i t e .  Unfo r tuna t e ly ,  t h e  r e l a t i v e l y  h igh  
d e t e c t i o n  l i m i t  f o r  S r  i n  t h e  LASL stream-sediment d a t a  
p r e v e n t s  u s i n g  it a s  a  s e n s i t i v e  i n d i c a t o r ,  as can  be done 
w i t h  t h e  whole-rock d a t a  ( P l a n t  and o t h e r s ,  i n  p r e s s ) ,  b u t  
o t h e r  e l emen t s  a r e  u s e f u l .  S i m i l a r  P i k e s  Peak and B r i t i s h  
m e t a l l i f e r o u s  g r a n i t e  t r e n d s  a r e  shown by p l o t s  f o r  wgole- 
rock  B a  v e r s u s  K ,  S r  v e r s u s  K ,  S r  v e r s u s  Rb, Z r  v e r s u s  Rb, 
dnd K versus Kb. 

One o t  t h e  s t r i k i n g  charact~ristlrs of t h e  Pikes Peak 
s t ream-sediment  samples  i s  t h e  p ronounced ,nega t ive  Eu 
anomaly i n  t h e  chondr i t e -normal ized  . REE d i  st-ri h i ~ t i  on 
p a t t e r n  ( f i g u r e  6 . 3 ) ,  r e f l e c t i n g  t h e  whole-rock geo- 
chemis t ry  of t h e  f a y a l i t e ,  r i e b e c k i t e ,  and p o t a s s i c  
g r a n i t e s  which c o n s t i t u t e  t h e  p l u t o n  (Barker  a n d . o t h e r s ,  
1976). I n  a d d i t i o n ,  t h e  whole-rock p a t t e r n s  have REE 
enhancement, which is  a l s o  shown by t h e  chondr i t e -  
normal ized  Lu/Eu r a t i o  i n  t h e  s t r eam sed iments  ( f i g u r e  
6.4A). A few s t r e a m  sed iments  from t h e  Montrose and 
Durango quad rang l e s  have h igh  REE c o n c e n t r a t i o n s  ( f i g u r e  
6 .4A),  b u t  n o t  s o  pronounced as t h o s e  i n  t h e  P i k e s  Peak 
a r e a .  While most of t h e  g r a n i t e - d e r i v e d  sed iments  i n  t h e  
s t u d y  area d o  n o t  show Eu-anomalies,  some from t h e  

Pikes peak . 

. . , , . . . . .... .... n Sari Isabel 

. . . , . . . , - ....... 

FIGURE 6 . 3 . -  Chondr i t e -no rma l i zed  REE d i s t r i b u t i o n  p a t t e r n  
r a n g e s  f o r  s t r e a m  s e d i m e n t s  from San I s a b e l  (13) and 
P i k e s  Peak ( 6 0 )  g r a n i t e s .  



. ... 
. .. . 

L u l  Eu 

0 1 2 3 4 5 

FIGURE 6.4.- Comparison of 60 Pikes Peak (solid dot) and 
14 San Isabel (open circle) stream sediments with all 227 

. granite-derived sediments excluding Pikes Peak, contoured 
at 1, 2, and 3 percent frequency.. Dot size proportional 
to 1, 2., 3, and S+..coincident samples. . . 



FIGURE 6 . 5 . -  Comparison of 60  P i k e s  Peak a n d  14 San I s a b e l  
stream s e d i m e n t s  w i t h .  a l l . 2 2 7  g r a n i t e - d e r i v e d  s t r e a m  
s e d i m e n t s  e x c l u d i n g  P i k e s  peak.. Symbols e t c .  a s  F i g .  6 . 4 .  



Montrose and Durango quadrangles  show a  s i m i l a r  b u t  l e s s  
pronounced t r e n d  t o  t h a t  of t h e  P ikes  Peak samples ( f i g u r e  
6.4B),  accompanied everywhere by i n c r e a s e d  U c o n t e n t s .  

Be and Nb- a r e .  enhanced- i n  t h e  samples from P ikes  Peak 
compared w i t h  t hose '  from the '  San I s a b e l  g r , a n i t e  ( f i g u r e  . 
6.5A) , and., except  f o r  a  few Montrose samples,  Nb i s  
e s s e n t i a l l y '  . a t  background l e v e l s  i n  t h e  o t h e r  stream- 
sediment samples from g r a n i t e s . .  The P ikes  Peak p l u t o n  i s  
. a l s o  d i s t i n g u i s h e d  by enhanced. .  Cs/Ba and Rb/K r a t i o s  
compared wi th  San I s a b e l  ( f i g u r e  6.5B),  a l though  t h e r e  i s  
some over lap .  S i m i l a r  h igh r a t i o s  t o  P ikes  Peak occur  i n  
a  few samples from t h e  Durango and Montrose quadrangles .  

. . 
We hypothesized t h a t  some uranium i n  t h e  s t ream 

'. sediments  1s conta ined  i n  t h e  heavy r e s i s t a t e  mine ra l s  
. (monazi te ,  a l l a n i t e ,  xenotime, z i r con , .  e t c . ) ,  p a r t i c u l a r l y  
because of t h e  good . c o r r e l a t . l o n  between U and H f  (r=0.812) 
f o r  t h e  P ikes  Peak samples ( f i g u r e  6 . 6 ) .  I f  t h i s  
hypo thes i s  i s  c o r r e c t ,  r e g r e s s i n g  U on t h e  REEs would 
account  f o r  uranium i n  t h e s e  m i n e r a l s ,  and r e s i d u a l  uranium 
could then  be used a s  a gu ide  t o  r eg ions  of .enhanced  
uranium m i n e r a l i z a t i o n .  f o r  i n c o r p o r a t i o n  i n  t h e  EVAL and 
SURE models. Table  6 . 4  shows . the  c o r r e l a t i o n  c o e f f i c i e n t s  . 

FIGURE 6.6.- comparison of 60 Pikes Peak stream sediments 
with all 227 other granite-derived stream sediments. . 
Symbols .etc. as Fig. 6.4. 

7 7  . 



TABLE 6 . 4 . -  ~ o r r e ' l a t i o n  o f  uranium and r e s i d u a l  uranium 
from r e g r e s s i o n  on REEs wi th  o t h e r  s e l e c t e d  e l ements  f o r  
74 samples  o f  P i k e s  Peak and San I s a b e l g r a n l t e s :  

. . 
. .  Uranium Residual uranium 

Ba -.669 ' -.I63 

Be .715 .023 

for uranium and residual uranium with selected elements 
for the stream sediments derived. from the San Isabel and 
Pikes Peak granites. The REE-based regression . (R-squared 
= 0.917) complete.ly removes the.correlation of residual 
uranium with all other elements,.,including Hf (considered 
an adequate .guide to Zr which was not determined), except 
for a moderate residual correlation with Li,. 'Since all. 
the corresponding.high-Li samples are near the Mount Rosa 
intrusion, the spatial pattern of anomalies is not 
unreasonable. 

" The Th content i s  hi.qh relative to U in thc Pikc r , ,  Pealc 
samples', compared with other granite-derived samples 
(figure 6'.7): This result, in accord with the whole-rock 
data from the g'randtes of the Granite Mountains district, 
Wyoming (Stuckless, ,1979) , - suggests that, owing to the 
greater mobility of U compared to Th in the weathering 
environment, U is lost from uraniferous granite batholiths,. 
which may now only be recognizable by enhanced Th levels. 
This high Th/U ratio also supportshthe uraniferous granite 
as a potential source rock for uranium deposits formed in 
surrounding sedimentary basins after the emplacement of a 
metallif erous batholith. 

. . 

.. , 78 

- 



FIGURE 6 . 7 . -  Comparison o f  6 0  P i k e s  Peak  s t r e a m  s e d i m e n t s  
w i t h  a l l  2 2 7  o t h e r  q r a n i t e - d e r i v e d  s t r e a m  s e d i m e n t s .  
Symbols e t c .  a s  F i g .  '6.4.. 

6.4. IMPLICATIONS FOR RECOGNITION OF PIKES PEAK 

TYPE BATHOLITHS. FROM .HSSR DATA . .. 
. . 

Examination of 277 stream-sediment samples from other 
granites in the four quadrangles (table 6.3; figures 
6.4-6.7) suggests that similar granites to Pikes Peak exist 
in the region, but whole-rock data to confirm this 
hypothesis are lacking. The whole-rock geochemistry of the 
granitoids of the Spanish Peaks complex (Jahn and others, 
1979) and the Tertiary stocks of the Colorado mineral belt 
(Simmons and Hedge, 1978) have been studied recently with 
emphasis on REE distribution patterns. Only three specimens 
strongly resembled the metalliferous granitoid trends; an 
aplite from the Empire stock, a leucocratic monzonite from 
the Audubon-Albion stock, ,and a bostonite dike near the 
Apex stock. Although no uranium values were reported by 
Simmons and Hedge (1978) , high uranium concentrations are 
associated with bostonite dikes elsewhere in the Front 
Range (Carpenter and others, 1979). On the other hand, 90 
stream sediments from the granodiorite, quartz monzonite, 
and quartz diorite suite of the Pueblo quadrangle show 
broadly similar trends to those described earlier for Pikes 
Peak. But no similarity in trend are shown hy 428 stream 
sediments derived from intermediate extrusive rocks of the 
four quadrangles, the 12 rhyolite-derived stream sediments 



, from t h e  Durango quadrangle ,  o r  t h e  351 s t ream sediments  
der iv .ed from metamorphic rocks  i n  t h e  r eg ion .  

6.5 ' TEST OF METHOD 

W e  e s t a b l i s h e d  an e m p i r i c a l  "P ikes  Peak Index" ( P P I ) ,  
based on observed  d i f f e r e n c e s  between stream sediments  
d r a i n i n g  t h e  P i k e s  Peak and San I s a b e l  ba tho l i t h s . .  Each . 

c r i t e r i o n  m e t .  ( t a b l e  6.5) m q r i t s  a sco re ;  t h e s e  a r e  summed, 
and t h e  t o t a l  is m u l t i p l i e d  b y . f o u r  t o  y i e l d  a inaximum PPI. 
o f . 1 0 0 .  Using a lower PPI cu t -of f  of 50, an i n i t i a l  
s c r e e n i n g  of a l l  337 'sediment samples from g r a n i t e s  det .ected 
5 8 .  sample!s of a, p o s s i b l e  60 from t h e  Pike's Peak b a t h o l i t h ;  
of  t h e s e ,  93 p e r c e n t  . scored ,  between j2. a n d  96 '(mean 8 6 ,  
. s t andard  d e v i a t i o n  10)  . , Only .one of  t h e  San I s a b e l  samples 
had a  s i g n i f i c a n t  s c o r e .  ~ i s c r i m i n a t i o n  between t h e  d a t a  
used t o  e s t a b l i s h  t h e  index w a s  t he re , fo re  good. 

TABLE 6 . 5 . -  P i k e s  Peak Index (PPI) f d r  itream-sediment data .  
Values i n  ppm e x c e p t  f o r  K and Mg. Eu anomaly and Y.are  
estimated .from averaged chondrite  normalized Dy and Yb. 

C r i t e r i o n  Score 
. . 

Ba < 912 1 .  

B e  > 1 . 7  . 2 

C s / B a > 0 . 0 0 3 6 -  , 

Eu anomaly < -30 

K > 2 . 3 %  . '  
. . 

La/Eu > 34 

L i  > 30 .  

Lu/Eu > 0 . 4 8  

Plg : 1% 

Nb > 25 

R h ?  6 8  

Rb/K> 28 ,2  

Sr < 500 

Y ( e s t .  ) > 63 . . 

The PPI i s  s t r o n g l y  c o r r e l a t e d  wi th  logU and logTh f o r  
g r a n i t e - d e r i v e d  sediments  i n  t h e  f o u r  quadrangles ( r=0 .603  
and 0.771 r e s p e c t i v e l y ,  n=337) ,  and a l s o  f o r  sediments  from 
o t h e r  a c i d  and i n t e r m e d i a t e  i n t r u s i v e  r o c k s ,  which c o n s i s t  
mainly of s y e n i t e s ,  q u a r t z  monzonites,  and g r a n o d i o r i t e s  
( r = O .  543 and 0.823, n=123) . The o v e r a l l  t r e n d s  a r e  

80 



i d e n t i c a l ,  and t h e s e  d a t a  have been combined i n  f i g u r e  6.8. 
C o r r e l a t i o n  wi th  untransformed U and Th i s  less pronounced 
i n  bo th  s e t s  o f . d a t a  (0.325 and 0.335, n=337; 0.308 and 
0.723, n=123).  The s p a t i a l  d i s t r i b u t i o n  of PPI v a l u e s  
g r e a t e r  t han  50 i n  t h e  s tudy  a r e a  i d e n t i f i e d  s e v e r a l  
i n t r u s i v e  bod ie s ,  w h i c h , a r e  desc r ibed  i n  more d e t a i l  below. 
Screening t h e  e n t i r e  d a t a  s e t  f o r  each quadrangle  showed 
t h a t  t h e  number of " f a l s e .  alarms" from samples d r a i n i n g  
non-gran i to id  rocks  i s  smal l .  Such samples u s u a l l y  have 
P P I s  below 60,  and r a r e l y  form m u l t i - s a m p l e , s p a t i a l  
c l u s t e r s .  S e v e r a l  sediment samples from t h e  pe r iphe ry  of 
a  g r a n i t o i d  body .bu t  formed l a r g e l y  f r o m . o t h e r  fo rmat ions  
.gave a  h igh  PPI v a l u e ,  r e f l e c t i n g  g r a n i t o i d  d e t r i t u s .  The 
b e s t  examples a r e  t h e  sediments  t o  t h e  e a s t ' o f  t h e  .Pikes 
Peak b a t h o l i t h ' i n  t h e  Pueblo quadrangle ,  p a r t i c u l a r l y  t h e  
Paleocene Dawson Formation,. t h e  .Quate rnary  Nussbaum 
Al.luvium, and e o l i a n  sands .  Elsewhere,  such samples 
f u r t h e r  i n d i c a t e d  t h e  e x t e n t  o t , a  P ikes  Peak-type 
i n t r u s i o n ,  p a r t i c u l a r l y  when coverage of  t h e  . g r a n i t o i d  
i t s e l f  was r e l a t i v e l y  s p a r s e  : f o r  example, nea r  ' t h e  
g r a n i t e s  c e n t e r e d  on F o r e s t  H i l l  and Emerald Peak, i n  t h e  
Sawatch Range nor thwest  of Gunnison i n  t h e  Montrose 
quadrangle .  

Pueblo 

Most s a m p l e s  wi th  a  P P I  of  70 . o r  more were taken  over  
t h e  ~ o u l d e r - c r e e k  age (1700 t o  1690 m.y.; Hutchinson,  1976) 
C r i p p l e  Creek-Phantom Canyon g r a n i t e  g n e i s s  and migmat i te  
immediately sou th  of .Pikes .  Peak, '  i n  Te'ller, E l  Paso and 
Fremont c o u n t i e s ;  minor uranium was produced from t h e  Mike 
Doyle Ca rno t i t e "Depos i t  i n  ' t h e  a d j a c e n t  Dakota Sandstone' 
(Nelson-Moore and o ther ' s ,  19.78) . Other P P I s  g r e a t e r  t han  
70 a r e  a s s o c i a t e d  wi th  t h e  g r a n o d i o r i t e  of Boulder Creek 

I , age  ( s o u t h e a s t  of S a l i d a ,  Fremont c o u n t y ) ,  which ex tends  ' 

from So1.1th .Ri~xno Mountain i n  t h e  , n o r t h  t o  Fern leaf  Gulch 
i n  t h e  e a s t .  Minor uranium was produced from a  sma l l  open 
c u t . n e a r  Cotopaxi,  and u r a n i n i t e -  and' f l u o r i t e  have been 
i d e n t i f i e d  i n  Precambrian metasediments nearby (Nelson- 
Moore and o t h e r s ,  1978) .  The C a s t l e  Rock ~ u l c h  g . r anod io r i t e  
n o r t h  of S a l i d a  i n  Chaffee County has  PPIs of 50 t o  70 and 
c o n t a i n s  monazi te  and t h e  Nb-Ta-Ti-U-Th oxide e u x e n i t e  i n  
a s s o c i a t e d  pegrnati tes (Nelson-Moore and o t h e r s ,  1978) .  
The S i l v e r  Plume age (1460 m.y. ;' Hutchinson,  1976) Eleven 
M i l e  Canyon and a d j a c e n t  q u a r t z  monzonites (Park County) 
have P P I s  of 50-60, and,  a l though  n o t  a s s o c i a t e d  w i t h  known 
uranium m i n e r a l i z a t i o n ,  show s t r o n g  REE-regressed uranium 
anomalies j u s t  n o r t h  of Saddle  Mountain. 



FIGURE 6.8. -' correlation of Pikes Peak Index with uranium 
( A )  .and thorium ( B )  in all 460 stream-sediments draining. 
aci-d and intermediate intrusives. Contoured at 0.5, 1, and 
2' percent. 



Most other Precambrian intrusives northwest of Canon 
City (near Tallahassee Creek) and in the Wet Mountains . 

have PPIs below 50. No high PPIs are associated with the 
area of Cambrian alkalic igneous rocks (McClure Mountain, 
Gem Park and Democrat Creek complexes) and their associated 
Th-rich carbonatite dikes in the central Wet Mountains 
(Singewald and Brock, 1956; Parker and Sharp, 1970; 
Armbrustmacher, 1979). These PPIs are not associated with 
high .whole-rock uranium values,' and the stream-sediment 
data are not enhanced in uranium or thorium. No high PPIs 
occur over the Cretaceous Whitehorn Granodiorite (Wrucke, . . 

1974), which does not have similar whole-rock geochemistry . 

to that of the Pikes Peak batholith. 

Montrose 

In the Mosquito Range east of the Arkansas River .in 
Chaffee and Park counties, moderate to high PPIs are 
ashociated with.the Precambrian granitoids which contain 
monazite, euxenite,. and other REE-bearing minerals- in 
pegmatite veins (N.elson-Moore and others, ,1978) and have 
PPIs from 6.0 to 90 .between Browns Canyon and Buffalo Peaks. 
In <he Sawatch Rang.e between Gunnison and Buena Vista in 
Gunnison County, PPIs greater than 70 are also associated 
with the granites, which are associated with minor uranium 
occurrences in the Paleozoic inliers in the Monarch.Pass 
body. These granites have fluorite, tourmaline, -and beryl 
as accessory minerals (Nelson-Moore and others, 1978; Brady, 
1975). The granites at Cochetopa Canyon, ..related to the 
Los Ochos mine, and at Stubbs Gulch (Saguache County) have 
PPIs of 60 to 70, although the uranium deposits in the 
adjacent sediments postdate the'Tertiary faulting (Nelson- 
Moore and others, 1978) . 

. . 
At Iron Hills in the Powderhorn District of Gunnison 

County, the carbonatite comp.lex (a thorite and REE-rich 
570 m.y. pyroxenite-nepheline syenite) and the associated 
Powderhorn Grani.te,of Boulder Creek age do not..have high 
PPIs.. The whole-rock Th content of the, carbonatite ranges 
from 6 to 150 ppm (average 32) and has a low uranium content 
(Armbrustmacher,. 1980)'. . :Surprisingly, associated stream 
sediments do not have particularly high uranium or thorium 
values (4 to 9 ppm and 1.4 to 30 ppm, respectively) although 
some samples have high Ba, Sr and Nb. 

'The few small Laramide stocks (probably ranging from 
70 to 65 m.y.; Tweto, 1975), do not have high PPIs, 
although the Twin. Lakes stock has a few moderate PPIs. 
Many granod.i.or.ite and quartz monzonite rocks of Middle 
Tertiary age (36 to 30 m.y.; Tweto, 1975) occur in the 
West Elk Mountains and Sawatch Range. Unfortunately, 



stream-sediment coverage i n  t h e  W e s t  Elk mountains i s  
s p a r s e ;  no h igh  PPIs  occur  i n  t h e  samples t aken .  

I n  c o n t r a s t . ,  ' t h e r e  i s  a n  a r e a  of ' h igh  PPIs t o  t h e  
e a s t  of t h e  Sawatch Range where t h e  l a r g e  Mount P r ince ton  
b a t h o l i t h ,  i t s  , a s s o c i a t e d  Mount Pomeroy q u a r t z  monzonite, 
and t h e  Mount Antero Gran i t e  a r e  i n t r u d e d  a t  t h e  edge of 
p r e - e x i s t i n g  1650 m.y. ( W e t h e r i l l  and ~ i c k f o r d ,  '1965) 
Precambrian g r a n i t o i d s . .  The Mount p r i n c e t o n  b a t h o l i t h ,  
d a t e d  a t  36 m.y. (Olson and., De ' l lachaie ,  1976).,  a b u t s  t h e  
s m a l l ,  p o s s i b l y . s l i g h t l y  o l d e r ,  .Mount Pomeroy q u a r t z  
monzonite (Dings and Robin'son, 1957) . The a r e a  of t h e  
g r a n o d i o r i t e  and a s s o c i a t e d  .quartz. .monzonite has  PPIS i n  
d r a i n a g e  channe l s  from 60 t o  70. .Dikes  of more q r a n i t i c  
composi t ion ex tend  from t h e  Mount P r ince ton  b a t h o l i t h ,  and 
acces so ry  tou rma l ine  i s  p r e s e n t ,  b u t  pegmat i tes  a r e  r a r e .  
Uings and Robinson (1957)  sugges t  ' t h a t  t h e  b a t h o l i t h  may 
be  g e n e t ' i c a l l y  r e l a t e d  t o  t h e  W-Mo m i n e r a l i z a t i o n  p r e s e n t  
i n  t h e  a r e a .  The few publ i shed  whole- rock 'ana lyses  of t h e  
Mount P r i n c e t o n  b a t h o l i - t h  (Simmons and Hedge, 1978) do n o t  
s t r o n g l y  resemble  t h e  S c o t t i s h  m e t a l l i f e r o u s  g r a n i . t o i d s  
(a l though  few trsce-element d a t a  a r e  a v a i l a b l e ) .  

The smaller Mount Antero Gran i t e  (31  m.y.; Olson and 
D e l l a c h a i e ,  1976) which i n t r u d e s  t h e  Mount P r ince ton  
b a t h o l i t h  i s  p a r t i c u l a r l y  i n t e r e s t i n g  because it has  PPIs  
g r e a t e r  t h a n  90 (wi th  h iqh  REE-residual uranium v a l u e s )  
i n  a s s o c i a t e d  d r a i n a g e  sediments .  The bery l -bear ing  
g r a n i t e  has  e x t e n s i v e  hydrothermal a l t e r a t i o n  and t h e  
m i n e r a l  b r a n n e r i t e  ( con ta in ing  U ,  Th, T i ,  S i )  a s s o c i a t e d  
w i t h  molybdeni te ,  h u e b n e r i t e ,  wol f rami te ,  t opaz ,  f l u o r i t e ,  
and tou rma l ine  i n  pegmat i tes  (Dings and Robinson, 1957) .  
Re la t ed  hydrothermal  a c t i v i t y  i s  e v i d e n t  i n  an a l t e r a t i o n  
zone of z e o l i t e ,  c h l o r i t e ,  i l l i t e ,  e p i d o t e ,  c a l c i t e ,  and 
f l u o r i t e  cove r ing  a t  l e a s t  64 sq .  km. of t h e  Mount P r ince ton  
b a t h o l i t h  n e a r  t h e  Chalk Creek and Cottonwood h o t  s p r i n g s ;  
t h e o l a t t e r  2ay have formed w i t h i n  a  t empera ture  range of 
145 t o  220 C and dep ths  of 150 t o  200 m (Sharp,  1970) .  
Olson and D e l l a c h a i e  (1976) sugges t  t h a t  t h e  a l t e r a t i o n  
may be r e l a t e d  t o  a  zone of h igh  heat- f low i n  t h e  Rio Grande 
r i f t  system. The h o t  s p r i n g s  grobably come frnm deep 
c i r c u l a t i o n  of m e t e o r i t i c  wa te r s  a long  f r a c t u r e s  a t  t h e  
n o r t h e r n  end of  t h e  Rio Grande r i f t  system of l a t e  ~ e n o z o i c  
age.  

The a r e a  of  t h e  Mount Princeton b a t h o l i t h  i s  a deep 
g r a v i t y  low. T h i s  low c o i n c i d e s  w i th  a  r e g i o n a l  Bouguer 
anomaly of -310 mgal and a r e g i o n a l  r e s i d u a l  anomaly of 
-10  mgal, and i s  a l s o  a s s o c i a t e d  wi th  t h e  -30 t o  -50 mgal 
nor thwes t - t rending  r e s i d u a l  anomaly over  t h e  Colorado 
m i n e r a l  b e l t .  Th is  second anomaly i s  a t t r i b u t e d  t o  a  
complex of l a r g e  Laramide and middle T e r t i a r y  b a t h o l i t h s  



under ly ing  c e n t r a l  co lorado  (Tweto and Case, 1972; S teven ,  
1975) .  The r h y o l i t i c  Wall Mountain Tuff ,(36-35 m.y . ) ,  
covers  about  10,400 sq  km of t h e  post-Laramide, late-Eocene 
e r o s i o n  s u r f a c e  t o  t h e  e a s t  of t h e  Arkansas River  v a l l e y .  
T h i s . t u f f ,  which s e p a r a t e s  t h e  Echo Park Alluvium and 
Ta l l ahas see  Creek Conglomerate i n  t h e  Thi r ty -n ine  M i l e  
Volcanic  F i e l d  and no r the rn  W e t  Mountains Va l l ey ,  may have 
o r i g i n a t e d  from a  c a l d e r a  (Epis  and Chapin, 1975; Epis  and 
o t h e r s ,  1976) . 

The h i g h e s t  PPIs i n  t h e  Durango quadrangle  a r e  
a s s o c i a t e d  wi th  s t reams  d r a i n i n g  eas tward from t h e  Trimble 
Gran i t e  of S i l v e r  Plume age (1350 m.y.; Bickford and o t h e r s ,  
1969) ,  t h e  F l o r i d a  River  Gran i t e ,  and t h e  Eolus G r a n i t e  
(1454 .m.y.; Hutchinson, 1976) .  sou th  of t h e  Needle Mountains 
i n  La P l a t a  County. The Trimble and F l o r i d a  River  b i o t i t e -  
muscovite g r a n i t e s  show s i g n s  of e x t e n s i v e  hydrothermal 
a l t e r a t i o n  (Barker ,  1969; Bickford and o t h e r s ,  1969) .  
Nelson-Moore and o t h e r s  (1978) s t a t e  t h a t  an a r e a  of a t  
l e a s t  10 sq .  m i .  of t h e  Eolus Gran i t e  c o n t a i n s  uranium 
anomalies,  where u r a n i n i t e  and gumrnite m i n e r a l i z a t i o n  i s  
a s s o c i a t e d  wi th  f l u o r i t e  i n  hydrothermal ly  a l t e r e d  g r a n i t e .  
A t  Columbine Pas s ,  Schrnitt  and Raymond (1977) d e s c r i b e  l o c a l  
Cu-Pb-Zn-Mo-F m i n e r a l i z a t i o n  a s s o c i a t e d  wi th  t h e  T e r t i a r y  
( 1 0  m.y.) Chicago Basin s t o c k  of g r a n i t e  and r h y o l i t e  

porphyry,  which has  undergone e x t e n s i v e  hydrothermal 
a l t e r a t i o n .  A second a r e a  of Eolus G r a n i t e ,  which occurs  
i n  t h e  P ine  River b a t h o l i t h  t o  t h e  e a s t  of Emerald Lake 
(Hinsdale  County),  only  has  low PPIs. PPIs  from 50 t o  90 
are a s s o c i a t e d  w i t h  t h e  C a t a r a c t  Gulch G r a n i t e  of S i l v e r  
Plume age and t h e  edges o f ' t h e  28 m.y. Lake C i ty  and 
rlnrbmgahgr~ c a l d e r a s  a .bu t t ing  it (Duranqo and Montrose 
quad rang le s ) .  Minor uranium m i n e r a l i z a t i o n  i s  \ 

a s s o c i a t e d  wi th  v e i n s  i n  t h e  r i m  of t h e  Uncompahgre c a l d e r a  
(Nelson-Moore and o t h e r s ,  1978) where it i s  c u t  by t h e  

younger Lake C i ty  c a l d e r a .  Both show e x t e n s i v e  hydro- \ 

thermal  a l t e r a t i o n  . a s soc i a t ed  wi th  Au-Ag-Pb-Zn-Cu 
m i n e r a l i z a t i o n  (Steven and o t h e r s ,  1974) . 

The p o s t - t e c t o n i c  Bakers Bridge.  G r a n i t e  ( L a  P l a t a  
County) of l a t e  Boulder Creek age (1612 m.y.) and t h e  
1724 m.y. Ten M i l e . G r a n i t e  (San Juan County) do n o t  have 
high PPIs  a l though  both have some hydrothermal a l t e r a t i o n ,  
and f l u o r i t e  occurs  i n  t h e  g r a n i t e s  of t h e  Bakers Bridge 
a r e a  (Bickford and o t h e r s ,  1969) .  S c a t t e r e d  PPIs  of 50 t o  
60 i n  t h e  sediments  of t h e  Hermosa Creek and Lime Creek 
a r e a s  i n  La P l a t a  County may be a s s o c i a t e d  w i t h  T e r t i a r y  
a c i d  i n t r u s i v e s  o r  t h e  Precambrian Twi l igh t  Gran i t e  
(Bickford and o t h e r s ,  1969) . 



Tri'nidad 
\\ 

The on ly  sed iments  w i t h  PPIs  exceeding 50 a r e  i n  a  
few s t reams  d r a i n i n g  w e s t  from t h e  c r e s t  of  t h e  sou thern  
Culebra  Range, between Whiskey Pas s  and Devi l s  Park i n  
C o s t i l l a  County. Other a r e a s  mapped a s  a l a s k i t e  g r a n i t e  
do  n o t  have PPIs  g r e a t e r  t han  50. (The PPIs a r e  d i f f e r e n t  
i n  t h e  a r e a s  mapped as " g r a n i t e "  and "metamorphic" a t  t h e  
j u n c t i o n  o f  t h e  Pueblo and Tr in idad  s h e e t s ,  sugges t ing  
t h a t  t h e  a r e a s  mapped a s  a l a s k i t e  g r a n i t e  i n  t h e  l a t te r  
may i n  f a c t  be g n e i s s ) .  S ince  t h e  northward ex t ens ion  of 
t h e s e  a l a s k i t e  g r a n i t c s  i n t o  t h e  Pueblo quadrangle  forms 
t h e  San I s a b e l  Granite, which i s  a  t y p i c a l  ba r r en  g r a n i t e ,  
t h i s  l ack  of s i m i l a r i t y  is  t o  be  expected.  



SECTION 7. URANIUM ENDOWMENT 

The term uranium endowment was defined by Harris (1978, 
p. 52) who relates it to earlier terminology in figure 7.1. 
Harris wri'tes that: 

First, I propose two new terms: ' uranium 
endowment' and 'potential uranium supply,' or more 
generally, 'mineral endowment' and 'potential mineral 
supply ' 'Mineral endowment' {figure 7.1) is ' 
distinguished from the resource base, which consists 
of the totality of material, in that it includes 
only those accumulations of uranium in deposits of 
some minimum grade (q) , a minimum tonnage (t) , a 
maximum depth (h), and perhaps, even some specified 
mode of occurrence. Economics does not figure in 
the definition of 'mineral endowmenti. 

DOE has adopted somewhat different. terminology. In its 
assessment report on uranium in the United States ( U . S .  
Department of Energy, 1980, p. 21.22), DOE defines 
"resources" equivalent to Harris's "endowment" and divides 
resources into two broad categories, inventory and 
endowment. 

In DOE'S usage, inventory "is a compilation of all 
uranium-bearing material for individual mining properties, 
derived mainly from company drilling data, which exceeds 
both specified minimum mining thicknesses and grades of 0.01 
percent UjOWi economic availability is not a consideration." 
Reserves, w lch are a part of inventory, "are the estimated 
quantities of uranium in known deposits of such tonnage, 
grade, configuration, thickness, and depth that the uranium 
can be recovered at, or less than, a specified cost with 
state-of-art mining and processing technologies." 

Uranium endowment "is an estimate of all u'ranium- 
bearing material having a grade of at least 0.01 percent 
U308, postulated to occur in geologic settings favorable for 
undiscovered uranium deposits." Potential resources, 
which are a part of endowment,' "are those estimated.to occur 
in unexplored extensions of known deposits, in undiscovered 
or undelineated deposits within or adjacent to known 
uranium areas, or in other.geologically favorable settings." 
Subgroups of potential resources, that we need not define 
for this report, are probable potential resources, possible 
potential resources, and speculative potential resources. 

SURE scores do not provide endowment estimates but we 
can establish relationships with other estimates. Table 7.1 
lists endowments estimated by geologists familiar with the 



-Potential Supply (Given stated economic conditions, e*, 
and specified exploration effort, EX * )  

/ \ Known Economic Resourcss (Reserves) 

-.~conom~c Resources 
f l  (Given Gurrer t Conditions, e i )  

'Resources;G ivcn e* (stated economic 
;/ conditioa more favorable than eo) 

4' 

0 
/ 

Mineral Endoment, 
Given : 

minimum grade q*  
minimum tcpnnage t* 

maximilm depth h' 
mode of occurrence 

- 

Resource Base > Mineral Endowment > Resources > Potential Supply > Reoervet 

FIGUFE 7.1. -Resourc? terminology' and relations (from Harris, 
1978, p. 53). 



TABLE 7.1.- Estimates of uranium endowment compiled from 
resource assessment reports (U.S. Department of Energy, 
1980; p. 149). Units are metric tons of U308. Explanation 
in text. . . 

Quadrangle .Endowment . 

Mean 95% 75%' 50% 25% ' 5% 

- - 

Pueblo 119,995 22,987 51,948 92,630 159,387 319,208 

Durango 39,572 5,864 10,189 19,503 36,528 76,337 

Trinidad 7,485 i,043 1,570 2,788 10,540 28,972 

four quadrangles and. checked'by other specialists, using DOE 
methodology (U.S. Department of Energy, 1980, p. 23-29). 
The percentages express the probabilities that U O 
tonnages of at least those listed occur in a quadrgngle. 
DOE has aiso adjusted the tabled estimatesto express the 
geologists's jlidgments that one or more deposits actually 
are present within the area's favorable for uranium 
mineralizatipn. 

From highest to lowest endowment, DOE'S ranking of the 
four quadrangles is Pueblo,, Montrose,' Durango, and Trinidad. 
In contrast, our ranking based on SURE scores is Montrose, 
Trinid.ad,'. Pueblo, and Durango (table 7.2) . 1'f we calibrate 
the scores by equating that f,or Puehl-o t.0 DOE'S estimated 
endowment, we then find (table. 7.2) a reasonable correspond- 
ence between our ,ass,essment.'of,three of the four quadrangles 
(particularly at the 5-percent level) with a total lack of 
ayreernen'e for 'l'Yiriidad. For Trinidad,, the stream-sediment 

I 

TABLE 7.'2.-Scores, predicted endowments, and DOE estimates 
of endowment from table 7;l. Units are metric tons of 
U308., Terminology as in table 7.1. 

Quadrangle Score Predicted DOE endowments 
endowments Mean 95% 50% ' 5% 

Pueblo ' 100.0 119,995 119,995. '22,987 92,630 319,208 

Durango 66.9 80,276 39,572 5,864 19,503 76,337 

Montrose 143.8 172,553 57,662 17,747 48,947 128,120 

Trinidad 131.5 157,793 7,485 1,043 2,788 28,972 



anomalies and host rocks score higher than in any of the 
other four quadrangles (table 4.1). The discrepancy signals 
a need to examine in detail the endowment estimates for this 
quadrangle. We know that DOE's estimates are conservative, 
because its review process (U.S. Department of Energy, 1980, 
p. 25) reduces initial estimates but does not reappraise 
areas initially rated as without potential. 

When we can calibrate SURE scores against DOE estimates 
from several additional quadrangles, we will be able to 
c~~arninc rc~idua13 from a fitted straight lint and modify the 
scoring weights to make a closer match (this procedure is 
similar to fitting a line in a least squares prucedL~ .e ) .  

In addition to the value.of the total scores; individual 
components of the scores (table 4.1) can give information 
to guide the evaluators in their estimation of endowments. 
One of the principal tasks of the estimation is to identify 
source rocks for uranium deposits. It is well known that 
some uranium deposits are related to particular granites 
(figure 7.2) ; using the Pikes Peak index (table 6.5) , the 
evaluator can identify these granites., Then, using SURE, 
he or she can score the quadrangles; those with the higher 
scores may be better endowed. 

Our approach to endowment estimation starts from data. 
.SURE and EVAL provide objective models that summarize a 
large body of HSSR data, geologic data, and aerial radio- 
metric data, once the evaluator has made thc subjcctivc 
decisions discussed in sections 3 and 4. DOE's approach is 
also data oriented; the evaluator is required to work with a 
large collection of data. 

Another approach to endowment estimation starts with a 
theoretical model. Brinck, a Dutch geologist, uses this 
method. He believes that endowment can be estimated from 
the distributional form of deposit sizes and grades, using 
occurrence and geochemical abundance data. Of,the two 
leading models for the distribution of mineral endowment 
(figure 7 . 3 1 ,  Brinck (1967, 1974) selects the log-normal 
distribution. He uses better known information about 
occurre'nces (represented by the right end of the curve) to 
infer the occurrences in the shaded area. 

To examine Brinck's model, we will apply it to the 
Pueblo quadrangle. First, we consider data rcquircd for his 
model. From table 5.1, we abstract table 7.3, a distribution 
of ore-body sizes for the Pueblo quadrangle. As a check, 
table 7.4 gives a distribution for the entire United States; 
the two distributions are similar. 



k ' i G U K E  7.2 . - R e l a t i u ~ l s h i p  of uranium deposits to Precambrian 
crystalline terrain in western U.S.A. (Dahlkamp, 1980, 
p. 525). -. 
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Grade I percent - Grade . I  Percent - 
LOG-NORMAL DISTRr BUTION BIMODAL DISTRI BUTION 

FIGURE 7.3.-Possible dik~tribution of mineral materizls in the 
earth's crust (from Harris, 1978, p. 60). . 



TABLE 7.3.-Distribution of ore body sizes for the Pueblo 
guadrangle.. . 

U3O8. Cumulative Relative Cumulative : . 

tons Frequency Frequency Frequency, % 

TABLE 7.4.- Distribution of $30 reserves by size of property 
on January 1, 1380 (from U.S. Department of Energy, 1980a, 
p. 3 9 ) .  

PERCENTTOTALTONS UIOI NUMBER OF PROPERTIES 
THOUSANDS 

60 TONS OF 100 200 300 
I I 1 

4.. 

I.. 

Tons Range 

~ 1 . 0 0 0  
1.000- 5.000 
5.000- 10.000 

10.000- 25.000 
25.000-. 50.000 
50.000- 100.000 

100.000- 250.000 
250.000- 500.000 
500.000-1 .000.000 

1.000.000-2.500.000 
2.5w.w-3.M0.006 
5.003.000 or more 

Tolal 

Tons Ore 

100.000 
' 600.000 

700.000 
1.800.000 
2.700.000 
4.400.000 

13.100.000 
25.200.000 
58.000.000 
96.400.000 

120.200.000 
334.800.000 

658 .W.WO 

X Total 
Tons U,O, Tons USO. -- 

1 

2.400 
3.200 
4.7,) 1 

14.100 2 
25.700 4 
63.700 10  

103.700 16  
108.9ClO 17 

NO. 
Ptopanbs 

21 1 
255 

95 
109 
72 
69 
75 
69 
76 
59 



For data on geochemical abundances, crustal abundance 
values were available from the literature; we also used the 
HSSR data to estimate a value specific for the Pueblo 
quadrangle. Taking literature values, we have two sets of 
estimates in tables 7.5 and 7.6. In table 7.5, one 

TABLE 7.5.-Distribution of uranium in the crust of the earth (from 
Turekian. 1977. p. 629). 

Kock type 

V l c r d i c  rucks 

Basaltic rocks 

Illslr~al~luur y~arrlLlr: ~ u u b s  

 ow-calcium granitic rocks 

Syenites 

Shales 

Sandetones 

Carbonates 

Crustal abundance (Model A: .25% ultramafic 

rocks, 18% basaltic rocks, 39% high- 

calcium granitic rocks, 39% lov-calcih 

granitic rocks. 3.75X syenites) 

Crustal abundance (Model B: 50% basaltic 

rocks and 50% high-calcium granitic 

rocks) 

TABLE7.6.-Distribution of uranium in selected rocks (from Adams and 
Rngers, 1967). The page numbers are from the reference citcd. 

No. of u, 
Rock Samples KIT Page 

PvooPILmLen gman6baa af  Prant 
Range, Colorado 38 

Laramide stocks west of Pront 
Range, Colorado 25 

Plateau basalts 26 

Mesaverde orthoquartzite 8 

Graywackes 

Mancos shale. 102 

Black shales 

Limestoqe. N. American average 25 

Biotite schist, biotite hornblende 13 
schist, and amphibolite. Pront 
Range, Colorado 



specialist (Turekian, 1977, p. 629) offers two values 
for crustal abundance: 2.9 grams per metric ton (g/T) 
or 1.6 g/T, depending on the model selected. In table 
7.6, Rogers and Adams (1967) give a second set of estimates. 
These agree reasonably well., 

If we estimate crustal abundance by simple averaging 
of the HSSR data, we get a value of 7.07 g / ~  (table 7.7). 
We can check this value against estimated uranium abundances 
in the varkous rock ,units, if we assume that for each of 
the 640 cells the rock units that are present.occupy equal 
areas. Table 7.8 lists data for the formations covering 
most of the quadrangle's area. The weighted average grade 
of uranium is 2.'89 g/T. Considering that the surficial 
Quaternary formations comprise 44.8 percent of the area, 
which is about one-half of the 94 percent of the area 
represented by these formations, we double our estimate of 
2.89 g/T to 6 g/T (rounding). we reduce this estlmate of 
6 g/T to 5 g/.T (because the Quaternary is less widely 
distributed over those formations containing uranium than 
over the others) to reach a final estimate, by this method, 
of 5 g/T. 

Following standard practice, when we apply Brinck's 
model to the Pueblo quadrangle, we may work.forward from an 
assumed geochemical abundance (table 7.'7) or backwards 
from the assumed endowment to check our work. We will 
explain the forward calculations first. 

TABLE7.7.-Data, real and assumed. used to calculate endowments for the 
Pueblo quadrangle. 'Stream-sediment data from Koch and others, 1979, 
p. 121. 

--  ~ - 

Item 
- - -  

Value 

Area. sq. km 

Depth, km 

Crustal abundance of uranium, g/T 

Specific gravity of the crust 

Tons of rock 

Production, lbs. U308 

Reserves, lbs. U 0 
3 8 

Number of stream-sediment samples - 
Mean uranium content, w, of stream-sediment 

fimpl.es, g/T 

Standard deviation, s, of stream-sediment samples 

Estimated variance of logarithms 

Tons of urani in the quadrangle block 
(1.27 x lo2 x 7.07 g/T) . 



TABLE 7.8 .-Rock codes, percentaue areas,  and estimated abundance8 of 
uranium fo r  the  36 formations exposed over about 94 percent of the area 
of the  Pueblo quadrangle. 

Rock Code . Area, percent U, g/T 

-QES---- 12.45744 0.0 
-Q-J-- 11.10355 0.0 
-+z--'-- 9.21703 0.0 
-9Jz-- 8.30086 0.0 
-K-H--PS 4.86215 3.7 
-K-L--NI 4.48217 2.2 . 
-x-L-2P- 4.46054 a v o  
-XGDBC-- 4.04838 4.7 
-m.- 00 Z.PI IV~S , 7.n 
TO-A:.WI'M 2.13622 2.3 
=pr- 1,88733 0.0 
TORT-WM 1.85711 ' 4.7 
m-5-DB 1.84650 1.7 
-Y orrr~ 1.01!369 L .  7 
-+X- 1-.El162 0.0 
PN-K-~3 1.80538 ' 1.7 
UCS-SF 1.62263 1.7 

1.42302 ' . 1.7 PA-R-LI 
TUK-DP 1.29967 1.7 
-YQMSP- 1.23280 4.7 - J- S-ME 1.14507 1.7 
-K-S--LF 1.08730 1.7 
PPCS--SC ,1.07898 1.7 
OCLS--- 1.02013 2.2 
TCBAWD-- .97044 3.0 
TOITPMBA .89716 2.3 
TORTTMGE -82567 4.7 
PPCS--FN ,81564 1.7 
-Y-GSPSI -78987 4.7 
TOVCTMTC .76238 3.0 
-YQMSPCC .72889 . 4.7 
-Y-GPPWP .66667 . 4.7 
-XON-- .63825 2.0 
-TAFTM-- .57849 2.3 
'TASC--UI .55100 1.7 
TECZ-EP .54296 1.7 

Table 7.9 relates the volume (V) of the crust in the 
quadrangle down to a depth of 2.5 km to that of a sample 
volume Vs. In the table, area is equal to length multiplied 
by width. For convenience, we assume a length-to-width 
ratio of 2 to 1 and a ratio of quadrangle area to sample 
area of 1050 (the numbcr of camples) to 1. We ca lc i~ l  ate t . h ~  
linear equivalent using the formula 

from Harris (1977, p. 8-62). The variance o2 of geochemical 
samples relative to the sampling volume V is equal to 

5 

o2 = 3 a log ( ~ / d ~ ) .  
S 



TABLE 7.9.-Notation and numerical values for calculations 
in the forward direction. Linear measurements in kilo- 
meters. 

. Item Entire quadrangle Sample volume 

Notation value ~ o t a t i o n  value 

Volume' , V 47045 Vs 45 

Length 1 194 1' 6 

Width w 97 w '  3 

Depth h ' 2.5 h 2.5 

Area A 18818 a 18 

Linear equivalent D 293.5 dS 10.75 

which is derived by Harris .(1977., p. 8-61) as his formula 
(8-108). Substituting numerical values from tables 7.7 
and 7.9 and solving for a, we.get 

a2 = 3 a log (293.5/10.75). ' 

S 
. . (7.3) 

setting the linear equivalent of the typical deposit, ' .  

dd equal to 1:O km, we can'use the previous formula to solve 
2 for the logarithmic variance , od o f  the typical deposit 

through the formula 

d 
a d = ( 3 )  (0 .176 )  log (293.5/1) 

and taking the square root provides us with the logarithmic 
. . standard' 'deviation ' . . 

Now, we are able to calculate the area under the log- 
normal distribution curve (figure 7.3) for deposits 
currently mined. We have the formula 

P(X > 500 g/T given = ln7 and a = 0.5477) (7.5) 



where P is the required probability; X is the deposit grade, 
,500 g/T (0.05 percent) is the assumed minimum grade for a 
mineable deposit, 7 is the distribution mean (table 7.71, 
and z is the standardized normal deviate. Then the total 
tons of uranium ore is equal to this probability P multiplizd 
by the total tons of rock T (table 7.7) which is 1.27 x 10 . 
This value of 0.42 tons of ore is clearly too low; there are 
problems with the model. 

Perhaps most important is'the location of the region of 
interest far .out.in the right tail of-the normal distribution 
of logarithms; a small change-in the estimate a of the d 
logarithmic standard deviation will change the .p robab i l . j ty  
estimate by or'ders of magnitude. In our calcuiation (formula 
7.5) the estimate of a was 0.5477. If we use estimates of 
0.5 and 0.6 for this we g e t  these  prohahilities: 

P(X > 500 g/T given = ln7 and n d =  0.5) = 6.9'5 x 10 -18 

P(X > 500 g/T given p = ln7and ad = 0.6).= 5.65x 10 
-1'3 

and tonnages of 0.0009 or 71.76,. respectively. 

Therefore, even if the estimate of o were efficient and 
unbiased (which it is not) , the mode? lacks stability, 
because small changes in the parameter cause large .changes in 
the resulting probability. This does not mean that the 
model is unsuitable, but one must be cautious in using it. 

The potential sources of bias in estimating a come 
d from several'sources: first; the geochemical or deposit 

distributions may not be lognormal; second, we do not know 
the exact geometric relation between the environment (Pueblo 
quadrangle block of ground) and the sample block; third, we 
do not know the geometric relation between the environment 
and a "typical" deposit. 

When we use the backward approach we calculate the 
total number of tons of uranium in. the Pueblo quadrangle 
block of ground ~ t ~ . r t i i i g  wi tli . t hc  estimated er~duwrnent of 
120,000 tons of uranium '(table.. 7.1) . If we assume (table 
5.3) that a ".typical11 grade is 0.15 percent, the endowment 
is equivalent t b  85.33 x lo6 tons of uranium ore. The ratio 
of the tons of uranium ore to the total tons of rock in the 
Pueblo block (table 7.7) is 



where the probability P is that expressed in formula 7.5. 
If we write this probability in the terms of formula 7.5 

P ( X  > 500 g/T givenu = 1117, o unknown) = 6.72 x lo-' d 
... . . . - 

using the numerical valuesas before, we can solve for ad. 
We have, then 

We can now substitute in our formula 7.4, using the same 
numerical values 2s before, except that we are solving for a 
rather than for ad. We have 

0.78 ='3 a log. (293.5/1) 
. . 

a = 0..0458. 

We can then return to formula 7.2, and, assuming that o2 is 
equal to 0.175 (table 7.7) we can solve for the term d 

D/ds ' 

log (D/ds) 

0.175 = 3 +(0.0'458) log (D/ds) 

This ratio 3.574 is agpropriate, if we assume that the 
v riance of samples a is 0.175. However, if the value of 
oz i s  a not unreasona8le 0.49, for example, the ratio D/d2 
is 35.38, which is a large increase. . . 

. . 

Our greatest proble,m, then, may be to.choose an appro- 
priate value for the logarithmic standard deviation od 
of a typical'deposit. Table 7.10 gives tons of uranium 
obtained for various values of this parameter and for mean 
values of uranium between 5 and 50 ppm. The table shows 
how sensitive are the results to the assumptions. 



TABLE 7.1C r~housands of tons of uranium i3.the pueblo quadrangie for 
depbsits above a mean grade o t  U.U5 p e P C B f i t  f6P V a t P O U S  g~ZdCRefl lCBl  
h and deposit logarithmic standard deviations 04; Depth is assumed to 
be 2.5 km. average grade of deposits is asshumed to be 0.15 percent. 



SECTION 8. SUMMARY AND CONCLUSIONS 

We have developed a procedure that can help quadrangle 
evaluators to systematically summarize and 'use HSSR and 
occurrence data. Although we have not provided an independent 
estimate of uranium endowment, we have devised a methodology 
that will provide this independent estimate when additional 
calibration is done by enlarging the study area. 

Our s.tatistica1 model for evaluation (system EVAL) 
ranks uranium endowment for each quadrangle. Because using 
this model requires experience in geology, statistics, and . 
data analysis, we have also devised a simplified model, 
presented in the package SURE; a %stem for Uranium Resource 
Evaluation. We have developed and tested these modeis for - 
the four quadrangles in southern Colorado that comprise the 

' study area; to investigate their generality, the models 
should be applied to other quadrangles. Once they are 
calibrated with accepted uranium endowments for several 
well-known quadrangles, the models can be us,ed to give 
independent estimates for less-known quadrangles. 

The point-oriented models structure the objective 
comparison of.the quadrangles on the bases of: 

(1) Anomalies 
(a) Derived. from stream sediments 
(b) ~erived ' from .wa.ters (stream, well, pond, etc. ) 

(2) Geology 
(a) Source rocks, as defined by the evaluator 
(b) Host rocks, as defined by the evaluator 

(3) Aerial radiometric anqmalies 

The eva 1 u a t o r  makes sub j ectj-ve decisions about weighting 
these different bases and subjective'choices in defining 
the source and host rocks.. He or she also accepts (or 
modifies) the methodology'that identifies anomalies for that 
part of the uranium calculated to be associated with uranium 
mineralization (res$dual uranium). 

Once these deci.si.ons a.re made, the model ranks 
quadrangles objectively. The evaluators.can easily combine 
these ranki.rigs w.i..th' t h . e  data about .occurrences, production, 
and subjective geology. We would prefer to train potential 
model users; feedback at all s,tages would he1p.u~ to , 

evaluate and further refine the model. 

The application to other quadrangles should take two 
directions. The first would extend the study area to 
adjacent quadrangles in order to make a regional analysis 
of uranium endowment in the Southern Rocky Mountains' and 



related geologic provinces. The second would be to test 
the generality of the model in areas with different geology. 

We also recommend.additiona1 development of the models 
using the data from the present study area. A sensitivity 
analysis would evaluate the effect of changing weights on 
the final scores. Ranked, rather than the present absolute 
residuals should.be tried and the results evaluated. At 
present, we estimate the proportions of.rock units from the 
number of sample sites for each code. ~he'alternative of 
estimating the.proportions from the presence/absence 'data' 
should be tried. .Although so far we can predict geology 
from geochemical signatures for only a .few distinctive 
rocks, this promising approach merits more. study. ' . 

Organizing the water data by major drainage basins'might 
significantly improve results. Kidge.regression should be 
tried as an alternative to multiple linear'regression. 

An essential element of SURE and EVAL' is identification 
of source rocks by the evaluator. Geological theory 
developed over many years suggests that many ore deposits in 
general (Lindgren, 1933, p. 103-120) and uranium ore deposits 
in particular (Simpson and others, 1979) 'are associated. with 
particular granitoids. Geological experience likewise 
suggests a spatial relationship between certain granitoids 
and uranium deposits in adjacent sedimentary (including 
pyroclastic) rocks, as illustrated by figure 7.2. 

Our study shows that source-rock granitoids can be 
identified by statistical analysis of the stream-sediment 
data using the Pikes Peak index (table 6 . 5 ) ,  rather than 
from the whole-rock data. For quadrangle assessment, we 
think it essential that the evaluators distinguish source- 
rock granitoids from other granitoids. 

We rccommcnd cxtcnding the identification of source- 
rock granitoids to other.areas in North America. As figure 
7.2 shows, Precambrian crystalline rocks in the western 
United States are related to uranium ore deposits; the 
focus of a further study would be to classify these rocks 
as to source-rock or not. 

Uccurrence data provide one way for the evaluators 
to define and rank host and source rocks, a definition and 
ranking that are essential to using the EVAL and SURE ---- models. These data need to be used with caution; uranium 
deposits may not be confined to the rocks in which they have 
been found thus far. The study area is not well cnough 
explored to rule out certain rock bodies as host or source 
rocks. 

At the present stage of its development, our cell- 
oriented model does not provide an effective analysis, 



although our current methodology warrants further development. 
Required is a larger study area in order to relate 
occurrences and stream sediments in a meaningful way. 

Using Brinck's model to estimate uranium endowment 
seems promising. Its application to the study area would 
require better occurrence distributions than those presently 
available and better information on mean uranium abundances. 
in various rock types. We did find a general agreement 
between abundances estimated in the literature and those 
obtained from stream-sediment data combined in various 
ways. 

Finally, we want to emphasize our belief in the great 
value of the HSSR data for resource assessment; organized in 
a model, the high information content of these data becomes 
clear. When larger geographical areas are evaluated in the 
future, tlle impartancc of these data will be even more 
apparent. 
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APPENDIX 1 . - L i s t i n s  o f  t h e  rock codes  

Rock Code Geologic  Un i t  

-Q- J---- Q u a t e r n a r y ;  g l a c i a l  d e p o s i t s ; - - ;  ;--; 04,  05,  

07 ,  08. 

-Q-T---- Q u a t e r n a r y ;  t r a v e r t i n e  d e p o s i t s ; - - ;  ;--; 05 .  

-Q-w---- Q u a t e r n a r y ;  co l luv ium ;--; ;--;. 05.  1 

-Q-x---- Q u a t e r n a r y ;  l a n d s l i d e  d e p o s i t s  ;--; ;--; 04,  05 ,  
Or/, 08: 

-Q-z---- Q u a t e r n a r y ;  all.uvium ;--; ;--; 04', 05 ,  07 ,  08.  

-QES---- Q u a t e r n a r y ;  e o l i a n  sand  and l oe s s ; - - ;  ;--; 04, 

05,  07, 08. 

-Q JZ---- Q u a t e r n a r y ;  i n t e r g l a c i a l  a l luv ium;- - ;  ;--; 05.  

QT-B---- Q u a t e r n a r y  and T e r . t i a r y ;  b a s i c  p lug; - - ; - - ;  08.  

QT-z---- Q u a t e r n a r y  and T e r t i a r y ;  a l l uv ium ( h i g h - l e v e l )  
.--; ;--; 04. 

QTMF---- Q u a t e r n a r y  and T e r t i a r y ;  ma f i c  f lows;- - ;  ;--; 

TPMF--SV T e r t i a r y  P l i o c e n e  (3.6-4.5 my); ma f i c  f lows;- - ;  
S e r v i l l e t a  P m ;  07.  

. TACS--SF T e r t i a r y  P l i o c e n e  and Miocene; conglomerate  
and sand;-- ;  S a n t a  Fe Fm; 04,  05 .  

TAMF--HI T e r t i a r y  P l i o c e n e  and Miocene; ma f i c  f lows  
( o l i v i n e  b a s a l t  and b a s a l t i c  a n d e s i t e ) ; - - ;  
H insda l e  Fm; 07.  

TARF--HI T e r t i a r y  P l i o c e n e  and Miocene; r h y o l i t e  f lows;-- ;  
H insda l e  Fmf 07.  

TASC--DI T e r t i a r y  P l i o c e n e  and Miocene; sand  and g r a v e l  
;--; Grave l  a t  Div ide ;  05.  



APPENDIX 1. - (Continued) 

Rock Code Geologic Unit I 

TMIF---- Tertiary Miocene; intermediate flows ;--; ;--; 

- TAFTM- - Tertiary Miocene; andesite flows; Thirtynine 
~ i l e  Area; Big Baldy and Waugh Mtn and others; 05. 

- TRATM- - Tertiary Mioceve; rhyolite to andesite dikes 
and sills; Thirtynine Mile Area;--; 05. 

-TRVTMWA. Tertiary Miocene; rhyolitic volcanics; Thirty- 
nine Mile Area; Waugh Mtn; 05. 

-TSTTM-- 'Tertiary Miocene; siliceous tuff; ~hirtynine 
Mile Area;--b 05. 

TMMI---- Tertiary Miocene; mafic intrusives and flows . -- . 
1 1 ;--; 04. 

TMRF--CR Tertiary Miocene; rhyolite flows (quartz latite 
and rhyolite flows);--; Volcanics of South 
Mountain and Cropsy Ridge; 07. 

TMRF-FLC Tertiary Miocene;,rhyolite flows; Lake City 
Caldera; silicic rocks associated with the 
Lake City Caldera; 07. 

TMRT---- Tertiary Miocene; rhyolitic tuffs and intrusives .--; ;--; 04. 
TMRT-FSN Tertiary Miocene (22.5 my.); rhyolitic ash-flow 

tuff; Lake City Caldera; Sunshine Peak Tuff; 07. 

TMSCTMWG Tertiary Miocene; sand and gravel; Thirtynine 
Mile Aree ; W~gontc~ngue Fm; 0'5. 

-T-GWMSG Tertiary Miocene; granite; Wet Mtn Area; 
Soda Granite; 05. 

-.~-p---- Tertiary; metamorphic and igneous compl@x .--; ;--; 04. 
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Rock Code Geologic Unit 

TCGI---- Tertiary Miocene and Oligocene; granitic 
intrusivesi--; ;--; 04. 

TCRAWD-- Tertiary Miocene and Oligocene; rhyolitic to 
andesitic rock; Wet Mtn and Rosita-.Deer Park; 
Devils Hole Fm, Deer Peak Volcanics, 

-TIICD-- Tertiary Miocene and Oligocene; intermediate 
i.ntri.~s.l:.~res (phnnol. . j . . te ,  kyeni t.e, latite 
phonolite); Cripple Creek-Divide Area;--; 05.  

TORTTMGE Tertiary Oligocene; rhyolite ash-flow tuff; 
Thirtynine Mile Area; Gribbles Park Tuff, Thorn 
Ranch Tuff, East Gulch Tuff; 05. 

-TAVTMBP Tertiary Oligocene; andesite volcanics; Thirty- 
nine Mile Area; Buffalo Peaks Andesite; 05.  

' TOITTMBA Tertiary Oligocene; intermediate ash-flow.tuff; 
~hirtynine Mile Area; Badger Creek Tuff, 
Antero Fm; 05.  

TO-ATMTM Tertiary Oligocene; andesite (flows and laharic 
breccia); ~hirt~nine Mile Area, Thirtynine 
Mile Andesite; 05. 

TOVCTMTC Tertiary Oligocene; volcanic conglomerate; 
Thirtynine Mile Area; Tallahassee Creek 
Conglomerate; 05. 

TOVF---- Tertiary Oligocene; volcanic flows (rhyolitic 
to latitic flows);--; ;--; 07.  

L 

TORATMGU Tertiary Oligocene; rhyolite to andesite ash- 
flow tuffs; Thirtynine Mile Area; near Guffey; 
05. 

TOLF---- Tertiary Oligocene; latitic flows;--; ;--; 04,. 

TOLF-CFI Tertiary Oligocene (26.4 my) ; latite flows; 
Creede Caldera; latite; 07. 
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-T-GWMRA Tertiary Oligocene; granite rhyolite and tonalite; 
Wet Mtn Area; Rio Alto Stock; 05. 

TORT--WM Tertiary Oligocene; rhyolite ash-flow tuff;--; 
Wall M L ~ I  T d i ;  04, 05. 

TOCS--FA Tertiary Oligocene; conglomerate.and sandstone 
;--; F.?r.j..sj..t? Conglomerate; 08. 

TOIF---- Tertiary Oligocene; intermediate flows;--; 
;--; 04. 

TO-F--EN Tertiary Oligocene; porphyritic andesite to 
rhyodacite flows;--; near source facies of 
early intermediate lavas and breccias; 07. 

TO-F--HU Tertiary Oligocene; flows (andesite to rhyoda- 
cite) ;--; Huerto Fm; 07. 

TO-F--SH Tertiary Oligocene; flows (andesite to rhyoda- 
cite) ;--; Sheep Mountain Fm. 07; 

TO-I---- Tertiary Oligocene ( & )  intrusives;--; ;--; 07, 
0 4. 

TO-T--HB Tertiary Oligocene; tuffs;--; Henson and Burns 
Fm: 07. 

TOAF---- Tertiary Oligocene; andesitic flows;--; ;--; 04. 

TOW--BH Tertiary Oligocene; andesitic flows;--; 
Andesite of ~ r i s t o l  Head; 0'1. 

TOAFIJSU Tertiary Oligocene; andesitic flows; Platoro 
.and Sumrnitville Calderas; Andesite of Summit- 
ville; 07. 

TOAVCDFL Tertiary Oligocene; andesitic volcanic rocks; 
Cripple Creek-Divide Area; Florissant Lake Beds; 
05. 
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Rock Code Geo log ic  U n i t  
. . .  . .  . .  , . . .  . 

-TMFTM-- T e r t i a r y  Oligocene; m a f i c  f l o w s  ( b a s a l t ,  horn-. 
h l e n d e  a n d e s i t e ,  b i o t i t e  a n d e s i t e ) ;  T h i r t y n i n e  
M i l e  Area;--;  05. 

TORT---- T e r t i a r y  Ol igocene ;  r h y o l i t i c  t o  q u a r t z  l a t i t e  
ash-f low t u f f s ; - - ;  ;--; 04. 

TOLT-- RK T e r t i a r y  Ol igocene ;  q u a r t z  l a t i t e  ash-f low t u f f  
;--; T u f f  nf Rqck Creek:  07. .  

TOLT-CSM T e r t i a r y  Ol igocene ;  q u a r t z  l a t i t e  ash-'flow t u f f ;  
Creede  C a l d e r a ;  Snowshoe Mtn Tu'ff;  07. 

TOTK-CCD T e r t i a r y  Ol igocene ;  t r a v e r t i n e  and s e d i m e n t s ;  
w i t h i n  Creede C a l d e r a ,  Creede  Format ion;  07. 

TOLT-GPH T e r t i a r y  Ol igocene ;  q u a r t z  l a t i t e  ash-f low 
t u f f ;  La G a r i t a  C a l d e r a ;  Phoenix Park  Member 
o f  La G a r i t a  T u f f ;  07. 

TOLTKOSD T e r t i a r y  Ol igocene ;  l a t i t e  ash-f low t u f f ;  San 
Juan  and Vncompahgre C a l d e r a ;  S a p i n e r o  Mesa 
T u f f ,  Eureka T u f f ,  D i l l o n  Mesa T u f f ;  07. 

TOVK---- T e r t i a r y  Ol igocene ;  v o l c a n i c s  and s e d i m e n t s  .--; ;--; 04. 

TOVK--EV T e r t i a r y  Ol igocene ;  v o l c a n i c l a s t i c  s e d i m e n t s  
;--; v o l c a n i c l a s t i c  f a c i e s  o f  e a r l y  i n t e r m e d i a t e  
l a v a s  and b r e c c i a s ;  07. 

TORT--WS T e r t i a r y  Ol igocene ;  r h y o l i t e  ash-f low t u f f ; - - ;  
Wason Park  T u f f ;  07. 

TORT-ABC T e r t i a r y  Ol igocene ;  r h y o l i t e  ash-f low t u f f ;  
Bache lo r  C a l d e r a ;  Bache lo r  Mountain T u f f ,  
C a r p e n t e r  Ridge T u f f ;  07. 

TORT-EBM T e r t i a r y  Ol iyocene ;  r h y o l i t e  a sh - f low t u f f ;  
L o s t  Lake C a l d e r a ;  Blue Mesa T u f f ;  07. 
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I 

TORT-LCK Tertiary Oligocene; rhyolite .ash-flow tuff; 
'Silverton Caldera; Tuff of Crystal Lake; 07. 

TORT-MRC 'Tertiary Oliqocene; rhyolite and Latite ash- 
flow . . t l j . E f 3 ;  San Luis Caldera; R a t  Creek Tuf £;  07. 

TORT-UUR 'Tertiary Oligocene; rhyolite ash-flow tuff; Ute 
Creek Caldera; Tuff  o f .  Ute Kidge; 0-1. 

TOLT--MM ~ertiary Oligocene (26.7 my) ; .latite ash-flow . 

tuff;--; Mammoth Mountain Tuff;. 07. 

TOLT-GFG ~ e r t i a r ~  .Oligocene (27.8 my) ; quartz latite 
ash-flow tuff;. La Garita Caldera; Fish Canyon 
Tuff, Outlet Tunnel Member of La' Garita Tuff; 07. 

TOLT-HMP Tertiary Oligocene (28.2 my); quartz latite 
ash-flow tuff; Mount Hope Caldera; Tuff of 
Masonic Park; 07. 

TOLTI JTU Tertiary Oligocene (29.8 my); quartz latite 
ash-flow tuff; Platoro and Surnmitville Caldera; 
Irileasiire Mountain 'ruff; u i .  

TB-C--VL Tertiary Eocene to Oligocene; conglomerate;--; 
Vallejo Fm of Upson (1341) ; 08. 

TBII---- Tertiary Eocene,to Oligocene; intermediate 
i n t . r l l s i ~ 7 ~ ~ ; - - ;  ;--: 

TBIF---- Tertiary Eocene to Oligocene;. intermediate to 
basic flows;--; ; --,; 

TBSI---- Tertiary Eocene to,Oligocene; silicic intru- 
sive~ ;--; ;--; . . 

TBRF---- Tertiary Eocene to Oligocene; silicid .lava 
flows;--; ;--; 

TBUI---- Tertiary Eocene and Oligocene; ultrabasic 
dikes;--; --; 08. 
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Rock Code Geologic Unit 

TBRA---- Tertiary Eocene to Oligocene; basic to silicic 
.lava £,lows ; -- ; ; -- ; 

TBMI---- Terti.ary Eocene to Oligocene; mafic intrusives 
. - - . . - - . 
I I 1  I 

TDCS--TO Tertiary Eocene; conglomerate and sandstone;--; 
Telluride Conglomerate, Cirnrnaron Ridge Fm 
Wasatch Fm, Ohio Creek Fm; 04. 

TE-S--HC Tertiary Eocene; sandstone;--; Huerfano Fm, 
Cuchara .Fm; 08. 

TECS--ST Tertiary Eocene; conglomerate and arkosic 
sandstone;--; San.Jose Fm, Blanco Basin Fm, . 
~elluride Conglomerate; 07. 

I / 

TECZ--EP . Tertiary Eocene; conglomerate (alluvium);--; 
Echo Park Alluvium; 05. 

TLAKTMSP Tertiary Paleocene; andesitic sediments 
(andesitic conglomerate, sandstone, silt- 
stone); Thirtynine ,Mile Area; South Park Fm; 05. 

TLCS--PC Tertiary Paleocene; conglomerate and sandstone 
P o i s o n  Canyon Fm;'08. 

TK-P---- Tertiary Cretaceous; sediments (quartzite, 
slate, and slightly altered sandstone;--;--; 08. 

I 

TK-S--RP Tertiary and Cretaceous; sandstone;--; 
Raton and Poison Canyon Fm (undivided on 
Pueblo ~uad') ; 05. 

, TK-S--RT Tertiary and Cretaceous; sandstone;--; Raton 
Fm; 08. 

. TKAK--DF Tertiary and Cretaceous; andesitic sediments 
(arkosic and andesitic sandstone, siltstone, 
conglomerate);--; Dawson Fm; 05. 
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Rock Code Geo log ic  U n i t  

TKVS--SA T e r t i a r y  and C r e t a c e o u s ;  . . v o l c a n i c s  and s e d i m e n t s  
( s h a l e ,  sa 'nds tone ,  cong lomera te ,  v o l c a n i c  
d e t r i t u s ) ; - - :  Nacimiento  Fm, San , T n s ~  F m ,  
Nelson Mtn T u f f ,  Animas Fm;Blanco Bas in  Fm; 07. 

-K-S--TV Crc taccoug  ; s a n d s t o n e  ; --- ; V e r m c  jo Fm, T r i n i d a d  
S a n d s t o n e ;  05, 08. 

-K-S--LF C r e t a c e o u s ;  sands tone ; - - ;  Laramie Fm, Fox 
H i l l s  Sands tone ;  05. 

-KGDTMWH C r e t a c e o u s  ; g r a n o d i o r i t e ;  T h i r t y n i n e  M i l e  
. A r e a ;  Whitehorn G r a n o d i o r i t e ;  05. 

-KSH--CP C r e t a c e o u s ;  s a n d s t o n e  a n d  s h a l e ; - - ;  C l i f f  House 
S a n d s t o n e ,  Menefee Fm, ~ o i n t ' ~ o o k o u t  Sands tone ;  
07. 

-KSH--MV C r e t a c e o u s ;  s a n d s t o n e  and s h a l e ; - - ;  Mesaverde 
Fm, L e w i s  Format ion;  07,  04. 

-K-P---- C r e t a c e o u s ;  s e d i m e n t s  (s la te  and p l y l l i t e )  :--; 
-- - , 08. 

-K-K--KP C r e t a c e o u s ;  s a n d s t o n e  and s h a l e ; - - ;  K i r t l a n d  
Fm, . F r u i t l a n d  Fm and P i c t u r e d  C l i f f  Fm; 07. 

-K-H--K1 C r e t a c e o u s ;  m o s t l y  sha le  w i t h  sandy . s h a l e  and 
sands tone ; - - ;  K i r t l a n d  S h a l e ;  07. 

\ 
-K-H--LW C r e t a c e o u s ;  s h a l e  w i t h  t h i n  s a n d s t o n e  beds;--;  

L c w i s  S h a l e ;  07. 

-K-H--PS C r e t a c e o u s ;  ' s h a l e ; - - ;  P i e r r e  s h a l e ;  05, 08. 

-K-H--MS C r e t a c e o u s ;  s h a l e  w i t h  c a l c a r e o u s  s h a l e  and 
l i m e s t o n e ; - - ;  Mancos S h a l e ;  04, 07. 

-KLH--PG C r e t a c e o u s ;  s h a l e  and l i m e s t b n e ;  --; P i e r r e  
S h a l e ,  N i o b r a r a  Fm, C a r l i l e  ' s h a l e ,  Greenhorn 
Limestone ,  Graneros  S h a l e  U n d i f f e r e n t i a t e d ;  08. 
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-KLH--CG Cretaceous; shale and limestone;--; Cqrlile 
Skale, Greenhorn Limestone, Grane'ros Shale, 
Dakota Sandstone, Purgatoire Fm; 05, 08. 

Cretaceous; limestone; --; Niobrara Fm, Carlile 
Shale, Greenhorn Limestone, Graneros Shale; 05. 

Cretaceous and Jurassic; sandstone; --;. Dakota 
Sandstone, Purgatoire Fm, Morrison Fm, Burro 
Canyon Fm, Ralston Creek Fm, Wanakah Fm, 
Entrada Fm, .Junction Creek Fm; 04, 05, 07, 08. 

-J-S--ME Jurassic to Permian; mainly sandstone;--; 
Morrison Fm, Entrada Sandstone, Wanakah Fm; 
Ralston Creek Fm, Lyons Sandstone, Fountain Fm, 
Lykins Fm; 07, 08. 

Triassic and Permian; sandstone;--; Dolores Fm, 
Cutler Fm; 04. 

~urassic and Triassic; sediments .(mostly non- 
marine red shale, siltstone .sandstone, and 
limestone pebble conglomerate);--; Dolores Fm, 
Morrison Fm, Wanakah Fm, Entrada Fm;. 07. 

~riassic; sediments (limestone conglomerate, 
limestone, sandstone, siltstone, shale;--; 
Johnson Gap Fm; 08. 

Permian; nonmarine sediments (shale, siltstone, 
mudstone, arkosic grit, and conglomerate);--; 
Cutler Fm; 07. 

Permian and Pennsylvanian; conglomerate and 
sandstone;--; Sangre de Cristo Fm; 05, 08. 

Permian and Pennsylvanian; sediments (shale, 
siltstone, arkosic sandstone and conglomerate) . -- . , , Rico Fm; Hermosa Fm, Molas Fm; 05. 
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PPCS--FN Permian and Pennsylvanian; conglomerate a'nd 
sandstone;--; Fountain Fm; 05. 

PN-K--MB EJennsylvanian and permian; sediments (shale, 
siltstone, candotonc and conq10ii~e~dLe) ; -- ; 
Minturn Fm, Belden Fm, Maroon E'rn; 0 4 ,  05, 08.  

PN-K--HE Pennsylvanian; sedi1uent.s ,Ia.rk.nsi,c sands tone, 
conglomerate, shale and. limestone) ;,-- ; 
I-Iermosa 'Fm; 04. 

PNLH--KB Pennsylvaniah; limestone and shale) ; --; Kerber 
Fm; 08. 

PA-K--LI Paleozoic'!(Mississippian to Cambrian); sedi- 
ments (limestone, shale, siltstone, sandstone, 
conglomerate);--; Leadville Limestone, Ouray 
Limestone, Elbert. Fm, Rico .Fm, Hermosa Fm, 
Molas Fm, Ignacio Quartzite, Chaffee Group, 
Fremont Dolomite, Harding Sa,ndstone, Manitou 
Limestone, Williams Canyon Limestone, Peer- 
less Dolomite, Sawatch Sandstone; 04, 05, 07. 

Devonian to Ordovician; limestone;--; Chaffee 
Fm, Fremont Dolomite, Harding Quartzite; 08.' 

Ordovician and Cambrian; limestone and 'sandstone . --. , ,. Fremont.  T . , i . m ~ s t ~ n e ,  Harding  Sandstone, 
Manitou Limestone, Sawatch Sandstone; 05. 

-c-y---- Cambrian; syenite;--; Gem Park Complex, McClure 
Mtn Complex', Syeni t .e  ' Complex at Democrat Ck; U5. 

-CUMWMIM Cambrian; 'mLf ic-ultramafic; Wet ~ t n "  Area; Iron 
Mtn, Complex; 05. 

-c-I---- Cambrian; alkalic and mafic intrusive rocks;--; 
I - - ;  04.' 
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Rock Code Geologic Unit 

Cambrian; sandstone; Colorado Sp; Sawatch 
Sandstone; 05. 

Precambrian; gabbro;.--;--; 08. 

Precambrian X an'd Y; granite and alaskitic 
granite;--; ;--; 0 4 , -  08. . . 

~rec'imbrian; gneiss, and amphibolite; -- ; 
;---; 08. 

Precambrian; metasediments';--; ;--; 08. 

Precambrian; metasediments (slate, quartzite, 
quartz pebble conglomerate);--; Uncompahgre 
Fm; 04, 07. 

PC-Q---- ~recarnbrian; metaquartzite ;--; ;--; 08. 

PCDN---- Precambrian; diorite gneiss ;--; ;--; 08. . . 

PCGD---- Precambrian; granodiorite gneiss ;--; ;--; 08. 
I '  

PCGD--CB Pre.cambrian; gneissic granodiorite;--; Culebra 
Peak; 08. 

PCGN---- , Precambrian; granite gneiss;--; ;--; 08. 

PCQD---- Precambrian; quartz diorite gneiss. ;--; 
;--; -08.. 

-Y-Y--UT Precambrian .Y; melasyenite; --; Melasyenite. of. 
Ute Creek; 07. 

-Y-YPPSC P~:ecamb.rian Y; syenite; 'Pikes Peak (1.0 by) ; 
, Spring Creek Pluton Center; 05. 

-YYGPPLG Precambrian Y; syenite and granite; Pikes 
Peak (1.0 by); Lake George Center; 05. 
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-Y-GPPWP Precambrian Y; granite; Pikes Peak (1.0 by); 
Windy Point Granite; 05. 

-Y-GPPPP Precambrian Y; granite; Pikes Peak (1,0 by): 
Pikcs Pcalc Granite; 05. 

-Y-GPPMR Precambrian Y; granite; Pikes Peak (1.0 by); 1 
P4uull.L Rusa Centcr: 65.  

-Y-I---- Precambrian Y (app. 1.4 by); alkalic and 
mafic rocks;--; ;--; 04. 

-Y-G--CA Precambrian Y; granite;--; Granite of Cataract 
Gulch; 07. 

-Y-G--TR Precambrian Y; granite;--; Trimble Granite; 07. 

-Y-G---- Precambrian Y (app. 1,400 my) ; .granitic rocks; 
--;. ;--; 04. 

-YQMSPCC Precambrian Y; quartz monzonite; Silver Plume 
(1.45 by); Cripple Creek Quartz Monzonite; 05. 

-YQM--KR Precambrian Y; quartz monzonite;--; Porphyry 
at the Keeton Ranch; 05. 

-YQMSP-- Precambrian Y; quartz monzonite; Silver' Plume 
(1.45.b~) ;--; 05. . 

-YQD--PR Precambrian Y; quartz'diorite;--; Quartz ~iorite 
of Pine River; 07. 

-Y-CSFSI rlrecanibrian Y ;  g r a n i  le;. Silver. Plurrle (1.45 by) ; 
San Isabel Granite; 05. 

I 

-YQMSPEM Precambrian Y; quartz monzonite; Silver Plume 
(1.45 by); Elevenmile .Canyon; 05. 

-Y-G--EO Precambrian Y (1,460 my); granite;--; Eolus 
Granite; 07. 

, 
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! 
-Y-B--El Precambrian Y .(1,460 my); gabbro;--; Electra 

Lake Gabbro; 07. 

-XQMBC-- , Precambrian X; quartz monzonite; Boulder Creek 
(1.7 by) ;--; 05. 

Precambrian X; mafic intrusive rocks ;--; ;--; 
04. 

~recambrian X; gneiss ;--; ;--; 04. 

Precambrian X; granodiorite; Boulder Creek 
(1.7 by) ;--; 05. 

~recambrian X; quartz diorite; Boulder Creek 
(1.7 by) ;--;. 05. 

Precambrian X; granodiorite; Boulder Creek 
(1.7 by) ; Methodist Mtn; 05. 

Precambrian 'X (App. 1,700 my) granitic rocks - - - . . - - . 
I I 1  I 

Precambrian X; metagabbro and metamorphosed 
ultramafic rocks ;--; ;--; 05. 

Precambrian X (1,700 my); granite;--; Baker 
 ridge Granite; 07. 

Precambrian X (1,720 my); granite (granodiorite 
and quartz monzonite) ;--; Tenmile Granite; 07. 

Precambrian. X; metavolcanic and metasedimentary 
rocks;--; Irving Fm; 07.. 

Precambrian X; metaconglomerate and quartzite; 
--; Vallecito' Conglomerate; 07. 

Precambrian X; metavolcanic and metasedimentary 
rocks;--; ;--; 05. 
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-x-Q---- Precambrian X; arkosic quartzite ;--; ;--; 04. 

-xoN---- Precambrian X; biotite gneiss ;--; ;--; 04, 05. 

-x-N---- Precambrian X; gneiss formed from sedimentary 
and volcanic rocks;--; ;--; 05. 

-X-N--'l'W Precambrian X ( 1 , 8UU my); gneiss probably Iormed 
from dacite and basalt, Twilight Gneiss; 07. 



APPENDIX 2. LIST OF FILES ON MAGNETIC TAPE 

Data Files 

PUEBI6, MONTI6, DURAI6, TRINI6 - Reformatted HSSR stream- 
. , 

^ sediment data, including 8-character geologic codes. 

PUEBI7W, MONTI7W, DURAI7W, TRINI7W - Reformatted HSSR 

water data. I 

PURAD, MORAD, DURAD, TRRAD - Map-cell radiometric anomaly 

data. 

SURE Package 

SURE - - System for - Uranium Resource Evaluation. - - 

EVAL Package 

SREG, WREG, EVAL, MPOST, QPLOT - Program modules described 

" 
in text'. 

Data Manipulation Program --- 
EXTRACT - Example, of geologic based data retrieval using 

60-bit ,string binary. encoded geologic data. 
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PLEASE EINTER YOUR NAME (UP TO 10 C ~ C T E R S )  
Z 

? ROY 

ENTER NAME OF QUADUVGLE TO BE EVALUATED 

? PUEBLO 

S.E. CORNER - LATITUDE = 38.00 LONGITUDE = 104.00 

DEFAULT SCORIWG WEIGHTS 

HOST ROCK .' 26.00000000000 
14.00000000000 SOURCE ROCK 

WATER .ANOW IES 20'.  00000000000 
SEDIMENT ANOMALIES 24.00000000000 
RADIOMETRIC. ANOMALIES 16~00000000000 

ARE THESE VALUES SATISFACTORY - Y / N  
? Y 
DO Y0U.REQUIR.E DETAILS OF T-U? WATER REGRESSION - Y / N  
? Y 
DO YOU REQUIRE SEPARATION OF SPRINGS MD'WELLS 
? Y 

WATER DATA INPUT COMPLETE 

855 SAMPLES ACCEPTED 

6 SAMPLES REJECTED 

STREAMS 356 REGRESSION PASS 1 
SPRINGS 158 REGRESSION PASS 2 
PONDS 72 REGRESSION PASS 3 
WELLS 269 REGRESSION PASS 4 

APPENDIX 4.- Example of SURE i n t e r a c t i o n  f o r  t h e  Pueblo  
quadrangle. 
P a r t  1: I n t r o d u c t o r y  d i a l o g u e  f o r  t h e  quadrang le  and f o r  
t h e  wa te r  d a t a .  



REGRESSION PASS 1 

CORRELATION HATRIX 

COND 

DETAILS OF REGRESSION 
REGRESSION EQUATION 
U =. -.47E+OO + -.47E-04 CA + .21E-03 COND + .35E-03 KG' 

/ 

VARIABLE MULTIPLE UNIVARIATE 
NUMBER REGMSSION STATISTICS 

SLOPE STD .ERROR m.4~ STD.DEVIATION 
DEPENDENT ... . . . 4.9273 16.6997 
INDEPENDENT 1 -.0000 .OOOO 66941.8961 85700.5583 

2 a0002 ,0002 1011.9888 4797 -2181 
3 .0004 .OOOO 23526.2331 44354.7639 

IXTERCEPT= - . $662 MULT . R-SQUARED= .650,7 

. . ... - 

APPENDIX 4. - (continued) 
Part 2: Typical regression output for stream-water data. 



COMBINATION OF .ai DATA SUBSETS 
NB - SCORES HAVE NOW BEEN WLTIPLIED BY THIER SCORING 
WEIGHT 

................................................................ 
* 4 1 1 1 1 3 2  1'1 3  3 1 1 2 1 2 4 3 2 2 2 1 1 1 3 2 2 2 *  
* 2  2 2  3 4 7 5 2 2 2 2 1  2 2 3 1 3 3 2 1  2 4 *  
* 3  2 2 3 2 4 4 2  2 2 4 1 1 . 1  1 1 2 2 2 4 3 ' 3 5  3 2  * 
* 4 i 2 3 4 3  1 2  2 3 5 2 1 2 2 2 1  1 3 3 1  2 3 2 1 1 "  
*2 2  1 2 5  6 2 3 2 3 2 1 1 2 -  2 3 1 1 1 1 2  4 1 . 1  1 * 
"2 1 1  1 2 2  1 1 '  4 . 3 5  . 1  1 1 2 2  1 1 1 *  
* 3 3 2 3 2 1  1 1 3 2 2 1  1 2  1 4 1  3 2 3 3 3 2 3 "  
* I 1 3 1 1  3 2 2 3  3 1  ' 1 2 5  1 1 . 1 2 1 2 5 3 3 *  
* 2 1 1 1 1 1 2 4  1 1 1  2 3 -  1  2  2 1 2 3 1 "  
*2 3 2 . 4 1 2 2 1  1 2 1 1  1  3  1 2  5 1  * 
*3 i 2  1 2  1 1 2  2  2  1 3  2  4  * 
* 3 4  2 3 1  1 2 1 2  3 2 1 1  1 1 1 1 3 "  
*1 1 2  1 1 1 1 1  2 1 4  1 . 2  2  * 
*3 3 3 3  2 2 2 2 2 1 1  1 1  1 1  1  1 2 3 "  
* 2 3  1 1 5  1 1 2  2  1  1 1 1 1 3  * 
* I  2 2  1 1 1  1 2 2  3  1  2  2  1 4 1 2 1 1 2 "  
* 2 3 2 . 2  1 3 1 1 1 1 5 2 2  1  1 1  2 2 2 2 5 k  
* 1  3 1  4 4 1 3 3 3 1 3 4 2 2  1 1 2  2 1 2  1 3 4 *  
* 2 1 2 2 2  1 6 4 1  5 4 3 1 1 3  2 1 1 1 2 1 1 3 1 .  2 *  
* 2 2 4 1 2 2  3 4 5 2  1 1 5 4 1 1 2  2  1 3  1 1  * 
................................................................ 
SAMPLE DISTRIBUTION 
('* - NORE THAN 10, B m i  - 0) 

................................................................ 
* B . . + . B .  . +  B  O O + + + B + + + - , , , , . , , , . *  

. . * - . . B B B B O B B + .  . . , . + , , .  . , *  
* 0 . . B O B . , . + . B B O B  . . , B + , . . ,  , .  * 
* B . ,  . , . +  . . + B O O + + + + .  . , - - , + ,  . . *  

- . O d O B + + +  . , . .  * *. . ' + .  . . . . . . , ,  . . . . . . .  *. . B  . . .  B  . + O B  - * 
. . . . .  * . B , . D .  O E O + + +  . . ,  . . . *  MISSING . . . . . . . . . . .  *.  . . . +  . . B B  B .  O + .  + * 0  -,lo 

* . . . + . .  B B  B  B B  + O  + - . ,  , , , 1 0 - 5 0  
*B. . , . . .  B +  B O . +  B  + - .  - - * - 5 0 - 1 0 0  
+E • 0 B D 8 : R  + + + - - *  + 100-500 
* + .  O B . .  B , B B  B + . .  . . + * 0  500 - 1000 
*+ . . .  B . . . .  , B  B .  - - * B  1000 + 
*B . . !  E + . . B . .  . . O  0 ' ., - + *  . . . .  *+0 . . +  . , E . B  * 
*- + B  + t B  . , . 3 .  . B  . - , + . + + *  
.* , . . . , . . , . .  . + . +  B .  B B .  . + *  
* . . +  ,+0'. . + . + - + .  . . .  B B ,  , - - *  
*.  . , + +  + O O .  + , + , O +  . . . . . . . . .  , *  
* . . + . B B  O O , +  , + + . . . .  . . ' *  . . .  
................................................................ 

WEIGHTED AVERAGE MO~lALIES 

.AVERAGE SCORE = 914.36 

APPENDIX 4. - (continued) 
Part 3: Anomaly map for combined water types. 



COMBINATION OF ALL DATA SUBSETS 
NB - SCORES HAVE NOW BEEN MJLTIPLIED BY THIER SCORING 
.WEIGHT 

................................................................ 
* 4 2 1 2 1 ' 3 3  1 3  3  3 1 . 2 2 3 2 1 1 ' 1 2 1 2 2  2 1 1 4 *  
* 1 1  2 3 1 1 1 3 3 5 5 2 2 1 2 2 3 1 2 1  2  1 1 1 3 "  
" 3 . 3 2 2 3 2 4 4 4  2 2 4 1 1 2 3 2  1 1 1 1  1 2  2  l *  
* 6 1 3 4 3 3  1 1 1 2 3 4 2 1 2 3 2 1 1 1 2 2  1 1 .  1 1 2 2 "  
* 2 2 2  1 ' 2 7  5 2 2 2 3 2 1 1 2  3 1 1 2 1 2  1 1 2 *  
*1 3  3  1 3 5  2  1 1  4 3 2  l i i  1 , 1 3 1 3  2 *  
* 2 5 2 3 5 . 1 2  1 3 3 2 2 1  1 1 3  2  3 2  1 1  1 * 
X 6 2 4 1 2 1 5 1 4 3  2 3 1  1 3  2  3 2 1  1  1 2  * 
* 3 1 1 1 2 1 2 3 1 1  1 2  2 2 2 2  2 2 2 1 2 1 1 1 2 1 2 *  
*5 3 1 6 1 2 3 1 2  1 3 2  2  3 1 2 2 1 2  1  1 1 "  
" 3 2 2 1  2 6 1 1 4 1 1 ' 1 2 1 2 2  3 1  3  2  1 ' 2 *  
k 4 4 2 3 5 3 3 3 . 1 3 3 3  2 1 1 3  3 3 1  l i l *  
*l 1 2 5 L l  2 1 1 1 5 1 5 3 1  1 4 5  . . I l l *  
*4 , 3 3 3  4  3 2 3 2 4 6 3 2 1 3 2 2 3 3  4  1  * 
*'A7 1, 1 L  I . ? ? ?  1 2 3 6  2 1 1 , 4 1 1  * 
"2 3  2  2 1  1 3 1 7  2 . 7 2  2 1 3 3  1  2  1 2 2  * 
* 2 3 2 2  1 3 1 4  2 5 2 1 3 3 1 4 1 2 2 2 1 2 2 4 1  '2 * 
* 2 4  4 1  4 4 2 3 4 3 1 3 5 2 2 2 3 2 2 2  2 i 5  2 2  * 
* 1 1 2 2  1 7 3 4 3  5 4 2 2 1 3 2 3 1 4 3  1 3 2 1 ' 1 1 *  
* 2 2 4 1 2 1  3 5 2 3 2 1 1 5 3 2 3 1 2  2 1 2 1  1 2 1 2 "  
................................................................ 
SAMPLE DISTRIBUTION 
(* - MORE THAN 10, BLXW - 0) 

. .  * + + , , O . + .  + . . .  O . , . . .  . + . .  + . B - *  
* 0 .  + . + . .  B . + B O . . . . . . O .  - . .  . B *  
*+ B O . . . . B B  . . . . . . + ,  . . . .  . B  . + *  
* B . O + . +  . . . + . . . .  B . O . . . . .  . O  + . . + *  
* O B .  . + +  + + . . O O , . .  B . . . . -  . , o *  
*. . + - 0 -  4 . B  B B B  B - .  . . . . .  . *  
* . B O . O + +  O + B B O .  . . O  . + .  . . .  * 
* O O D + B . O . + B  . B O  B B  B  0 . .  . .  * 
* B O . O . . . O . .  O +  B O , .  + +  O . . . . . . . . *  
*+ , 0 0 . + + 0 0  . B B  + - + O - . .  . + . *  
* , , . .  B , . . . . . B +  . - .  , .  . + + *  
* . . O , B , B . + . - B  B  . . ,  + . .  . . . *  
*B . . + B +  O + . . , . - B .  . o +  . + B *  
*B + . O  . 0 . . . + , . 0 + + 0 + 0 -  I . * 
* + +  . . B  - . + - B , . B  . O O 3  + + .  + O .  * 
=+ , 3 . . . . . ,  . + .  . . U .  . U B B .  * 
* . . .  0 . . . ,  - + , , ,  B O + O  0 * 
* . -  B O  + + . , + - . + + . . . . . . ,  . B +  . .  * 
* B B . 0  . O . + +  - . - . . . + + . . . ,  . . . . . + *  
* . B . . B O  O + . - . . + - 0 . - B +  . . - .  . B . . *  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

WEIGHT", AVERAGE ANOMALIES 

AVERAGE' SCORE = 476.67 

HISSING 
. 0  - 10 
, 1 0 - 5 0  
- 5 0 - 1 0 0  
+ 100 - 500 
0 500 - 1000 
B  1000 + 

APPENDIX 4. - (continued) 
Part 4: Map.of combined stream-sediment scores. 



RADIOMETRIC ANOMALY SCORiNG 

NOTE THAT SCORES HAVE NOT BEEN SIULTIPLIED BY .my WEIGHT 

................................................................ 
* + . . . . . . . . . . . . . . . . + . . . . . . . . . . . . . *  
* o + + + + + o + . . . . . . . . . . . . . . . . . . . . . . . *  
* . . + . . . . + . . . . . . . . + + . . . . . . . . . . . . . *  
* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * * . . . . . . . . . . . . + + . . . . . . . . . . . . . . . . . *  
* . . . . . . . . . . . + . + . . + + . . . . . . . . . . . . . *  
* . . . . . . . . . . + + . . . . . + + : . . . . . . . . . . .  * 
* + . . . . . . +  o . . . . . . . . . + + . . . . . . . . . . . *  
* + . . . + + +  O f + . + . . + . . . + + . . . . . . . . . . . *  
*+ O O . + . . + + . . + . + + + . . + + . . . . . . . . . . . *  
* . + + + + + + . . . . +  O + + . .  . . , + + . . . . . . . . . . *  
* . . . . . . + + . . + + + + + + . . . . + . . . . . . . . . . a  
* . . . . . + +  + . . . + . . + + . . . . + . . . . ' . . . . . . *  
* + . + + + + . . . . . . . . . . . + + . + . . . . . . . . . . *  
'a . . . . . . ' . . . + + . . . . + . . . . . . . . . . . . . . . *  
* . . + . . . . . . . . . . . . + . . . . . . . . . . . . . . . *  
* . + . . . . . . . . . . . . . . + . . . . . . . . . . . . . . *  * . . . . . . . . . . . .  ; . . . . ; . . . . . . . . . . . + . *  
* . . . . . . . . . . . . . . + . . . . . . . . . . . . . . . . *  
* . . . . . . . . . . . . . . . . . . . . . " . . . . . . . . . . *  
................................................................. 
RADIOMETRIC ANOMALY SCORES 

I?EAV RADIOMETRIC ANOMALY 'JEIGHTED SCORE = 35.79 

ENTER NUMBER OF GEOLOGIC CODES YOU WISH TO USE TO 
REPRESENT HOST ROCKS - M I N U N  = 5 
? 4 

.ENTER GEOLOGIC CODES I N  RESPONSE TO SEPARATE PROHPTS 
BLANK BEFORE CODE NOT ALLOWED 

ENTER NUMBER OF GEOLOGIC CODES YOU WISH TO USE TO 
REPRESENT SOURCE ROCKS - M I M U M  = 5 
? 3 

ENTER GEOLOGIC CODES I N  RESPONSE TO SEPARATE PROMPTS 
BUVK BEFORE CODE HOT ALLOWED 

MISSING . 0 - 0 . 1  
, 0 . 1  - 0 . 5  
- 0 . 5  - 1 
+ 1 - 5 .  
0 5 - 1 0  
B 10 + 

APPENDIX 4 ; - (continued) 
. . 

Part 5: Map' of radiometric anomalies. Dialogue for the 
selection of host and source rocks. 



ARE MAPS O F  THE HOST .ND SOURCE ROCK SCORES REQUIRED -Y/N . 

? Y 

. . . . . . . . . . . . . . . . . .  * O . . . . .  . . . . *  * . . .  . . . . . .  B . . . . .  . . . . . . .  . . *  . . . . .  . . . . . . . . . . . .  *. . .  . *  
* . . . . . . . . . . . . . . . .  . . . . : . . . .  * . . .  * . . . . . .  B . . O  . . . . . . . .  * * . . . . . . . . . .  . .  . . B B  . : . . . . . . . . .  * . .  . . . .  . . . . .  *. B . .  . O . .  B B B  . *  

. .  * . . . .  . . . .  R . . . . R 8 F  Q .  . ' *  

*. . . . . . . . . . . . . . . . . . .  . * . . . . . . . . . . . . . . . . . . . . .  7 ,  * . . .  *. . .  . . . . . .  . o .  . . . . . .  * 
* . . . . . . . . . . .  B O B B O . . . . . . . . .  . * 
* . .  . . . . . . . . . .  B . B . . . . .  . . .  . .  * 
* . . . . . . . . I  6 . .  B . O . . . . .  . . . . . . *  . . . . . . . . . .  * . . ' . . . .  0 . .  . . B .  . , . . *  ................................................................. 
HOST ROCK S C O R E S  

* . . . . . . .  . O  B O B B B . . . . . . . . .  . . . . *  . . .  * . . . . . . . .  . B O O O B B . B B . .  . . . .  . *  
*. . . . . . . . .  O B B B B B . .  . . . . . .  . . ' . *  . . . . .  * . . . . . .  B B . B B O . . . . .  . .  . . . . *  * . . .  . . . . . . .  B . . . B  : .  . . *  . . . .  . 
*. . .  . . . . . .  . B B  . . .  . . *  

SOURCE ROCK S C O R E S  

AVERAGE HOST ROCK SCORE = ' 1 0 4 . 9 4  
AVERAGE SOURCE ROCK SCORE = 7 5 . 0 9  

M I S S I N G  
0 - l o  
10 - 5 0  
50 - lOU 
100 - 500 
5uu - lUUU 
1000 + 

M I S S I N G  
0 - 10 
10 - 5 0  
5 0  - 100 
100 - 5 0 0  
5 0 0  - 1000 
1000 + 

APPENDIX 4 .  - (continued) 
Par t  G :  Map of host and source ruck scores. 



. SUMMARY OF QUADRANGLE AVERAGE SCORES 

PUEBLO NORMALISED SCORE I S  THE CALCULATED SCORE EXPRESSED 
AS A PERCENTAGE OF THE SCORE DETERMINED FOR THE PUEBLO 
QUADRANGLE 

THE PUEBLO SCORES WERE CALCULATED USING DEFAULT WEIGHTS 
THROUGHOUT. RESIDUALS WERE MULTIPLIED BY R2. 
DISTINCTION WAS M E  BETWEEN SPRINGS AVD WELLS. CELL BY 
CELL RADIOMETRIC DATA WERE AVAILABLE. GEOLOGICAL CODES 
WERE USED .TO SUBDIVIDE THE STREAY SEDImNT SAMPLES AND 
TO RECCGNISE SOURCE ;WD HOST ROCKS. 

DO YOU THINK THAT SUCH NORWISING VALUES .a APPLICABLE 
TO YOUR CURREXT EVALUAT'IQN RUN - Y/?! 
? Y 

PUEBLO 
SCORE DEFAULT ACTUAL ABSOLUTE NOILWISED 
TYPE WEIGHT WEIGHT SCORE SCORE 

H O S ~  26.0  26.0  .105E+03 100.00 
SOURCE 14.0  . 14 .0  .751E+02 100.00 
WATER . 20 .0  20.0  .9 14E+03 100.00 

. . SEDIENT 24 .O  . ' 24 .O .477E+03 100.00 
RADIOMET, 16 .0  16 .0  .358E+02 100.00 

............................................... 

** * * 
** QUADRANGLE SCORE = 1 0 0  - 0 0  +/- 2 .6  ** 
* * ** 
********************************************A 

EVALUATION SUCCESSFULLY COWLETED 

'GOODBYE ROY 

HAVE A GOOD DAY 

APPENDIX 4.- (continued) 
Part 7: Summary of final quadrangle average scores. 




