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GEOCHEMICAL ANOMALIES AND ALTERATION IN THE MOENKOPI

FORMATION AT SKULL CREEK,

By ROBERT

ABSTRACT

The Moenkopi Formation of Triassic age exposed in the scarp
encircling Skull Creek anticline in Moffat County, Colo., contains
a thick altered layer of greenish-gray siltstone which is overlain
by reddish-brown siltstone in most localities. Metal content of
both the red and the altered rocks in the Skull Creek area is sig-
nificantly higher than the geometric mean of metal content of
Moenkopi strata in the Colorado Plateau region as a whole.

A very thin zone of enrichment at the upper contact of the
green altered rock with the overlying red rock contains anomalous
amounts of copper (100-5,000 parts per million) and other metals.
Samples from the enriched zone are at least four times higher than
the Moenkopi averages in contents of vanadium, chromium,
copper, nickel, cobalt, silver, lanthanum, and boron.

Mercury is present in anomalously high amounts (geometric
mean of all analyses, 2 ppm; maximum, >10 ppm) in the altered
Moenkopi exposed in the southeastern erosion scarp area, the only
area where the Moenkopi is completely altered. No enriched zone
was found there.

Other anomalous occurrences of mineralization and alteration
include a copper-uranium deposit in the base of the Jurassic Curtis
Formation, conspicuous alteration in the Triassic Gartra Member
of the Chinle, sulfide minerals containing anomalous amounts of
arsenic, lead, and zinc in the top of the Pennsylvanian and Per-
mian Weber Sandstone and in joints in the Triassic and Jurassic
Glen Canyon Sandstone and the Chinle Formation, and anomal-
ously high values of chromium, vanadium, gold, and silver at one
locality in the Gartra Member.

Factor analysis of measurements of metal content of the enrich-
ment zone suggests two major events: (1) Invasion of the rocks by
metal-bearing solutions and alteration of part of the Moenkopi,
and (2) an interaction at the contact between the red rocks which
represent an oxidized environment and the green rocks which
represent an invading reducing environment. This interaction re-
sults in a thin zone of enrichment of leached and redeposited
metals—mercury, copper, silver, uranium, and gold—at the geo-
chemical interface.

The area is recommended for further geochemical exploration.

INTRODUCTION

During investigation of the distribution of metallic
elements in the Moenkopi Formation in the Colorado
Plateau region (Cadigan, 1971a), anomalous concen-
trations of some metals, particularly copper and
mercury, were found in samples from the Skull Creek
anticline in the extreme northwestern part of Colorado.
Field studies and further sampling in 1969-70 estab-
lished the presence of geochemical anomalies in the
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area as a whole, of which the most conspicuous was a
copper anomaly associated with bodies of pale-greenish-
gray rocks within the normally red strata of the
Moenkopi in the scarp surrounding the anticline.
The metal anomalies and abnormal color relationships
suggest epigenetic alteration of the formation in this
area.

Skull Creek anticline (fig. 1) is in the northern part
of the Colorado Plateau region, north of the settlement
of Skull Creek, Colo. The area is shown on the U.S.
Geological Survey’s T7lg-minute quadrangle maps,
Lazy Y Point and Skull Creek, Colo., and occupies all
of T. 4 N., R. 101 W, and parts of adjacent town-
ships. It is approximately 11 miles (18 kilometers)
northeast of the Rangely oil field. Unimproved roads,
passable only in dry weather, lead into the central
part of the anticline from U.S. Highway 40. Four-
wheel-drive vehicles are recommended for off-highway
use in the area.

GEOLOGY
STRATIGRAPHY

Rocks exposed in Skull Creek anticline range in
age from Pennsylvanian to Cretaceous. Table 1 sum-
marizes the stratigraphic column. Thickness and
descriptive data are adapted from Thomas, McCann,
and Raman (1945); those data for the Moenkopi
Formation are somewhat modified on the basis of the
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work by Schell and Yochelson (1966), who redefined
the contact between the Moenkopi and Park City
Formations, and by F. G. Poole (oral and written com-
mun., 1969), who described and measured a section
through the Moenkopi at Skull Creek.

The uppermost unit of the Park City Formation is
exposed in the base of the southern scarp face west of
Miller Creek water gap where the upper contact crosses
the section line between secs. 28 and 29, T. 4 N, R.
101 W. This unit is a limestone 4 inches (10 centimeters)
thick which lies at the top of the tawny beds of Schell
and Yochelson (1966) and which is overlain by reddish-
brown siltstone strata assigned to the Moenkopi
Formation. Light-colored strata above this contact are
related to color changes within the Moenkopi Forma-
tion.

The base of the Moenkopi is covered by alluvial
wash in most of the anticline area, but the rest of the
formation is well exposed. The upper contact of the
Moenkopi with the Gartra Member of the Chinle
Formation is marked by the conspicuous coarse-
grained, resistant, ledge-forming sandstone strata of
the Gartra. The Moenkopi contains some resistant,
thin calcareous very fine grained sandstone beds,

but poorly resistant, coarse-grained siltstone strata
predominate, as suggested by the exposures shown in
figure 2.

STRUCTURE

Skull Creek anticline is an asymmetrical structural
feature—almost monoclinal—on the southeastern flank
of the Uinta Mountains structural system (Ritzma,
1956). Its southern limb dips more steeply (20°-45°)
than the northern limb (2°-5°). The anticlinal axis
arcs from a west-east orientation to a northwest-
southeast orientation in the area of the study with the
concave side of the axis to the south. This arc produces
a structural feature which has been called Skull Creek
dome (Rocky Mountain Association of Petroleum
Geologists, 1941).

The Skull Creek anticline is an excellent example of
a breached anticline. Throughout an area (fig. 3) 12
miles (19 km) long and 6 miles (10 km) wide, it has
been eroded down to the Weber Sandstone which forms
a broad slightly to moderately dissected domed sur-
face. An erosional scarp which has a perimeter of
approximately 30 miles (48 km) and which encircles
the exposed Weber Sandstone is cut in the Park City,

TABLE 1.—Stratigraphic units present in the Skull Creek anticline area

Period and unit Thi&k;nss General description
t
Cretaceous:
MancosShale__. ... _____ 5,000 Gray to black carbonaceous marine siltstone with minor caleareous beds and len-
ticular sandstone strata.
Frontier Sandstone Member_ __ 300 Thick- and thin-bedded gray sandstone interbedded with gray to black earbo-
naceous siltstone.
Mowry Member______________ 50 Hard dark-gray to black siliceous shale weathering to light ash-gray chips.
Dakota Sandstone_ _ ______________ 50 Resistant thick-bedded brownish-gray-weathering sandstone; characteristically
forms prominent massive beds.
Burro Canyon(?) Formation_ . _ ___ 50 Green to varigated gray-green and purple siltstone upper unit and a thick-bedded
light-gray conglomeratic sandstone lower unit.
Jurassic:
Morrison Formation__ .. __________ 675 Variegated green-gray, and maroon siltstone upper part, and a thick crossbedded,
fine-grained, white sandstone lower part.
Curtis Formation__________ __ o 115 Thin-bedded gray shale, platy glauconitic brownish-gray very fine grained sand-
stone; abundant Belemnite fragments.
Entrada Sandstone_____________ . 175 Massive thick-bedded light-gray very fine to fine-grained sandstone; forms high
rounded cliffs: glauconite in upper part.
Carmel(?) Formation________.__.___ 25 Pinches out in area; reddish-brown silty sandstone.
Jurassic and Triassic:
Glen Canyon Sandstone '__.___ ___ 540 Spectacularly crosshedded massive thick-bedded fine-grained sandstone; forms
high, bare dome-shaped buttes.
Triassie:
Chinle Formation__.______________ 250 Rec% calcareous siltstone, very fine grained red sandstone and lime-pellet con-
glomerate.
Gartra Member ______._______ 20 Basal conglomerate of the Chinle, white conspicuous ledge, medium-grained
conglomeratic sandstone; hematite-impregnated.
Moenkopi Formation_ ____________ 525 Reddish-brown to grayish-green regularly bedded micaceous coarse siltstone and
very fine grained sandstone; red color absent locally.
Permian:
Park City Formation_____________ 220 Grayish-orange and yellowish-brown siltstone (the tawny beds of Schell and

Permian and Pennsylvanian:
Weber Sandstone_________________

Yochelson, 1966) underlain by gray very fine grained calcareous sandstone.

975 Massive crossbedded thick-bedded gray fine-grained sandstone; forms steep-

walled canyons, rocky tree-covered slopes.

1 Called the Navajo Sandstone by Thomas, McCann, and Raman (1945); renamed by Poole and Stewart (1964) on the basis of regional stratigraphic relationships.
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! Element symbols followed by (A) indicate analytical data obtained by atomje-
absorption method.

2 Detection limit. Element not sought in the 328 Moenkopi Formation samples.

3 Half of detection limit. Element sought but not detected in the 323 samples.

FIGURE 14.—Geometric-mean metal content of cupriferous zone
samples and samples from a prospect in the Gartra Member of
the Chinle Formation in the Skull Creek area compared with
the geometric means (Moenkopi Mg) of the same elements in
323 samples representing the Moenkopi Formation as a whole
in the Colorado Plateau region. Numbers at left are values in
parts per million represented by Moenkopi Mg line at multiple 1.

the correlation matrix formed the basis for the factor
analysis which followed. Factors were taken from the
computed reordered oblique factor matrix. Calculations
were made by utilizing the U.S. Geological Survey’s
IBM 360-65 computer and available STATPAC
programs.

Only the first six factors in order of importance were
selected for this investigation. These six account for
73 percent of the total variance in the correlation ma-
trix. The six factors were selected on the basis of
two conventional criteria; only factors with eigenvalues

(a measure derived from the factor loadings) of at
least 1.0 would be used, and element groupings for the
factors should include no single element “groups’” in
the reordered oblique projection matrix. In this in-
vestigation the first eight factors have eigenvalues of
at least 1.0, but the seventh and eighth factor groupings
contain one or more factors, each consisting of a single
element. Beyond factor eight, individual factors in-
creasingly are represented by individual metals until,
for 26 factors, each is represented by a single metal.

The results of the factor analysis are the element
groups listed in six eolumns below. The element at the
top of each column coincides with the factor axis, and
elements are listed in order of their degree of covariance
with the axis element. The elements in brackets are
minor elements of the group and occur as major ele-
ments, without brackets, in other groups; for example,
[Ag], a minor element in the factor 1 group, is a major
element, Ag, in the factor 2 group.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
(Alteration (Enrichment  (Cements) (Micas) (Sulfates) (Heavy
effects) effects) minerals)
Co Hg(A) Ca Be Sr Ti
Cr Cu Mn Se Ba Zr
Nb Ag(A) Y [La] [Sc] [B]
Fe U Mg [Mg]  [Ag(A)]  [Fe]
Ni . Ag |Zr] [Cu] [Mn]
v Cu(A) V]
La Au(A)
B
Pb
[Ag]
(U]
[Y]
[Cu(A)]

With considerable dependence on the comprehensive
work of Rankama and Sahama (1950) and aided by
the minor previous experience of the author (Cadigan,
1971a, 1972), each of the factors was interpreted as
being related to a geologic cause or event, as indicated.
Factor 1 is the most important geologic event, or
cause, in terms of its effect on the covariance of the
metals. The other factors represent other causes and
are listed in order of the importance of their effects on
the covariance of the metals. Their relative importance
is suggested by the proportion of total variance in the
correlation matrix accounted for by each factor and
is shown following each interpretation. Interpretations
are made on the basis of geochemical relations and mode
of occurrence of the major elements in each factor group.
Each of the six factors is assigned a title related to a
geologic event. The factors are the result of objective
mathematical analysis, but the titles are based on
interpretations.

Factor 1: Alteration effecis—A group of elements
similar in constitution and cobalt-nickel ratio to those
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found in metal-rich veins that occur in granite, peg-
matite, or other silicic rocks was probably derived
from a granitic source and transported by migrating
solutions during an event, the final phase of which
resulted in the widespread but stratigraphically con-
fined alteration in the Moenkopi Formation in the
Skull Creek and adjacent areas. Percentage of total
variance accounted for by factor 1 is 25.

Factor 2: Ewnrichment effects.—A group of metals
typical of copper-uranium deposits in the area of study
and in the Colorado Plateau region was probably the
result of interaction between reducing solutions in
the green Moenkopi altered zone and metal-bearing
solutions (sulfates, bisulfates, bicarbonates) in equi-
librium with the oxidized rocks of the red Moenkopi.
The factor 2 group represents the heavy metals most
susceptible to leaching and transport as salts; thus,
segregation or grouping occurred during the leaching
phase, not during the reduction-reaction phase which
produced the metal-enriched cupriferous zone. The
enriched zone then is composed of metals that were
oxidized and separated from the metals introduced by
circulating (hydrothermal?) solutions and then in small
part recaptured by the reducing environment at the
reduction-oxidation interface in the Moenkopi. Per-
centage of total variance accounted for by factor 2 is 18.

Factor 3: Sedimentary carbonate cements.—A group of
elements related to the occurrence of carbonate ce-
ments in the samples. The [Zr] covariance is probably
the indirect effect of positive correlation between
carbonate content and the proportion of fine sediment
which is in turn positively related to zircon content.
Percentage of total variance accounted for by factor
31s 11.

Factor 4: Sedimentary micas and clays.—A group of
elements related to the presence of micas and their
hydrolyzate alteration products in the samples. Per-
centage of total variance accounted for by factor 4 is 8.

Factor 5: Interstitial precipitated sulfates.—Elements
which commonly occur in detrital sediments as sulfate
precipitates from interstratal solution. The covariance
with [Ag(A)], [Cu], and [V] suggests a similar method
of deposition for fractions of these metals. Percentage
of total variance accounted for by factor 5 is 6.

Factor 6: Sedimentary heavy mineral deposition.—
Sedimentary processes that control the occurrence of
elements which are closely associated with heavy
minerals. Percentage of total variance accounted for
by factor 6 is 5.

Each of the elements listed in the correlation matrix
(table 3) has a positive, negative, or zero relationship
to each of the factors. The relationship may be stated
in terms of the proportion of variance accounted for
by the six factors combined. For example, the six fac-

tors account for 0.84 (84 percent) of the covariance of
iron with other elements. This figure, 0.84, is called
the communality. A list of communalities is given
in table 4. If the 0.84 is assumed to be the total amount
of positive association of iron among the six factors,
and if we reduce it to proportions in percent in which
0.84 is 100 percent, then the proportion of positive
association (covariance) of iron with each of the six
factors is as. follows: factor 1, 81 percent; factor 2,
negative; factor 3, negative; factor 4, zero; factor 5,
2 percent; and factor 6, 17 percent. Proportions of
negative covariance could also be computed but would
have limited geologic use beyond indicating only an
antipathetic relationship between a particular element
and a particular factor. This indication can be made by
merely showing that a negative relationship exists.
Continuing with the example for iron, 81 percent of
its occurrence in the six factors is related to the al-
teration event, 17 percent is related to proportion of
detrital sedimentary heavy minerals, and 2 percent
is related to the proportions of interstitial sulfate
minerals. The covariance of the other metals is similarly
explained in table 4. Note that only 0.50 of the co-
variance of gold appears to be related to the six factors.
Sixty-one percent of the positive covariance of gold is
related to the enrichment effects (factor 2), 25 percent
is related to carbonate cements (factor 3), and 14
percent to the detrital heavy minerals factor (factor 6).

TABLE 4.—Proportion, in percent, _of positive covariance of each
metallic element with each factor
[Communalities indicate proportion of total covariance of each element

accounted for by all six factors. Axis elements are in boldface type.
(—)indicates that the covariance is negative between element and factor]

Factor 1 Factor 2 Factor 3 Factor 5 Factor 6

Element (Altera- (Enrich- (Ce- Factor4 (Sul- (Heavy Commu-
tion ment ments) (Micas) fates) min- nality
effects) effects) erals)

Fe _____ 81 (=) (=) 0 2 17 0.84
Mg _____ 9 2 39 31 (=) 20 .73
Ca______ (=) (=) 100 0 0 (=) .89
Ti .. __ (=) 0 0 (=) (=) 100 .84
Mn______ 4 (=) 70 0 13 13 .75
Ag 43 57 (=) (=) (=) (=) 1
B_______ 46 10 (=) (=) (=) 44 .59
Ba_._ ____ 12 1 (=) (=) 75 12 .13
Be_ _____ 0 (=) 0 100 (=) 0 .82
Co___.__. 100 0 0 (=) (=) 0 .85
Cro______ 91 (=) 4 0 2 3 .82
Cu_.__._ 3 84 (=) (=) 13 (=) .84
La._ ____ 41 (=) 29 30 (=) (—) .54
Nb______ 89 (=) (=) (=) 11 (=) .58
Nio______ 81 (=) (=) 11 (-) 8 .82
Pb______ 41 31 (=) 6 13 9 .62
Se.___.__ (=) (=) 9 50 35 6 .54
Sro______ 0 0 (=) 0 100 (=) 71
Voo 62 20 (=) (=) 17 1 1
Y. 32 2 40 10 16 (—) .82
Zr_______ —) (=) 41 (=) 2 57 .66
Au(A)___ (=) 61 25 (=) (=) 14 .50
Hg(A)._. (=) 100 0 (=) (=) 0 .82
Cu(A).__ 19 64 (=) (=) 1T (=) .82
Ag(A)_ - 4 4 (=) (=) 22 (=) .15

_______ 41 59 (=) (=) (=) (=) .74
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Comparison of the communality for gold with those
of the other metals indicates that gold has the lowest
degree of involvement of any of the metals. To support
this statement, when seven factors are selected instead
of six, gold becomes a separate factor and increases
its communality to 78 percent.

Each of the axis elements (p. 17), cobalt, mercury(A),
calcium, beryllium, strontium, and titanium, by
mathematical definition has positive covariance (100
percent) with only one factor. Relationships to other
factors either are zero or are negative.

The percentages of positive association in table 4 are
of some interest. For example, 70 percent of the manga-
nese is related to cements. Lanthanum with a com-
munality of only 0.54 is split three ways—41 percent
in alteration effects, 30 percent in micas, and 29 per-
cent in cements. Boron is almost equally split between
the extrinsic alteration-effects factor and the intrinsic
heavy-minerals factor with a small proportion of asso-
ciation with the enrichment-effects factor.

SUMMARY AND RECOMMENDATIONS

The geochemical evidence derived from the brief
investigation of anomalous metal occurrences in the
Skull Creek anticline suggests that the anomalies are
the effects of a regional alteration event of possible
hydrothermal origin. The recognized effects, in sum-
mary, are:

1. The area-wide altered strata in the Moenkopi
Formation with an accompanying persistent
copper-enriched zone. Though the altered strata
were studied only in the Skull Creek anticline,
they were also observed in exposures immediately
east and west of the anticline.

2. The significantly higher average metal content in
altered and unaltered rocks of the Moenkopi in
the vicinity of Skull Creek as compared with
that of the Moenkopi Formation as a whole in
the Colorado Plateau region.

3. The copper-uranium-vanadium ore deposit in the
base of the Curtis Formation.

4. Anomalously high mercury values found in the
Moenkopi Formation and Glen Canyon Sand-
stone in the southern (loc. B) and eastern (loc. C)
parts of the scarp adjoining Skull Creek and
Miller Creek water gaps. The highest average
mercury values oceur at loecality C where the
Moenkopi is completely altered. Mercury geo-
chemical dispersion patterns are characteristic
of hydrothermal mineralizing activity.

5. Anomalous values of gold, chromium, silver, and
vanadium in the Gartra Member prospect in
the northeast corner of the anticline area.

6. Anomalous values of arsenic, lead, zinc, manganese,
and silver in observable sulfide minerals in joints
in the Glen Canyon Sandstone and Chinle For-
mation, in concretions in the East Rock Wall
Draw area, and in concretions in the Weber
Sandstone in the southeast corner of the anticline
area.

7. The two major factor groups in the Moenkopi
cupriferous or metal-enriched zone—a cobalt-
chromium-niobium-iron-nickel-vanadium-lantha-
num-boron-lead covarying suite of metals, and a
mercury-copper-silver-uranium-gold  covarying
suite. These groups suggest (1) an invasion of the
Moenkopi by solution-borne metals and (2)
interaction between solutions in the reducing
(altering) environment characterized by green
rocks and solutions in the oxidizing environment
of unaltered red rocks above. This red-green
contact, the loci of the enriched zone, could have
been a mobile interface which moved upward in
the section to occupy different levels at different
times and to leave traces of previous positions as
indicated by isolated weak cupriferous zones.

Major questions left unanswered are: What was the
source of the metal-bearing solutions? Did this activity
produce only trace mineralization over a wide area, or
do the anomalies reflect the presence of economically
significant deposits at depth?

The samples collected in this reconnaissance study
establish the area as anomalous in terms of metal oc-
currences, but they do not yield data adequate to
define the regional dimensions of the anomalies. Trends
are suggested but not defined. Mineralization occurred
in both stratigraphically controlled and structurally
controlled loci.

The following questions provide a starting point for
any additional work that may be done in the area. Are
the altered strata of the Moenkopi Formation a sulfide
zone at depth, particularly southeast or east of locality
C? Does sulfide mineralization in joints or faults in
East Rock Wall Draw persist, disappear, or increase at
depth? What happens to the unusual mineralization in
the Gartra prospect beyond the face? What is the nature
of the Curtis-Entrada contact to the east and south at
depth, and does it appear to have a potential for addi-
tional ore deposits in one or both of these directions?
Are there even more anomalous metal occurrences in
similar horizons and structures exposed to the east
and west of the reported anomalies?

These questions can best be answered by a program
of detailed mapping and intensive geochemical ex-
ploration, perhaps coupled with drilling, in the Skull
Creek anticline area as a whole and particularly in the
areas along the scarp between localities B and D.
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