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ABSTRACT

Contact Metamorphism of the Mancos Shale
near Crested Butte, Colorado
William A. Capers, Jr.

The objective of this study is to examine the
mineralogical transformations across the profile of incip¬
ient metamorphism in the Mancos Shale in order to develop
a better understanding of the significance of clay mineral
assemblages and thermally induced changes for the inter¬
pretation of the low temperature history of sedimentary
rocks.

Particular attention is given to the thermal dehy¬

dration of mixed-layer illite-montmorillonite and the
relationship this has to similar transformations observed
in deep bore-holes.
The principal conclusions regarding the preintrusive
conditions in the Mancos Shale, the effect of contact
metamorphism on the Mancos Shale, and the thermal history
of the Crested Butte area are: (1) A preintrusive temper¬
ature of about 150°C was attained in the Mancos Shale in
the Crested Butte and Glenwood Springs areas as a result
of depth of burial.

(2) The low temperature contact meta-

morphic transformations observed in the Mancos Shale are
compatible with the transformations observed in the Gulf
Coast bore-hole studies when variations due to differing
bulk compositions are taken into account.

(3) The irre¬

versible decrease in expandability of mixed-layer illitemontmorillonite to a completely dehydrated state occurs as
a continuous step with increasing temperature.

(4)

The

complete irreversible loss of expandability of the mixed-

layer illite-montmorillonite is the first change in the
Mancos Shale which signifies the onset of metamorphism.
(5) The process of irreversible dehydration without struc¬
tural reorganization of the mixed-layer illite-montmoril¬
lonite has predominated in the contact metamorphosed Mancos
Shale in the Crested Butte area.

(6) Excellent correlation

is obtained between the temperature dependent changes which
have been observed in the organic matter contained in the
Mancos Shale and the irreversible dehydration of the mixedlayer illite-montmorillonite.

(7)

The structural reorgan¬

ization of the mixed-layer illite-montmorillonite and/or
its breakdown with the formation of new phases did not occur
in the Mancos Shale until a temperature nearly high enough
to form metamorphic biotite was attained.

(8)

Biotite is

the first new product of recrystallization in the Mancos
Shale.

(9)

Theoretical calculations of the thermal distri¬

bution around the laccolithic intrusions indicate that they
could not have caused the contact metamorphic effects
observed at large distances from the contacts.

(10)

It is

apparent that there is an intrusive mass at a relatively
shallow depth which is large enough to cause significant
contact metamorphic effects over a very large area.
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INTRODUCTION

The Mancos Shale and adjacent rock units in Gunnison
County, Colorado, near the town of crested Butte, display
a contact aureole adjacent to Middle Tertiary quartz monzonite intrustions, thus offering an excellent opportunity
to study the effects of temperature on the shale itself and
the organic material contained in it.

Plate I shows the

location and geologic setting of the area.

Organic geo¬

chemical studies, which have focused on the nature of the
changes that take place in the organic material, have been
conducted in the Crested Butte area by members of the Rice
University Geology Department (Hamilton, 1971; Ferreira,
1973) .

They reveal a profile of incipient metamorphism in

the Mancos Shale and establish the location of pronounced
low-grade metamorphic changes in organic matter, which is
shown on plate I.
My objective was to study the mineralogical trans¬
formation across the profile of incipient metamorphism in
the Mancos Shale in order to develop a better understanding
of the significance of clay mineral assemblages and changes
for the interpretation of the low temperature history of
sedimentary rocks.

A number of investigations have been

conducted on the effects of burial diagenesis and dehy-
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dration on sediments obtained from deep bore-holes in order
to determine the nature and extent of burial diagenesis
and/or its relation to petroleum evolution (Burst, 1959,
1969;

Powers, 1967; Perry and Hower, 1970, 1972; van Moort,

1971; Johns and Shimoyama, 1972; Hiltabrand et al., 1973).

Particular attention is given to the thermal dehydration of
mixed-layer montmorillonite-illite and the relationship
this has to similar transformations observed in deep
bore-holes.
I conducted the first phase of the investigation in
the field by means of a geologic mapping and sampling pro¬
gram.

Careful geologic mapping of the intrusive igneous

bodies and of the Mancos Shale and adjacent units across
the contact metamorphic profile is necessary to place
samples in their correct geological framework and to provide
maximum geological control for the interpretation of lab¬
oratory work.

The geologic map of Colorado (Burbank et al.,

1935) is too small-scale to be of use for this purpose;

however, it does provide a good picture of the geologic
setting of the area.

Detailed geologic mapping by the U.S.

Geological Survey in the Crested Butte area, Oh-Be-Joyful
quadrangle (Gaskill et al., 1967) and Maroon Bells quadrangle
(Bryant, 1969), provides an excellent basis for the
completion of the geologic mapping in the Gothic quadrangle.
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A geologic map of the significant portion of the Gothic
quadrangle is presented in plate II.

The Gothic quadrangle

topographic map (U.S. Geological Survey, 1961, 1:24,000
scale) was used as a base for the geological mapping.
field work was completed during the summer of 1973.

The
Brief

lithologic descriptions are included in the explanation of
plate II

(appendix I).

More detailed lithologic descrip¬

tions may be obtained from Gaskill et al.

(1967), Bryant

(1969), Langenheim (1952), and Hansen (1965).
The laboratory phase of the investigation consists
primarily of X-ray diffraction analysis of the samples with
complementary thin section analyses.
analyzed are from the Mancos Shale.

All of the samples
The samples are

essentially in three groups, the East River series, the
Slate River series, and the Glenwood Springs series.

The

East River series and Slate River series, which lie nearly
perpendicular to the northeast trend of the Ruby Range and
converge south of Crested Butte laccolith, are shown on
plate I.

The Glenwood Springs series is from near Glenwood

Springs, Colorado, approximately 80 km north of crested
Butte, and is not shown on plate I.

The samples which

comprise these series are shown in order of increasing
distance from the trend of the Ruby Range and of decreasing
metamorphic temperature in the left-hand portion of figure 2.
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Samples numbered less than 400 were taken previous to
this study (Hamilton, 1971; Ferreira, 1973).

Samples

numbered above 400 were taken from fresh exposures, generally
along major drainages, in order to fill the gaps in previous
samplings.
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PRESENTATION OF DATA AND DISCUSSION
MINERALOGY

Techniques and Sample Preparation
Phyllosilicates comprise a major portion of all
samples except for CB-2.

The X-ray diffraction method was

used for the identification of the phyllosilicates.

A

Norelco water-cooled X-ray diffractometer type 12045/3 was
used for all X-ray diffraction analyses.

Copper Ka

radiation was used as it is generally the most suitable for
X-ray diffraction studies of clays (Brown, 1961).

X-ray

diffraction patterns were obtained by using nickel-filtered
copper radiation generated at 35 kilovolts and 18 milli¬
ampères, a 1° beam slit, and a 1° detector slit, and by
scanning at 2° 20 per minute.

Uniform response of the

X-ray diffractometer was maintained by periodic alinement
checks with a silicon standard.

Brindley (1951), Grim

(1963), and Brown (1961) present x-ray diffraction data
pertinent to the identification of the phyllosilicates. The
latter was used extensively in this study.

Clays and clay-

size minerals lie almost outside the range of the optical
microscope.

However, microscopic examination is valuable

for examining the coarse grained material associated with
the clay and can be used for recognition of the better
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crystallized phyllosilicates.

Thin sections were analyzed

for each sample using a petrographic microscope equipped
with a 100 power oil immersion objective.

Data of the

optical properties of the phyllosilicates are given by
Kerr (1969), Heinrich (1965), and Grim (1968).

The latter

was used extensively in this study.
Before a sample is prepared for X-ray diffraction
analysis, a standard thin section is prepared and a suitable
hand specimen set aside.

Each sample is washed thoroughly

using water to remove any surface contamination, air dried,
crushed by any convenient means, and powdered by a Bantam
Mikro-pulverizer.
Two types of mount, random and oriented, are prepared
from a sample for X-ray diffraction analysis.

A random

powder mount is prepared from each powdered sample by
filling a standard powder holder with just enough powder so
that a flat surface is obtained flush with the holder with
one smoothing action.

The powder should not be tightly

packed, and little or no pressure should be exerted in the
process (Brown, 1961).
Clay mineral particles are characteristically platy
and easily acquire a high degree of orientation.

The

recognition of the basal 00A reflections is greatly
facilitated by the use of oriented mounts which enhance the
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OOX reflections and diminish all others (Brown, 1961).

To

prepare an oriented mount, the powder is first placed in a
beaker and washed repeatedly with deionized distilled water
until a reasonable degree of deflocculation is obtained.
Each washing consists of decantation of the clear water
after all material except light organic matter has settled
out, addition of fresh deionized distilled water, and
sufficient agitation to suspend all material in the beaker.
Deflocculation is obtained when the fine particles stand
in suspension for several hours following agitation.
When repeated washings fail to bring the

fine clay

into suspension, a few drops of ammonium hydroxide may be
added as a dispersive agent (Brown, 1961).

Size separation

of the clay fraction is made easily by sedimentation.
Utilizing Brown's (1961, table 1.3) table of time required
for gravity sedimentation, the less than 2 micron size
fraction is pipeted onto a glass slide of standard thin
section size.

As this suspension is allowed to air dry,

a thin layer of sediment is deposited on the slide.

A

single thin layer often orients better than a thicker
layer prepared by several treatments (Brown, 1961).
The glass slide can be used directly in the X-ray
diffractometer, and also can be treated directly with
ethylene glycol or heat.

Liquids such as ethylene glycol
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enter montmorillonite-type minerals and cause a character¬
istic expansion of the basal spacing (Brown, 1961).
is now widely used as an identification procedure.

This
By

heating clay materials at particular temperatures, the
minerals can be transformed or decomposed.

In this way a

composite X-ray diffraction pattern may be resolved into
component patterns arising from the different substances
which are present (Brown, 1961).

Heat treatment at 350°C

for one hour is sufficient to cause a characteristic
decrease in the basal spacing of montmorillonite-type
minerals.

For each sample in the East River series, an

X-ray diffraction pattern was run of the random powder,
and three patterns were run of the oriented aggregate in
the following order:

(1) air dried at room temperature (no

treatment), (2) treatment with ethylene glycol, and (3) heat
treatment at 350° C for one hour.

Fewer patterns, generally

of untreated oriented aggregates and ethylene glycol
treated oriented aggregates, were run for samples in the
Slate River and Glenwood Springs series, as these series
were of secondary interest and little relevant additional
information could be obtained from the additional patterns.
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Mineral Identification and Occurrence: phyllosilicates
Clay minerals in samples of Mancos Shale from the
Crested Butte district are classified as chlorite, illite,
and mixed-layer illite-montmorillonite.

Additional

phyllosilicates present in these rocks are muscovite and
biotite.

The criteria used to identify these minerals is

presented below.
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Chlorite
Chlorite minerals in clay-size materials are recog¬
nized principally by the sequence of basal 004 reflections
from the (001) cleavage plane, and especially by the 001
spacing of 14.0-14.3 &, depending on the particular chlorite
species (Brown, 1961).

Peak positions and intensities are

known to vary slightly with the chemical composition of the
chlorite, but the variety of chlorite in these rocks cannot
be determined because of the small amounts commonly present.
Regardless of species, the primary problem is the recog¬
nition of chlorites in the presence of other minerals
(Brown, 1961).

Chlorites can be easily distinguished from

members of the montmorillonite group because the chlorite
basal spacing does not vary with humidity nor with lowtemperature heat treatment and chlorite does not absorb
organic liquids (Brown, 1961).

The 14 Â chlorite peak is

often obscured by mixed-layer illite-montmorillonite peaks
in the air dried and ethylene glycol treated X-ray patterns,
but the 14 Â peak becomes evident when the expandable
montmorillonite component is collapsed by heat treatment.
Chlorite may be confused with vermiculite, as the
basal spacing of vermiculite is usually around 14.2 Â under
normal atmospheric conditions.

However, low-temperature

heat removes interlayer water (Brown, 1961), changing the
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d spacing.

As was previously noted, the 14 Â chlorite

reflection is unaffected by low-temperature heat treatment.
In addition, the intensities of the basal reflections of
chlorite differ from those of vermiculite, the 001 reflec¬
tion of vermiculite being strong and the higher order
reflections quite weak.

The 002 and 004 reflections were

generally somewhat more intense than the 001 and 003
reflections in the X-ray patterns.

This pattern is com¬

patible for chlorites as is readily apparent from Brown's
(1961, table VI.9) data.
The detection of kaolinite in the presence of chlorite
is more tedious.

The 001 spacing of kaolinite, 7.15 Â, is

close to the 002 spacing of chlorite, 7.0-7.2 Â, so that
even-order chlorite reflections tend to overlap the
kaolinite reflections (Brown, 1961).

Brown (1961) states

that when there is no resolution of 004 chlorite and 002
kaolinite, as is the case in these samples, it is useful to
look for the 003 reflection of kaolininte using well
oriented specimens.

The corresponding 006 reflection for

most chlorites is extremely weak (Brown, 1961, table VI.9).
A basal reflection in this region is a good indication of
the presence of kaolinite.

However, no reflection was

detected in this region even for samples with the strongest
7 Â reflections.
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Thermal treatment is often helpful for distinguishing
chlorites and 7 Â minerals, although it was inconclusive in
the present study.

Brown (1961) reports that for poorly

crystalline materials, temperatures as low as 450°C may
decompose the chlorites completely, leaving kaolinite
little affected.

However, for well crystallized material,

heating at 600°C will decompose kaolinite while the chlorite
will be only partially dehydrated and its diffraction
pattern characteristically modified.

Both 14 & and 7 Â

peaks were present after heating at 450°C for 1 hour. Both
peaks were still present after heating at 550°c for 1 hour,
although the peaks were generally reduced in intensity,
with the 7 Â peak decreasing more than the 14 Â peak as is
characteristic for chlorites.
heating at 600°c for 1 hour.

Both peaks were absent after
The results of all attempts

to establish the presence of kaolinite are either negative
or inconclusive.
thin sections.

No 7 Â mineral was detected in any of the
Velde (1969) states the kaolinite is

probably not stable in the presence of illite.

All available

evidence indicates that chlorite is the only mineral in
these rocks with a 7 Â reflection.
incipient polycrystals and porphyroblasts of chlorite
are observed in thin sections of all samples except CB-2,
which represents the highest grade of metamorphism attained.
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However, these are present only in trace or accessory
abundances in the lowest temperature samples and do not
increase in abundance appreciably until temperatures near
to that of the first appearance of biotite.

The occurrence

of chlorite in the samples is shown in figure 2.

X-ray

patterns of these samples indicate that generally more
substantial quantities of chlorite are present in all of
these samples; therefore, the majority of the chlorite in
these rocks must be extremely fine grained.

The primary

distinction among the fine grained phyllosilicates in
these thin sections, with the exception of biotite, is
birefringence, since they all are similar in crystal
structure, are colorless, and are too fine-grained to make
additional distinctions in optical properties.

Chlorites

display low first order interference colors while all other
porphyroblastic minerals present display upper first through
third order interference colors.

The chlorites in samples

CB-14, CB-12, and CB-10, all representing temperatures
slightly below the appearance of biotite, take on a
colorless to brown pleochroism.

The chlorite in sample CB-9

was distinguished from biotite by birefringence.
Another distinct species of chlorite, "biotite-like"
chlorite, was generally present in trace quantities in all
samples except CB-9 and CB-2.

It is indistinct from
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biotite except for its first order birefringence and high
dispersion.

There is limited textural evidence that this

material is detrital.

infrequent grains have been bent

around quartz grains.

The vast majority of grains are

clearly parallel to bedding.

There is no evidence for

authigenic growth of this material.

It is possible that

this material represents detrital retrograde biotite. Deer
et al.

(1962) report cases of retrograde metamorphism

causing the conversion of biotite to chlorite (viz.
"biotite-like" chlorite).

Winkler (1967) reports that an

oxidized iron-rich chlorite, which looks like a brown
biotite, may occur in lower temperature zones than biotite.

Illite
The term illite is used in this paper to refer to the
constituents of uncertain species of phyllosilicate belong¬
ing to the dioctahedral white mica group.

The illite

minerals are recognized principally by the sequence of
basal 00A reflections, with the first order reflection at
about 10 Â

(Grim, 1968).

Differentiation of the poly¬

morphic forms of illite by X-ray diffraction is impossible
in these rocks because of fewer and broader x-ray reflections
than are present for ideal mica and are necessary for such
determinations.

Thus unequivocal distinction between
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illite and muscovite cannot be made, and the term illite
will include polymorphs generally known as muscovite except
in such cases where a distinction is made in the reference
cited.

Deer et al.

(1962) state that a single layer of a

dioctahedral illite differs from muscovite only in the
chemical constituents occupying the well defined atomic
sites.

Most illite minerals have fewer interlayer cations

(potassium) than muscovite.

This difference leads to

important structural variations when the superposition of
layers is considered.
Brown (1961, table V.2) presents data for illite
group minerals which is compatible with the X-ray patterns
of these samples.

Illite shows no change in the 10 Â

reflection after treatment with ethylene glycol or after
heat treatment.

When the percentage of montmorillonite in

mixed-layer illite-montmorillonite is small, as is the
case in these samples, the 001/002 (illite/montmorillonite)
peak position for an ethylene glycol treated sample will
approach the 10 Â position (Reynolds, 1967, figure 3;
Reynolds and Hower, 1970, figure 5).

in these samples, this

peak is not resolved from the 10 & peak of pure illite;
thus the proportion of discrete illite and illite in mixedlayer structure cannot be determined.
not useful for this determination.

Heat treatment is
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Detrital and incipient grains of illite are distin¬
guished frpm chlorite by their higher birefringence.

Grim

(1968) states that illite generally has somewhat lower bi¬
refringence than muscovite.

However, the ranges of possible

birefringence for the two minerals overlap considerably and
no clear optical distinction can be made on this basis in
these samples.

Detrital grains and incipient polycrystals

and porphyroblasts of illite are observed in thin sections of
all samples except CB-2.

However, these are present only in

trace or accessory abundances and do not increase in abun¬
dance appreciably throughout the thermal profile.

The

occurrence of illite in the samples is shown in figure 2.
X-ray patterns of these samples indicate that major quantities
of 10 Â material are present.

Therefore, the majority of

the illite, present as discrete illite and mixed-layer
illite-montmorillonite, must be extremely fine grained.
Mixed-layer illite-montmorillonite
Mixed-layer illite-montmorillonite in the least
metamorphosed rocks of the crested Butte area and the
unmetamorphosed rocks from the Glenwood Springs area is
characterized by a very broad basal x-ray diffraction
reflection from about 11 Â to 15 Â on the patterns of the
ethylene glycol treated samples.

This reflection moves to
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progressively shorter d spacings and, eventually, onto the
shoulder of the 10 Â peak with increasing metamorphic
temperature,

complete collapse of the 001 basal spacing to

about 10 Â occurs in all samples after heat treatment.
Untreated oriented samples have broad intensity maxima from
10 Â upwards to 15 Â.

The exact shape of the maxima varies

to some degree with humidity and the interlayer cations of
the expandable montmorillonite component (Brown, 1961). This
material is not recognizable in thin section,

its presence

can be detected only by X-ray diffraction techniques.

The

occurrence of mixed-layer illite-montmorillonite in the
samples is shown in figure 2.

No pure montmorillonite,

which has a 17 Â basal reflection on the pattern of an
ethylene glycol treated sample, was detected in any of
these samples.
Reynolds (1967) states that ethylene glycol treated
randomly interstratified mixed-layer illite-montmorillonite
does not produce diffraction maxima between the 001/002
position, nearly 10 Â, and a position very near to that of
the ethylene glycol treated montmorillonite, 17 Â.

He

emphasizes that ethylene glycol treated samples which
produce asymmetrical illite 001 profiles or maxima between
about 11 & and 15 Â cannot be construed as examples of
random interstratification.

He concludes that diffraction
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maxima in this range indicate ordered (as opposed to random)
interstratification.

Thus the interstratification of the

mixed-layer illite-montmorillonite in the crested Butte
and Glenwood Springs samples is interpreted as being ordered.
Reynolds (1967) states that it is questionable to
interpret the diffraction maxima on the basis of curves
based on models of random interstratification.

Unfortunately,

all known investigations of mixed-layer illite-montmorillonite
and published curves for this system, with the exception of
Reynolds and Hower (1970), are based on models of random
interstratification and cannot be applied to this study
(Johns et al., 1954; Weaver, 1956; Jonas and Brown, 1959;
Hower and Mowatt, 1966; Reynolds, 1967).

Reynolds and

Hower (1970) present diffraction patterns for allevarditelike ordering and for super-lattice units consisting of
three illite and one montmorillonite layers.

These patterns

are not directly applicable to the mixed-layer illitemontmorillonite in this study because they were calculated
assuming perfect ordering which is not apparent in the
Mancos shale samples.
Samples in the East River series were closely spaced
in the vicinity of the changes observed in the organic
material (Hamilton, 1971) in order that this change and
any associated changes in mineralogy might be detected.
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Therefore, the X-ray diffraction patterns obtained from
samples in the East River series provide the best basis
for determining the nature of systematic transitions in
the rocks.

Representative patterns showing this transition

are presented in figure 1.

It is apparent from figure 1

that an irreversible decrease in expandability to a com¬
pletely dehydrated state occurs as a continuous step with
increasing metamorphic temperature.
are apparent from the X-ray data.

No other transitions
No changes are observed

in thin section, except that the reddish-brown organic
staining present on the lower temperature samples changes
to gray at a slightly lower temperature than that at which
the complete disappearance of expandable components takes
place.

This change corresponds well with the decrease in

the hydrocarbons to organic carbon ratio found by Ferreira
(1973, figure 7) in these same samples.

The boundaries of

complete irreversible dehydration and marked decrease in
the hydrocarbons to organic carbon ratio are shown as
subparallel lines on plate I.
A detailed compass and tape traverse was run along a
portion of the East River between sample localities CB-304
and CB-308.

This is the zone in which Ferreira (1973)

observed critical changes in the organic matter in the
shale.

This traverse was designed to provide close

AIR DRIED ORIENTED ETHYLEN£ GLYCOL
HEATED AT 350° C
^OUNT TREATED FOR I HOUR
O

o

©<

o
o
♦

Æ U/
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geologic control on the samples within its limits and to
detect any subtle feature, such as a fault placing Mancos
Shale against Mancos Shale of differing thermal histories,
which might explain the sharp transitions observed in the
organic material.

No feature of this nature was detected.

This is not at all surprising since the clay minerals dis¬
play a similar though more gradual change displaced a few
thousand feet nearer to the axis of the Ruby Range.
This continuous decrease in expandability to a com¬
pletely dehydrated state may represent the continuous
transformation of montmorillonite to illite until there is
only nonmixed-layer illite, as has been suggested in Gulf
Coast diagenesis studies (Perry and Hower, 1972).

it may

also represent the irreversible dehydration of the expand¬
able montmorillonite component, after which this material
exists metastably to higher temperatures.

Grim (1968)

reports that illite and chlorite form from montmorillonite
in the marine environment following adsorption of potassium
and magnesium and collapse of the structure.

He further

states that progressive development toward discrete
chloritic and illitic clay continues within the deposited
material, the extent of modification being dependent upon
the inorganic cations present.

Winkler (1967) describes

an experiment in which chlorite and ordered
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mixed-layer paragonite-montmorillonite were obtained from
Na-montmorillonite.

This general reaction is often cited

in the literature (Grim, 1968; Frey, 1970, Weaver and Beck,
1971).

Therefore, it is expected that porphyroblasts of

illite and chlorite should become abundant following such
a transition, or at least a marked increase in chlorite
abundance should be evident from the X-ray diffraction
patterns.

There is no detectable increase in illite or

chlorite porphyroblasts in thin section, and no marked
increase in chlorite is evident from x-ray diffraction
patterns.
It should be emphasized that typical montmorilIonite
cannot be converted completely to illite at reasonable
temperatures and pressures without the addition of other
elements (Weaver and Beck, 1971).

Specifically, the

fixation of potassium is essential to the formation of
illite and subsequent transition to muscovite.

Weaver and

Beck (1971) state that some potassium may be acquired from
seawater during deposition of the clay, and additional
potassium is present as exchangeable cations, in the
interstitial water, in organic material, and in potassium
feldspar.

However, they found that the total 1^0 content

may be insufficient to allow for the complete conversion
of the montmorillonite to 10 & mica layers.

They point
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out that if the sample is low in Al or K, or both, complete
conversion will not occur until temperatures of 400°c or
higher are reached.

Greene-Kelly (1955) suggests that the

irreversible loss of expandability of montmorillonite with
increased temperature may be due to the migration of ions
from the interlayer position to the vacant octahedral sites.
Weaver and Beck (1971) state that it is possible that
montmorillonite may exist in a dehydrated state at sufficient
depth and pressure,

m light of all available evidence, it

is believed that the irreversible dehydration process has
predominated in the mixed-layer illite-montmorillonite in
the contact metamorphosed Mancos Shale of the Crested Butte
district.

The formation of illite by potassium fixation

probably has been active also, but to a much lesser extent.
No evidence contrary to this is apparent from either X-ray
diffraction or thin section data.
Biotite
With the exception of a few isolated detrital grains,
biotite is present in only one sample, CB-9.

Biotite is

easily recognized in thin section by its brown color (which
often masks its third order interference colors), its light
to dark brown pleochroism, and its birdseye maple structure.
The X-ray diffraction pattern of sample CB-9 is similar to
those not containing biotite, except that the 002 basal
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reflection is weaker, as would be expected for trioctahedral
mica.

Some biotite in this sample appears to grade imper¬

ceptibly into the chlorite from which it is forming.
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Mineral Identification Occurrence: Non-phyllosilicates
The non-phyllosilicate minerals are best identified
from x-ray patterns of randomly oriented powders. Quartz
is a major component of all samples analyzed and is easily
identifiable in all X-ray traces and thin sections. Feld¬
spars comprise a component of all samples, and are invari¬
ably subordinate to quartz.

Peak intensities for the

different varieties of feldspar are known to vary with the
chemical composition of the feldspar (Schultz, 1964).

The

variety of feldspar could not be determined unequivocally
because of the small amounts generally present.

Optical

data were also inconclusive, except for the potassium
feldspar in sample CB-2.

It appears that both alkali

feldspar and plagioclase may be present in all samples.
Feldspar grains were usually untwinned, although simple
twinning was observed in a very few grains.
twinning was never observed.
component in these samples.

Gridiron

Calcite is a highly variable
it is generally present either

as fossil material or in secondary veins.

It is easily

identifiable in thin section and X-ray patterns when
sufficiently abundant.

With the exception of sample CB-2,

no other non-phyllosilicate minerals are detectable from
X-ray patterns.

Trace quantities of tourmaline and other

detrital minerals are occasionally encountered in thin
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section, although they bear little significance to this
study.

Small quantities of detrital opaque material are

generally present in these samples.

These are typically

either organic material or metallic oxides or sulfides, in
sample CB-2, secondary pyrite is identified in the hand
specimen.

Opaques, other than organic material which has

been extensively studies by Hamilton (1971) and Ferreira
(1973), are of little significance to this study.
Cordierite is a major component of sample CB-2.

It was

identified first by x-ray diffraction and later optically
confirmed in thin section.

Orthoclase is present in a

very peculiar habit in sample CB-2, occurring as bladed
colorless crystals in a radial arrangement on fracture
surfaces.

It was positively identified only with the use

of immersion oils and chemical tests.
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INTERPRETATION WITH RESPECT TO DIAGENESIS
AND CONTACT METAMORPHISM

Experimentally determined fields of phase compati¬
bility indicate that mica (muscovite or illite) + kaolinite
+ quartz is probably not a stable marine sedimentary
assemblage and would ultimately be replaced by montmorillonite + kaolinite + quartz, or illite + montmorillonite
+ quartz (Velde, 1969).

It is apparent from the mineralogy

of the samples that the latter assemblage probably existed
in the prediagenetic Mancos Shale.

Perry and Hower (1972)

state that with the onset of diagenesis, the montmorillonite
layers will begin to convert to dehydrated illite layers
as potassium is fixed in the interlayer positions.

Dehy¬

dration and diagenesis progress with increasing depth.
There is a random collapse of montmorillonite layers and
concomitent interlayer water expulsion beginning at about
80°C and continuing to about 120° to 140°C where the
transition from random to ordered interlayering takes place
over a narrow temperature range (Perry and Hower, 1972).
Velde (1969) states that grains which order do so in their
entirety.

Therefore, interstratification of natural samples

would be expected to be either random or ordered, and
would not present intermediate steps in ordering.

The
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formation of illite, in which the last interlayer water is
lost, and potassium is fixed in the interlayer positions,
is apparently quite slow and has not been observed in Gulf
Coast sediments (Weaver and Beck, 1971; Perry and Hower,
1972).

Irreversible dehydration is believed to have

predominated in the contact metamorphosed Mancos Shale,
although the formation of illite by potassium fixation has
probably been active to a much lesser degree.
The loss of interlayer water and resultant collapse
of structure is initially reversible, but becomes irre¬
versible upon further heating (Brown, 1961).

The temp¬

erature at which this change occurs is dependent on the
interlamellar cations.

Experiments were performed in

which samples with expandable components from the low
temperature end of the thermal profile were heated for one
hour, treated with ethylene glycol, and examined for the
expandable component.

All samples retained their expand¬

ability following heating to 450°, 500°, and 550°c. Weaver
and Beck (1971) and Greene-Kelly (1953, table 2) report
similar results from similar experiments.

It should be

noted that the conditions of these experiments do not
approximate geologic conditions and cannot be taken as an
accurate indication of the behavior of expandable material
under geologic conditions.

The temperature at which the
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irreversible dehydration occurs is not at all well
established.

It is inferred from the bore-hole studies

that this transition does not occur until at least several
tens of degrees above the transition from random to ordered
interstratification.

Velde (1969) and Weaver and Beck (1971)

report that expandable montmorilIonite layers may maintain
their swelling ability to temperatures as high as 400°c.
Thus 400°C shall be taken as an upper limit of the temp¬
erature at which the irreversible collapse of expandable
montmorilIonite layers is complete.
It is not generally agreed when diagenetic processes
should be considered to end and metamorphic processes to
take over.

Winkler (1967) asserts that metamorphism has

started and diagenesis has ended as soon as a mineral
assemblage is formed which cannot originate in a sedimen-r
tary environment, or where mineral assemblages restricted
only to sediments disappear.

It is evident from figure 2

that the irreversible loss of expandability of the mixedlayer illite-montmorillonite is the first change in contact
metamorphosed Mancos Shale which would meet this criterion.
Therefore, complete irreversible dehydration shall be
taken as the onset of metamorphism.
Convincing petrographic evidence of the existence of
a particular metamorphic facies in a particular area can be
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furnished only when appropriate rock bulk compositions were
available for the formation of critical mineral assemblages
(Winkler, 1967).

This may explain why the facies of

burial metamorphism (e.g., zeolite facies) are not detected
in the Mancos Shale of the Crested Butte district.
Before an accurate assessment of metamorphic tem¬
peratures can be made, it is necessary to consider the
water present in the country rock at the time of intrusion,
since most mineral stability fields and reactions discussed
in the literature are defined relative to P„

and not to
2°

H

p

load*

Assuming a maximum thickness of cover of 17,400

feet, as will be derived later, the maximum P^oa<j is about
1.5 kb.

Hyndman (1972) reports that P„

may approach
2°

H

p

load

w iere

^

water is liberated during the dehydration

reactions of rising temperature.

The X-ray diffraction

analyses of unmetamorphosed Mancos Shale samples from the
Crested Butte and Glenwood Springs areas show that a major
portion cf these samples is composed of mixed-layer illitemontmorillonite which will release loosely bound interlayer
water when heated.

There was probably sufficient water

present to approximate as Pload-

However, the amount

of this water which will be retained within the rock will
depend upon the openness of the system and connections with
the surface.

For purposes of this investigation P^ ^
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shall be taken as 1 kb, which is probably somewhat less
than the actual value,

it should be noted that most of

the reaction boundaries discussed in this paper are nearly
vertical in the range 1 to 2 kb so that a variation in
P„ ^ will have only a minimal effect on the reaction
H2O
temperatures.
Biotite is the first new product of recrystallization
in the contact metamorphosed Mancos Shale.

The first

appearance of biotite is generally in the albite-epidotehornfels facies (Turner, 1968; Winkler, 1967).

The lower

limit of the temperature of formation of biotite is around
375°C (Turner, 1968, figure 6-33).

The upper limit for

the formation of biotite in pelitic rocks is set by the
reaction (Winkler, 1967):
chlorite + muscovite + quartz = cordierite + biotite +
Al2Si05 +H20
The equilibrium temperature of this reversible reaction is
reported to be 515

—

10°C at PR

Q

= 1 kb (Winkler, 1967).

This reaction for the first appearance of cordierite defines
the transition to the hornblende-hornfels facies (Winkler,
1967; Turner, 1968).

Biotite may persist into the pyroxene-

hornfels facies (Turner, 1968).

The transition to the

pyroxene-hornfels facies is marked by the instability of
muscovite in the presence of quartz (Turner, 1968).

The
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equilibrium temperature of the reversible reaction:
muscovite + biotite + quartz — cordierite + K-feldspar + H2O
is reported to be 600 + 10°C at p
= 1 kb
H2O

(Winkler, 1967).

Evans (1965, table 3) reports the reaction conditions of
a similar reaction to be 530 + 20 - 15°c at Pj^O

=

1^50 ^ars'

Rocks of the pyroxene-hornfels facies commonly occur in the
inner zones of contact aureoles (Turner, 1968).
An attempt has been made to correlate the occurrence
ranges of the important minerals in the contact metamorphic
profile near crested Butte with experimental metamorphic
reactions and metamorphic facies designations.

A graphical

presentation of this appears in figure 2. The samples in
the East River and Slate River series, both of which lie
nearly perpendicular to the north-east trend of the Ruby
Range and converge south of Crested Butte laccolith, are
placed separately on the figure.

The placement of the

samples in these two series relative to each other is
based on a combination of similarity of X-ray diffraction
characteristics and petrographic observations, and the
relative distances from the axis of the Ruby Range.

The

latter is the dominant factor when other distinctions
cannot be made,

it should be noted that the placement of

any particular sample is not absolute as it is at least in
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part subjective.

However, it is believed to represent

the best estimate that can be made based on the available
data.

The pertinent X-ray diffraction and petrographic

criteria will now be discussed.
The Glenwood Springs samples have been lumped together
at the base of the temperature scale.

They are all thought

to represent burial diagenesis of the Mancos Shale and
display no metamorphic effects.

All of the low temperature

samples from the Crested Butte area are observed to contain
trace or accessory quantities of authigenic polycrystals
and porphyroblasts of chlorite and illite.

However, only

minute quantities of chlorite porphyroblasts are observed
in the Glenwood Springs samples.
be made between these samples.

No other distinction can
Sample CB-20, which

represents the lowest temperature in the Crested Butte area,
is thought to represent a temperature slightly elevated
from that of the Glenwood Springs samples.

The placement

of CB-20 on the temperature scale represents a large source
of error in the assignment of temperatures to these samples.
It will affect the absolute placement of the samples lying
between it and the complete dehydration temperature, although
the relative placement is unaffected.
The first transition which occurs in these samples at
higher temperatures is the complete irreversible collapse

35

of the expandable mixed-layer structure.
may occur at temperatures up to 400°C.

This transition
It has been very

precisely observed in the East River series.

Therefore,

the positions of CB-303 and CB-302, immediately below and
above the dehydration temperature respectively, can be
assigned with a great deal of certainty.

The assignment

of samples adjacent to this transition in the Slate River
series is not quite so precise because of the greater
distance between the samples.

Similarities in X-ray

diffraction characteristics provide the basis for placement
of CB-411 approximately equivalent to CB-305. CP-419 must
lie close above the dehydration temperature.
The relative abundance of incipient polycrystals and
porphyroblasts, with chlorite typically being more abundant
than illite, does not increase appreciably until temperatures
near to that of the first appearance of biotite.
well documented in the samples from Poverty Gulch.

This is
Sample

CB-9, which contains abundant biotite, is only about 40
feet from sample CB-10.

Therefore, these two samples can

be placed accurately at slightly above and below the first
appearance of biotite respectively.

Samples CB-12, CB-14,

and CB-3 are sufficiently similar to CB-10 that they must
represent nearly the same temperature.

The marked increase

in incipient polycrystals and porphyroblasts between
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samples CB-51 and CB-14 and between CB-402 and CB-3 is
distinctive.

However, it does not appear probable that the

temperature difference among these samples would be great.
It is not known precisely what this occurrence signifies.
It may represent the first structural reorganization of the
dehydrated mixed-layer illite-montmorillonite and/or its
breakdown with the formation of new products as a result of
increasing metamorphic temperature.
Sample CB-2 lies nearly on the axis of the Ruby Range
trend and represents the highest temperature attained in
any of the samples.

Only cordierite, quartz, and feldspar

can be conclusively identified from the X-ray diffraction
patterns.

Orthoclase has been positively identified by

optical techniques.
present.

There is no detectable 10 Â mica

Although exact placement of this sample, is not

possible, it is clearly within the lower limits of the
pyroxene-hornfels facies.

On this basis, it has been

placed slightly above the muscovite to K-feldspar transition.
This placement represents a minimum temperature for this
sample.

It may actually be a few tens of degrees higher.
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CONTACT METAMORPHIC TEMPERATURES DUE TO
LACCOLITHIC INTRUSION

An estimate of the maximum temperatures attained
during contact metamorphism depends upon a number of factors
including thickness of the sedimentary cover, size and
shape of the intrusive body, as well as thermal constants
and water content of both the intrusive and the country
rock.

The sedimentary cover lying on the Mancos formation

at the time of laccolithic intrusion consisted of at least
5,700 feet of early Tertiary strata and up to an additional
10,000 feet of late Tertiary sediments (Dapples, 1939).
Dapples states that the latter figure is the upper limit
of the thickness of late Tertiary materi al that may have
covered the intrusives.

An additional 1,700 feet of

Mesaverde formation lay upon the Mancos (Gaskill et al.,
1967).

Thus the variation in sedimentary cover over the

Mancos formation is believed to have ranged from 7,400 to
17,400 feet.
Van Orstrand (1935) states that the average geothermal
gradient within a sedimentary series is certainly greater
than 108 feet per degree centigrade and probably less than
198 feet per degree centigrade.

Assuming an average annual

temperature of 20°C (very likely a maximum) as that in the

38

Crested Butte district

during the Tertiary, the thickness

of cover mentioned above, and a maximum geothermal gradient
during the time of igneous activity, the temperature
attained at the top of the Mancos due to geothermal gradient
ranged between 89° and 180°c.
An independent limitation is furnished by the clay
mineralogy of the least metamorphosed shale.

X-ray

diffraction analyses show that the mixed-layer illitemontmorilIonite has attained an ordered interlayering.
Perry and Hower (1972) demonstrate that the transition from
random to ordered interlayering may occur over a temperature
interval of 120° to 160°C.

Their data show that for an

area of high geothermal gradient the transition takes
place at the lower end of this range.

This temperature

represents a minimum since an ordered mixed-layer structure
persists to the upper limit of the stability field of this
material.

A temperature of 150°C is arbitrarily selected

as the preintrusive temperature (Tw) of the country rock
since it is near the median value of the probable temperature
range.

This value has been confirmed by an additional

suite of samples of Mancos Shale from near Glenwood Springs,
Colorado, approximately 80 km north of crested Butte, in
which the mixed-layer illite-montmorillonite has attained
an ordered interlayering.

These samples are not in close
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proximity to any intrusive bodies, thus the temperature
attained in them must have been due entirely to geothermal
gradient.
The timing of the period of intrusive activity
relative to the period of maximum depth of burial is not
known exactly, although it must have been close,

potassium-

argon dates for the crested Butte laccolith and the
Paridise stock are 29.1 + 1.0 and 29.0 + 1.1 million years
respectively (Obradovich et al., 1969).
Following the mathematical analysis of Lovering (1935),
a laccolith is assumed to be an intrusive with the shape of
a sphere which is instantaneously intruded into material of
the same diffusivity.

The effect of assuming the thermal

properties of the two rock types to be identical is to give
somewhat larger calculated distances from the intrusive for
the maximum temperature isotherms.

The magma is assumed to

be at a uniform temperature (T^), and to be intruded into
country rock whose temperature (Tw = 150°c) is everywhere
the same at the instant of intrusion (Lovering, 1935).
The latent heat of fusion of the magma cannot be
neglected.

Lovering (1935) states that the latent heat of

fusion may be taken into account by the following methods:
(1) by using a greater width for the intrusive proportional
to the amount of total heat contained in the latent heat
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of fusion, or (2) by assuming the latent heat of fusion is
used in super-heating the magma above the initial temperature
(Ti) to a new value (T^').

The first method is better for

assessing the maximum temperatures attained near the contact.
The second method is better for assessing maximum tem¬
peratures attained at a greater distance from the contact.
The second method has been used because it was desirable
to estimate the maximum temperatures attained at maximum
distances from the laccoliths in order to determine if the
heat from them alone could have been responsible for the
observed contact metamorphic profile.

Dapples (1939)

estimated that the temperature of the magma at the time of
intrusion (T^) was approximately 900°c.

His estimate was

based on Larsen's (1929) estimate of an average of 870° for
rhyolitic lavas.

Daly (1933) states that the latent heat

of fusion of granite, granodiorite, and quartz monzonite
is probably no higher than about one-fourth of the total
heat of the magma.

Therefore T^' is taken to be 1150°c.

The distance from the contact at vrtiich a given tem¬
perature is reached is influenced especially by the size of
the intrusion (Turner, 1968).

Dapples'

(1939) value of 1km

for the average radius of the laccoliths appears valid from
existing geologic maps and from field observations.
Therefore, 1 km is used here as a first approximation.
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Lovering's curves (1935, figure 8) have been applied to
approximate the distances of the maximum temperature iso¬
therms from the contact.

The results are tabulated in

table I.
Table I
MAXIMUM METAMORPHIC TEMPERATURES OUTWARD FROM THE CONTACT

Distance from contact (feet)

Maximim temperature attained

0

650

25

600

65

550

150

500

260

450

395

400

625

350

985

300

1540

250

To correct distance from contact (x) for laccoliths

of a

radius (r1) other than 1 km (r), apply the equations
(Lovering, 1935):

JE1n
r
x' = nx
The water contents of both the intrusive and the

(°c)
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country rock may be responsible for variations from the
expected thermal distribution.

Turner (1968) states that

granitic magmas, which tend to be saturated with water, may
expell water outward through the aureole rocks during the
later cooling history of the intrusive.

The quantity of

heat transferred outward by such magmatic waters may
greatly increase the width of the resultant aureole (Turner,
1968).

No evidence for such expulsion of water was observèd

in the field.

Although this does not exclude the possible

effects of magmatic water, the effect of water in the
water-saturated country rock is probably more significant
in this case.

Turner (1968) states that heat conducted

outward from the contact is used in vaporizing pore water
and in initiating metamorphic dehydration reactions. The
result is to chill the contact and to narrow the zone at
which a given temperature is reached at any time during the
cooling history (Turner, 1968).

Thus the calculated dis¬

tances from the intrusive for the maximum temperature
isotherms probably represent upper limits.
From table I it can be seen that the high temperature
isotherms are very close to the contacts.

Therefore, the

laccoliths could not have caused the contact metamorphic
effects observed at large distances from the contacts.
Supporting empirical data is obvious from a review of
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plate l.

The least metamorphosed sample locality in the

Crested Butte area, CB-20, is very close, approximately
500 feet, beneath the Crested Butte laccolith.

Other

relatively unmetamorphosed sample localities are at distances
of about one radius from the Crested Butte and Snodgrass
Mountain laccoliths.

However, several Slate River sample

localities which attained temperatures high enough to
produce complete irreversible dehydration are at distances
of several radii from the nearest laccolith.

These data

support the hypothesis that the observed effects are due
to a large buried igneous mass (Godwin and Gaskill, 1964).
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CONCLUSIONS

A number of observations regarding the preintrusive
conditions in the Mancos Shale, the effect of contact
metamorphism on the Mancos Shale, and the thermal history
of the Crested Butte area can be made.
1. A preintrusive temperature of about 150°C was
attained in the Mancos Shale in the crested Butte
and Glenwood Springs areas as a result of depth
of burial.
2. The low temperature contact metamorphic transfor¬
mations observed in the Mancos Shale are compatible
with the transformations observed in the Gulf
Coast bore-hole studies when variations due to
differing bulk compositions are taken into account.
3. The irreversible decrease in expandability of
the mixed-layer illite-montmorillonite to a
completely dehydrated state occurs as a continuous
step with increasing temperature.
4. The complete irreversible loss of expandability
of the mixed-layer illite-montmorillonite is the
first change in the Mancos Shale which signifies
the onset of metamorphism.
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5. The process of irreversible dehydration without
structural reorganization of the mixed-layer
illite-montmorillonite has predominated in the
contact metamorphosed Mâncos Shale in the crested
Butte area.
6. Excellent correlation is obtained between the
temperature dependent changes which have been
observed in the organic matter contained in the
Mancos Shale and the irreversible dehydration of
the mixed-layer illite-montmorillonite.
7. The structural reorganization of the mixed-layer
illite-montmorillonite and/or its breakdown with
the formation of new phases did not occur in the
Mancos Shale until a temperature nearly high
enough

to form metamorphic biotite was attained.

8. Biotite is the first new product of recrystal¬
lization in the Mancos Shale.
9. Theoretical calculations of the thermal distri¬
bution around the laccolithic intrusions indicate
that they could not have caused the contact
metamorphic effects observed at large distances
from the contacts.
10.

It is apparent that there is an in
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at a relatively shallow depth which is large
enough to cause significant contact metamorphic
effects over a very large area.
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SUGGESTIONS FOR FURTHER RESEARCH

A number of topics for further research are apparent.
The author recommends the following:
1. It has been postulated that the irreversible
dehydration process has predominated in the
mixed-layer illite-montraorillonite of the Mancos
Shale because insufficient potassium was available
for the complete transformation of montmorillonite
to illite.

Whole rock chemical analyses may be

useful in determining if sufficient potassium is
present in these rocks.
2. The diagenetic and metamorphic minerals may display
systematic chemical variations which are related
to increasing metamorphic temperature.

Such

variations could be followed through the thermal
profile with the use of the microprobe.
3. It has been postulated that there is a large
buried igneous mass which is responsible for the
contact metamorphic effects observed near crested
Butte.

A gravity or seismic study of the area

may provide conclusive evidence for the existence
of such a mass.
4.

An investigation of the oxyge
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coexisting quartz and calcite veins in the
Mancos Shale could provide accurate temperature
estimates which would quantify the qualitative
approach adopted in the present study.
5.

Isotopic composition is directly related to
equilibration temperature.

Samples of the clays

and of the organic matter through the thermal
profile would provide an excellent opportunity
to study systematic temperature dependent
variations in isotopic composition and may provide
accurate temperature estimates for these samples.
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APPENDIX I

Explanation for Geologic Map of Gothic Quadrangle
(After Gaskill et al., 1967, and Bryant, 1969)

QAL

Mi Qif'~

SURFICIAL DEPOSITS

QM.

Alluvial deposits - silt, sand, gravel, and
cobbles in valley bottoms .

QT

Talus deposits - angular pieces of rock

Quarternary

ranging from less than 1 inch to several
feet in diameter.

Qu

Surficial deposits, undifferentiated includes alluvium, alluvial fans, talus,
colluvium, rock glaciers, solifluction
deposits, landslide deposits, and glacial
deposits.

Shale symbols indicate isolated

patches of Mancos Shale.

QL

Landslide deposits - landslide and slump
blocks.

QM

Glacial deposits - poorly sorted deposits
ranging from silt to boulders.

Circles

indicate trends of morainal ridges.
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UNCONFORMITY

QUARTZ MONZONITE AND QUARTZ MONZONITE PORPHYRY Light gray rock containing quartz,

Cretaceous

Tertiary

plagioclase, potassium feldspar, biotite,
and hornblende.

Porphyritic rock contains

large potassium feldspar and quartz
phenocrysts.

Forms dikes, sills, lacco¬

liths, and stocks.

UNCONFORMITY

KMV

KMVb KMV*

KMV

MESAVERDE FORMATION

(1,600

1,800 feet) -

Interbedded sandstone, shale, coal, and
carbonaceous shale.
KhVb

Second sandstone unit.

KM Va

Basal sandstone unit.
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KMC
J

es» CT

MANCOS SHALE

KMC

(about 4,400 feet) -

Dark-gray carbonaceous laminated wellindurated silty marine shale.
calcareous.

Commonly

Dots indicate base of prom¬

Cretaceous

inent sandstone beds immediately below
the Mesaverde formation.
KMC-P

Fort Hays Limestone Member - light to
dark-gray dense fossiliferous limestone,
shaly limestone, and limy shale near base
of Mancos Shale.

Exposure insufficient

for mapping.

KT"
KD

DAKOTA SANDSTONE

(about 215 feet) -

Gray to white thick-bedded quartzite.
Contains thin beds of dark silty shale.
Chert-pebble conglomerate beds at base.
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UNCONFORMITY

;

JM MORRISON FORMATION

(about 350 feet) -

Pennsylvanian

Jurassic

Mainly varicolored thin-bedded mudstone,
siltstone, shale, and marlstone.

Includes

white to gray sandstone and thin lenticular
beds of gray limestone and sandy limestone
near base.

JE

ENTRADA SANDSTONE (about 30 feet) Light-gray to white fine-grained thickbedded quartzite.
UNCONFORMITY

PM
IUI

>1

PM

MAROON FORMATION -

Light to dark-maroon, brick red, and gray
generally calcareous and micaceous interbedded sandstone, siltstone, mudstone,
conglomerate, and limestone.

PG

GOTHIC FORMATION -

Gr^y calcareous arkose and siltstone
and dark-gray shale and limestone

Pennsylvanian
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containing marine fossils.

Incomplete

section at base of upper plate of Elk
Range thrust fault ^nd White Rock stock.

Contact
Thrust fault - sawteeth on upper plate
Syncline with overturned limb - approx¬
imately located
Strike and dip of beds
"^5

Strike and dip of overturned beds
Strike of vertical beds

X BM 9/7/
X 93/2

A 13297

Bench mark
Elevation
Elevation of peak
Light-duty road
Unimproved dirt road
Trail
Mine or prospect pit
Major drainage
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