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POSSIBLE WINDOW IN THE ELK RANGE THRUST SHEET NEAR ASPEN, COLORADO

By BRUCE BRYANT, Denver, Colo.

Abstract.—Structurally complex rocks underlie structurally
simple rocks of Permian and Pennsylvanian age in the Co-
nundrum Creek valley. Both the overthrust sheet and the
underlying rocks, as well as the boundary between them, have
been intruded by Tertiary granodiorite and subjected to horn-
blende hornfels facies metamorphism. Seven miles to the south-
west a section of Maroon Formation 10,000 feet thick has been
carried over a section of Maroon Formation only 1,000 feet
thick along the Elk Range fault. The Conundrum Creek area
may be a window in the Elk Range thrust sheet, which was
derived by the sliding off the Sawatch Range uplift of a thick
section of rock from the interior of the central Colorado trough.

In the Elk Mountains, on Conundrum Creek, 9 miles
south of Aspen, Colo. (fig. 1), a block of structurally
complex rocks underlies one of structurally simple
rocks (fig. 3). The rock types and the structural
features indicate that the structurally complex rocks
may be in a window in the Elk Range thrust sheet.
Both blocks and the boundary between them have been
intruded by Tertiary granodiorite of the White Rock
pluton and subjected to hornblende hornfels facies
metamorphism,

CONUNDRUM CREEK AREA

In the Conundrum Creek area the structurally com-
plex rocks lie in the lower 1,000 feet of a valley about
8,000 feet deep and are mostly covered by colluvium,
moraine, talus, and alluvium so that details of the
structure and stratigraphy are obscure. The simplest
interpretation of the rock relations is shown on the
geologic map (fig. 2). These rock units and those in
the structurally more simple upper block probably are
part of the Pennsylvanian and Permian Systems.

. Stratigraphy .

The Pennsylvanian and Permian rocks in the region
are a thick sequence of dominantly clastic rocks and
evaporites, which compose the Belden Shale, Minturn
Formation, and Maroon Formation (table 1) and were

deposited in a narrow basin known as the central
Colorado trough (fig. 1). The trough had a northwest
trend in central and northwestern Colorado and a
north trend in New Mexico. The deposits are well
over 2 miles thick in the deepest parts of the trough,
and they thin in relatively short distances at the basin
margins (Brill, 1952; Murray, 1958; Mallory, 1958,
1960; De Voto, 1965). Thick sequences of clastic rocks
derived from adjacent highlands are found on either
side of the trough north and west of the Sawatch
Range. These interfinger with evaporites in the center
of the trough. Lovering and Mallory (1962) report
4,700 feet of evaporite-bearing beds in a well at Eagle,
just north of the area of figure 1. Evaporites occupy
more than one belt in the interior of the basin (Mal-
lory, 1960, fig. 5), but lack of data at present prevents
delineation of the evaporites in detail. The Aspen area
lies southwest, of the center of the trough. There the.

TABLE 1.—Formations deposited in the central Colorado trough in
late Paleozoic time

Thin- to thick-bedded maroon and brick-
red sandstone, conglomerate, and mud-
stone containing a few beds of gray
limestone in the lower part. Evaporites
well developed near the center of the
basin (Lovering and Mallory, 1962);
at least one bed south of Aspen.

Maroon Formation
(Permian and
Pennsylvanian)

Thick- to thin-bedded gray sandstone,
shale, and limestone. %vaporites near
the center of the basin; local lenses
south of Aspen.

Minturn Formation
(Pennsylvanian)

Thin-bedded dark-gray shale and lime-
stone containing a few beds of silt-
stone, sandstone, and carbonaceous
shale. Evaporites generally not rec-
ognized, but 100 feet of gypsum is
reported in the Hope tunnel 5 miles
south of Aspen (Knopf, 1926). Evap-
orites in small fragments and bedded
deposits lacking stratigraphic contin-
uity occur along afault zone in nearby
Highland tunnel.

Belden Shale
(Pennsylvanian)
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rocks are predominantly clastic, and evaporites occur
only as local lenses.

The rocks of the lower block along Conundrum
Creek appear to be correlative with the Belden Shale
and Minturn Formation. A unit of hornfels and mar-
ble consists of thinly interbedded dark-gray diopside-
scapolite and tremolite marble, pyrite-bearing hornfels,
and a few beds of carbonaceous shale, and probably
represents metamorphosed rocks of the Belden Shale.
Lying either underneath or in the unit of hornfels
and marble is a coarse-grained thick- to thin-bedded
gray to white marble containing a few beds of horn-
fels and quartzite. Lenticular beds of this marble are
as much as 30 feet thick. The area underlain by the
marble is shown as undivided Devonian and Mississip-
pian on the State geologic map (Burbank and others,
1935), but the marble does not resemble the Chaffee
Formation of Devonian age, which is composed of
dolomite, quartzite, and siltstone. The marble lacks
the characteristic chert and is too thin bedded and
variable in thickness and lithology to be the Leadville
Limestone of Mississippian age. Rocks of the horn-
fels-marble unit that apparently underlie the marble
unit in places do not resemble rocks underlying the
Leadville Limestone. The number and thickness of
marble beds, which would correspond to limestone beds
in the Belden Shale, are not typical of carbonate units
in the Belden nearby, but similar lithologies are
reported by Vanderwilt (1937) in equivalent rocks
mapped as Hermosa(?) Formation cropping out on
the Treasure Mountain dome southeast of Marble (fig.
1). West and south of the Conundrum Creek area,
stratigraphic units in the Minturn Formation (called
Gothic Formation by Langenheim, 1952) have litholo-
gies similar to those represented in the unit of hornfels
and marble in the Conundrum Creek area but are asso-
ciated with more numerous and thicker beds of coarse-
grained sandstone (Langenheim, 1952, p. 555, 558, 562).

In the eastern part of the lower block, scattered out-
crops of white to light-green quartzite, arkose, hornfels,
and marble in beds 14, inch to 10 feet thick may be
metamorphosed rocks of the Minturn Formation.
Minor folds are so numerous and irregular in pattern
and outcrops so discontinuous that stratigraphic rela-
tions between units are uncertain.

Rocks overlying the thrust fault are gray and green-
ish-gray calc-silicate hornfels typical of the Maroon
Formation where it is metamorphosed, but they also
resemble parts of the Minturn Formation where it is
metamorphosed. Detailed cross sections to points
where the top or bottom of the Maroon Formation is
exposed, however, suggest that most of these rocks are
part of the Maroon Formation. Unmetamorphosed

STRUCTURAL GEOLOGY

Maroon Formation occupies the northern and north-
western parts of the Conundrum Creek area (fig. 2).

Structural features

The structural pattern of the rocks above the fault
contrasts strongly with that of the rocks below the
fault (fig. 3). The overlying rocks are less deformed,
and generally dip gently to moderately northward
(fig. 34). The underlying rocks are highly contorted
(fig. 3B). Subdividing the underlying rocks into
small areas did not produce diagrams with markedly
clearer structural patterns. Some of the folds are just
a foot or two in wave length; others are large enough
to affect the map pattern. The small-scale folds lack
a coherent pattern, and the bedding attitudes sum-
marized in figure 3 indicate a lack of pattern in the
large-scale folds. The structure evidently is more com-
plex than is indicated by the map pattern deduced
from unevenly distributed exposures (fig. 2), and
faults as well as folds could be present in the under-
lying rocks.

Discordance between the overlying rocks and the
underlying rocks is most obvious on the southwest side
of the Conundrum Creek area where the marble unit
is well exposed in two gullies and is truncated at a low
angle by granodiorite that occupies the position of the
fault. Just to the north, beds in the overlying rocks
are cut by the fault occupied by granodiorite (fig. 2).

The fault between the two blocks and the bedding
just below in the underlying rocks are concordant over
a distance of a few hundred feet on the north and
northeast sides of the area. In places, Tertiary gran-
odiorite has invaded the fault between the blocks and
the rocks above and below the fault (fig. 2).

EXPLANATION

-

20 percent 10 percent

1 percent

2 percent

5 percent

Figure 3.—Orientation of bedding above and below the Elk
Range fault. Diagrams are equal-area projections on the
lower hemisphere; north at top. Diagrams contoured in
percentage of points per 1 percent of the area. A, 51 poles
of bedding above fault; B, 90 poles of bedding below fault.



BRYANT

ELK RANGE FAULT
Regional considerations

The Elk Range fault crops out 7 miles southwest of
the Conundrum Creek area and extends northwest-
southeast for at least 25 miles (fig. 1). This fault was
discovered in 1873 by the Hayden Survey (Hayden,
1874, p. 65-68), and reported on in more detail by
Holmes (1876, p. 67-71) in the following year. He
described the feature as “the great fault fold of the
Elk Range,” but it has received relatively little atten-
tion in recent years. Vanderwilt (1937) described the
Elk Range fault and reviewed the literature on it. He
did not show all of it on his detailed map and sections.
but did include it on small-scale sketch maps (1935,
1937). Part of it is shown on the State geologic map
" (Burbank and others, 1935). Part of the fault also is
shown on a sketch map of the Crested Butte 15-minute
quadrangle by Langenheim (1952), and most of its
known extent is shown by Godwin and Gaskill (1964).

The Elk Range fault has been described as a fold
which has broken so that the northeast limb has over-
ridden the southwest limb with a displacement of 1 to
2 miles (Holmes, 1876) or more than 2 miles (Vander-
wilt, 1937).

The rocks above the Elk Range fault are generally
less deformed than the rocks below the fault. The
overridden rocks are in tight folds overturned to the
southwest in the area between the fault and the
Treasure Mountain dome (Vanderwilt, 1937). Folds
in the overridden rocks extend southeast into the corner
of the Maroon Bells quadrangle, where they die out or
are obliterated by the White Rock pluton. In the line
of the cross section in figure 4B the northeast limb of
the fold in the overridden block at the southwest
margin of the White Rock pluton has been steepened
by intrusion of the pluton so that the fold is now
asymmetric; the northeast limb has a steeper dip than
the southwest one. Folds in the overridden block die
out to the northwest in the Marble quadrangle (Gaskill
and Godwin, 1966). Detailed information on the folds
is lacking to the southeast.

Gaskill and Godwin (1968; 1966; oral commun.,
1965,) show that apparent movement on the Elk Range
fault dies out abruptly to the northwest, especially
between the Snowmass pluton and the Crystal River,
where it may indeed be considered a faulted fold with
minor horizontal displacement. Relations to the south-
east are more obscure; the fault may bifurcate into two
thrust faults and be lost where it becomes parallel
with bedding. Langenheim (1952) shows Minturn
Formation (his Gothic Formation) carried over Meso-
zoic rocks on both branches of the fault. Consequently,

Db

it seems reasonable to assume considerable transport of
the Elk Range thrust sheet in that area. No detailed
published geologic maps are available at the intersec-
tion of the northwest-trending Elk Range fault and
the north-trending Sawatch Range.

In the southwestern part of the Maroon Bells quad-
rangle (fig. 1), the upper part of the Minturn Forma-
tion overrides Mesozoic rocks along the Elk Range
fault (fig. 4). The Maroon Formation is about 10,000
feet thick in the thrust plate in the western part of this
quadrangle and in the southwestern part of the High-
land Peak quadrangle. Sections measured by Langen-
heim (1952, 1954) just to the south beneath the fault
show only about 1,000 feet of Maroon Formation.

The Maroon Formation characteristically changes
thickness and lithology over short distances. For
example, in the thrust plate above the Elk Range fault
its thickness changes from 10,000 feet in the Maroon
Bells quadrangle to 2,500 feet in the northwestern part
of the Marble quadrangle in a distance of 15 miles
oblique to the trend of the central Colorado trough
(Langenheim, 1954; Gaskill and Godwin, 1966). The
thickness of the Maroon may change more rapidly per-
pendicular to the trend of the trough, and as little as
6 miles of tectonic transport of a thick section south-
west toward the margin of the trough could account
for the present juxtaposition of a section of Maroon
Formation 10,000 feet thick over one only 1,000 feet
thick (fig. 44).

The Elk Range fault probably was for the most part
a bedding-plane fault on the Belden Shale or perhaps
partly on a shaly or evaporitic interval in the Minturn
Formation so that in the Conundrum Creek area
younger rocks were carried over older ones. Some or
possibly most of the Minturn Formation was cut out
in the lower block. Deformation of rocks in the over-
ridden block may be due to rumpling of the incompe-
tent shales and thin-bedded limestones below the thick
section of more competent sandstones of the thrust
sheet. Farther east, along the flank of the Sawatch
Range, the fault also may be parallel with bedding in
the Belden Shale but with few or no beds missing.
Consequently, the fault may be difficult to recognize
where it should be along the flank of the Sawatch
Range east of the Conundruin Creek area. Southwest
of the Conundrum Creek area the fault has cut upward
in the section of the overridden block but has remained
at approximately the same stratigraphic horizon in the
overriding block.

Whether the lower Paleozic rocks below the Belden
Shale are as complex structurally as the units of the
overridden block exposed in the Conundrum Creek
area is unknown. Where the Belden Shale is brought
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and across the outcrop of the Elk Range fault in the southwest corner of the Maroon Bells quadrangle.

section is shown on figure 1, but section is based on more

Line of
detailed information than shown on small scale of figure 1.

A, after movement of the Elk Range thrust sheet but before intrusion of Tertiary granodiorite; B, at present.

up along the west flank of the Sawatch Range it is
highly contorted in many places, and the massive
underlying rocks do not have the same contortions.
The structural pattern of the overridden rocks between
the Conundrum Creek area and the outcrop of the Elk
Range fault is not known, and the simplest interpre-
tation is used in the diagrammatic section (fig. 4B).

Previous maps and my reconnaissance east of Co-
nundrum Creek suggest that the Castle Creek fault,
which apparently has a small displacement in the line
of the section (fig. 48), but a much larger one at
Aspen, cuts the Elk Range fault. Rocks of the window

have been brought to an altitude of more than 12,000
feet and against the Maroon Formation along a fault
in the northeast part of the Conundrum Creek area
(figs. 2 and 48B). This later faulting and the intrusion
have obscured the relations between the overridden and
overriding rocks on the east side of the window.
Detailed mapping by Gaskill and Godwin (1966) in
the Marble quadrangle and by me in the Maroon Bells
quadrangle confirms the suggestion provided by earlier
mapping (Holmes, 1876; Vanderwilt, 1937, p. 91) that
the Elk Range fault exerted a considerable degree of
structural control on the subsequent emplacement of
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the Snowmass and White Rock plutons. The trace of
the fault is now discontinuous as a result of intrusion
of the granodiorite (fig. 1), just as the relations
between the structurally complex overridden and struc-
turally simple overriding blocks in the Conundrum
Creek area are obscured as a result of emplacement of
the granodiorite of the White Rock pluton (fig. 2).
The pluton does not intrude rocks below the Belden
Shale where they are exposed along the west flank of
the Sawatch Range (fig. 1), which indicates that it
may have had its floor in or above the Belden Shale,
near or along the Elk Range fault as shown on figure
4. Map relations show that in the southwestern corner
of the Maroon Bells quadrangle and in the Conundrum
Creek area the granodiorite at least locally cuts into
the overridden block of the Elk Range fault. Detailed
mapping of the rocks in the thrust plate shows that
the granodiorite is concordant with bedding along well
over half its contact length and is sharply discordant
elsewhere to produce the highly irregular outcrop
pattern of the pluton as a whole (fig. 1).

Origin and age

The position of the Elk Range thrust sheet appears
to be related to the steep southwest flank of the
Sawatch Range (fig. 1). Folds in the overridden block
and the stratigraphic relations in the Maroon Forma-
tion indicate that the sheet travelled southwestward
out of the northwest-trending central Colorado trough;
it could have been derived by gravity sliding oft the
Sawatch range uplift of a section of rocks from the
thick interior part of the trough. Evaporite beds
near the center of the trough may have facilitated
movement of the sheet (Zen and Hanshaw, 1964).

The age of the Elk Range fault is not clearly estab-
" lished. The fault cuts the Mesaverde Formation of
Late Ctetaceous age in the Marble quadrangle (Gaskill
and Godwin, 1966), and it is cut by Tertiary intrusives,
which are of post-early Eocene age in the West Elk
Mountains (Godwin and Gaskill, 1964). West of
Crested Butte, conglomerate and sandstone of the Ohio
Creek Formation of Paleocene age contain pebbles of
quartzite, shale, and silty clay (Gaskill and Godwin,
1963), many of which are rock types of the Mesaverde
Formation or the Mancos Shale of Cretaceous age, and
probably reflect the earliest uplift of the Sawatch
Range. By the time the basal part of the Wasatch
Formation was deposited, Precambrian rocks were
probably exposed in the Sawatch Range, unless the
pebbles of plutonic rock (Gaskill and Godwin, 1963,
p. C36) in the Wasatch were derived by reworking of
conglomerates in the Maroon Formation rather than
from the Precambrian. Thus, uplift of the Sawatch
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Range and consequent movement of the Elk Mountain
sheet probably began in Paleocene time.

Along the margin of the Sawatch Range the rocks
are broken by many faults. This is the area where the
Elk Range fault should crop out if the eastern Elk
Mountains consist of a large gravity sheet. Until
detailed mapping is done over a large stretch of the
outcrop belt of the Belden, Minturn, and Leadville
Formations along the west side of the Sawatch Range
the presence of the Elk Range fault in that area cannot
be proved or disproved. At Lenado, north of Aspen;
in the Hope and Highland tunnels 5 miles south of
Aspen; and on the northeast side of Taylor Peak south
of the Hayden Peak quadrangle; the Belden Shale is
broken by numerous faults, many of which are parallel
with bedding. Gouge and breccia along them range
in thickness from a quarter of an inch to more than
100 feet. Whether some or most of these faults are
the Elk Range fault is not yet demonstrable because
it is difficult to separate older, originally low-angle
bedding faults which have been subsequently steepened
by later deformation, from younger high-angle faults
along the margin of the Sawatch Range uplift. The
geologic relations as now known seem permissive for
the hypothesis of a thrust sheet in the eastern Elk
Mountains.

The possibility of a window in the Conundrum
Creek area and the juxtaposition of stratigraphic sec-
tions of the Maroon Formation of vastly different
thickness along the Elk Range fault in and south of
the Maroon Bells quadrangle require us to consider the
Elk Range thrust-sheet hypothesis.
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STREAM ANTICLINES IN CENTRAL KENTUCKY

By GEORGE C. SIMMONSS, Berea, Ky.

Work done in cooperation with the Kentucky Geological Survey

Abstract.—Small nontectonic folds called stream anticlines
occur in interbedded limestone and shale of the Upper Ordo-
viclan in central Kentucky. Although their amplitude com-
monly is only a few feet, some anticlines are more than half
a mile long; most are fractured along their crests. Stream
anticlines are unrelated to tectonic features, and their coinci-
dence with valley bottoms suggests a Recent origin. This ori-
gin is substantiated at one place by an eyewitness account
near Stanford, Ky.

Small nontectonic anticlines are common in Upper
Ordovician limestone and shale in central Kentucky.
The anticlines occur along valley floors, and their axes
coincide with the trends of the valleys. About 50 of
these folds were recently mapped in the Kirksville,
Valley View, Richmond North, and Union City quad-
rangles by the author and by R. C. Greene (1965, 1966)
near Richmond, Ky. (fig. 1), and the description to
follow is based on observations in that vicinity. These
geologic structures are shown as minor anticlines on
the quadrangle maps. The term “stream anticline”
which describes these folds was suggested by Charles
H. Maxwell, of the U.S. Geological Survey (oral
commun., 1962) because the folds trend along stream
courses and are well exposed where streams flow on
bedrock.

Stream -anticlines are simple upward flexures with-
out complementary synclines. The beds on the flanks
of the folds commonly dip less than 5°, although dips
of more than 20° have been recorded. The width of
the folds, that is, the distance between unflexed beds on
the opposite sides of the folds, is from a few feet to
several tens of feet. The amplitude is from a few
inches to 5 feet. Despite their small amplitude, some
anticlines have a length of more than half a mile; how-
ever, lengths of several tens to hundreds of feet are
more common.

The stream anticlines are commonly fractured along
their crests. The fractures occur singly or in sets with
individual fractures spaced a few inches to several feet
apart and are either open an inch or two or tightly
closed. Most anticlines have a relatively large open
fracture along the crestline and parallel, more weakly
developed fractures on the flanks. Locally, beds are
buckled and have steep dips between fractures or are
offset several inches across a fracture.
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F1ogure 1.—Index map showing quadrangles in central
Kentucky where stream anticlines have been mapped.
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F1aurE 2.—Stream anticline in interbedded limestone and shale
(Grant Lake Member of the Ashlock Formation) on West
Fork Otter Creek, Richmond North quadrangle, Kentucky.

Ficure 3.—Stream anticline in interbedded limestone and shale
(Tate Member of the Ashlock Formation) on West Fork Otter

Creek, Richmond North quadrangle, Kentucky. The dip is
only 1° on each flank of the fold, but uplift raised the axial
region of the anticline high enough to divide the streamflow
into two channels during stages of low water. (Maximum
width of stream near top of picture is about 40 feet.)

Stream anticlines involve alternating beds of lime-
stone and shale at places where the ratio of limestone
to shale is between 3:2 and 3:1. The limestone gen-
erally occurs in beds ranging from less than 1 inch to
6 inches in thickness separated by laminae and beds of
shale as much as 1 inch thick. The stratigraphic units
containing this lithology in the area are the Ashlock
Formation, Calloway Creek Limestone, and parts of
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F1cure 4.—Map of the Richmond North quadrangle, Kentucky,
showing the relation of stream anticlines (arrows) to structural
features. Structure contours, in feet above sea level, are
drawn on the base of the Garrard Siltstone. See figure 1 for
location of quadrangle.

the Clays Ferry Formation; thus the stream anticlines
are chiefly confined to these formations (figs. 2 and 3).

Stream anticlines are unrelated to structural features
of tectonic origin. The folds strike parallel, oblique,
and perpendicular to local and regional bedding trends.
Only a few anticlines were found near faults, and no
evidence was found suggesting a causal relation
between the two (fig. 4).

The origin of stream anticlines is not known. One
hypothesis is that the absorption of water by clay
minerals caused an increase in volume of the shale beds.
This in turn produced stresses that were most easily
relieved by upward bending of strata in the stream
bottoms where little or no overburden was present.
Another hypothesis is that “unloading™ of bedrock by
stream erosion resulted in a reduction of pressure on
beds at stream level compared to the pressure on the
same beds under adjacent hills. This differential
pressure caused a slight plastic flow in the shale toward
the streams, and a volume increase in the shale lifted
the overlying limestone. Shaler (1877, p. 49) con-
sidered that the folding and fracturing resulted from
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contraction of limestone caused by ‘solution of various
soluble salts—similar to the drying of wood or the
shrinkage of brick clay during burning.

Although the genesis of the anticlines is uncertain,
their time of origin is undoubtedly Recent. This con-
clusion is indicated by the coincidence of stream anti-
clines and drainage (fig. 5), and is confirmed by the
report by Shaler (1877, p. 48-49) of an eyewitness
account near Stanford, Ky.:

2 M}.ES \

Fraure 5.—Map of the Richmond North quadrangle, Kentucky,
showing the relation of stream anticlines (arrows) to drainage.
See figure 1 for location of quadrangle.
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The bed of the creek lies in the upper part of the Cincinnati
Group, or Blue Limestone series; but at this point the series
is much less calcareous than in the region to the northward.
The rock lies rather in thin beds, but very compact and dense
—rather arenaceous and calcareous—showing a remarkable
want of the open joints- so common in many of our limestones
of this series. Below the level of these hard beds are lime-
stones which show the ordinary jointed beds. The rocks in
the bed of the creek are exposed in very broad tables, the one
where the disturbance occurred being over two hundred feet
long and perhaps twenty feet wide. Above and below this point,
the stream had slight falls over the edges of similar beds.
Just at this point its bed was upon this broad sheet of rock,
all of one layer. The disturbance which was very conspicuous,
consisted of a low ridge, about three feet wide and about ten
inches high in the middle, which extended obliquely across the
stream for a distance of one hundred and fifty feet, either end
disappearing beneath the bank of alluvium that bordered the
stream. The top of the ridge was shattered into fragments by
the process of upheaval, spalls of rock to the number of hun-
dreds having been thrown from its surface by the movement.
The top' 6f the ridge was seamed by 4 fissure about an inch
wide, which was irregular in its direction and width.

Fortunately, the formation of this curious ridge was intel-
ligently observed by the son of Mr. Cornelius Trailer, on whose
farm the disturbance occurred. At early day, coming with a
horse to a wateringplace near the stream, he heard the roar-
ing sound beneath the earth, which was so violent as to cause
his horse to break away from him. In a moment he saw the
stones begin to fly from the rock in the bed of the creek, near
the bank, and directly saw that the disturbance advanced up-
stream. Following the movement, which went on at the rate of
a slow walk, he saw it finally disappear beneath the opposite
bank. During the rest of the day there were frequent sounds
as of further rending of the rocks at depths beneath the up-
heaved surface; but by nightfall the sounds had all ceased, and
had not been renewed up to the time of my inspection.

REFERENCES

Greene, R. C., 1965, Geologic map of the Kirkville quadrangle,
Garrard and Madison Counties, Kentucky : U.S. Geol. Sur-
vey Geol. Quad. Map GQ-452. .

1966, Geologic map of the Valley View quadrangle, cen-
tral Kentucky : U.S. Geol. Survey Geol. Quad. Map GQ—-470.

Shaler, N. 8., 1877, Scientific problems: Kentucky Geol. Survey
Rept. Prog., v. 3, pt. 7, new ser. (2d), p. 43-50 (407-414).




GEOLOGICAL SURVEY RESEARCH 1966

EXOTIC BLOCKS AND COARSE BRECCIAS

IN MESOZOIC VOLCANIC ROCKS OF SOUTHEASTERN ARIZONA

By FRANK S. SIMONS, ROBERT B. RAUP, PHILIP T. HAYES,

and HARALD DREWES, Denver, Colo.

Abstract.—In the Canelo Hills and the Huachuca, Patago-
nia, and Santa Rita Mountains of southeastern Arizona, thick
sequences of Mesozoic volcanic and volcanic-sedimentary rocks
contain sizable exotic blocks or coarse sedimentary breccias of
older rocks. The large blocks were emplaced by dragging or
rafting by lava flows, by gravity sliding, or possibly by transport
in ash flows. These exotic blocks and coarse breccias, together
with conglomerate at several horizons, indicate widespread tec-
tonic activity in southeastern Arizona during Mesozoic time.

Several mountain ranges in Santa Cruz and Cochise
Counties, southeastern Arizona, contain thick volcanic
and volcanic-sedimentary sequences of Triassic to Cre-
taceous age (fig. 1). In many places these volcanic-
sedimentary sequences contain sizable blocks or coarse
sedimentary breccias of older rocks. Maximum dimen-
sions of some of the larger blocks are locally meas-
urable in thousands of feet. The volcanic rocks are
mainly rhyolite, quartz latite, and dacite, but some are
trachyte and trachyandesite. The geologic age of some
of the volcanic sequences has been determined by their
relation to fossiliferous rocks or by isotopic age deter-
minations, but the age of others is known only within
broad limits.

The exotic blocks in the Mesozoic rocks commonly
are of upper Paleozoic sedimentary strata but also
include lower Paleozoic sedimentary rocks and Pre-
cambrian metamorphic rocks as well as Mesozoic vol-
canic material. The large blocks were emplaced in
several ways; some were picked up and dragged by
flowing lava or appear to have been rafted on or in
lava flows, whereas others are interpreted as gravity
slide blocks, some of which may have glided along
muddy layers in the host rock. The sedimentary
breccias are thick and very coarse but otherwise are
lenticular stratigraphic units that were deposited near
a rugged source area.

Exotic blocks or breccias from four ranges are
described briefly, and some ideas on Mesozoic paleo-
geography of southeastern Arizona are presented. The
Canelo Hills have been studied by Raup, Simons, and
Hayes, the Huachuca Mountains by Hayes, the Pata-
gonia Mountains by Simons, and the Santa Rita
Mountains by Drewes.

CANELO HILLS

The Canelo Hills comprise a group of low narrow
ridges lying between the Huachuca Mountains to the
east and the Patagonia and Santa Rita Mountains to
the west (fig. 1). They extend from about 6 miles
north-northeast of Patagonia southeastward for 22
miles. The northern half of the Canelo Hills is under-
lain by sedimentary rocks of Paleozoic and Mesozoic
age and volcanic rocks of Mesozoic and Tertiary age,
whereas the southern half consists largely of silicic
and intermediate volcanic rocks of Mesozoic and
Tertiary age.

Northern Canelo Hills

The northern part of the Canelo Hills consists mainly
of Paleozoic sedimentary rocks, mostly limestone, over-
lain by Canelo Hills Volcanics of Triassic and Jurassic
age (Hayes and others, 1965). The basal unit of the
volcanic rocks is as much as 2,000 feet thick and 1is
made up of red beds, tuff, tuffaceous sandstone, con-
glomerate, and thin silicic lava flows. At most places
it rests on Permian Concha Limestone and was
deposited on a surface of moderately high relief
marked locally by a zone suggestive of a poorly devel-
oped regolith. Exotic blocks, probably emplaced by
gravity sliding, are abundant in sedimentary rocks
near the base of this unit.
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Figure 1.—Index map of a part of southeastern Arizona, showing location of areas described in the text.

1, northern Canelo

Hills; 2, southern Canelo Hills; 3, Coronado National Memorial, Huachuca Mountains 64’ American mine area, Patagonia

Mountains; 6, Flux mine area, Patagonia Mountains; and 6, Josephine Canyon~Montosa

anyon area, Santa Rita Mountains.

Index map: A, Dos Cabezas Mountains; B, Chiricahua Mountains; C, Dragoon Mountains; and D, Mule Mountains.

Host rocks for the exotic blocks are mainly con-
glomerate and red beds. The conglomerate is largely
massive limestone conglomerate but locally is composed
principally of clasts of volcanic rock in a tuffaceous
matrix. Interbedded with the conglomerate are thin-
bedded tuff and tuffaceous sandstone. The red beds
comprise red mudstone with a few thin and discon-
tinuous limy layers and brown medium-grained sand-
stone. Volcanic flows and tuff occur locally in the
red-bed sequence, indicating that the red beds were
deposited during a period of volcanic activity in the
region.

A typical exotic block is a bedding-plane slab lying
generally parallel to the layering in the host rocks.
Such blocks range in length from a few tens of feet
to at least 4,000 feet and in thickness from a few feet
to more than 150 feet. Most blocks are limestone or
dolomite of Permian age, from either the Concha
Limestone or the Scherrer Formation; some are quart-
zite or feldspathic sandstone, also of the Scherrer.

All the blocks are brecciated, but the degree of
brecciation is not uniform. Distance from possible
source rocks, where any estimate can be made, or type
of host rock seem to have little influence on the inten-
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sity of brecciation; in general, however, brecciation
diminishes toward the centers of blocks, so that thick
blocks are less brecciated than thin ones.

Breccia fragments of limestone are not everywhere
easily recognized owing to subsequent healing of
fractures. In some places, original fragments show up
because of slight color differences between them and
the healing material. The effect of brecciation on chert
and fossils is more evident. Chert nodules, so abundant
in the Concha Limestone, are thoroughly shattered and
their “distinctive shapes are destroyed, although the
general distribution of chert is little changed. Silici-
fied brachiopods are common in chert nodules of the
Concha, and in places the only recognizable fossils
remaining in exotic blocks are in fragmented nodules;
unsilicified fossils have been obliterated. _

Fragments in exotic blocks have been rotated, at
least . locally. Evidence of rotation.can be seen only
in fragments of quartzite, which is laminated, and not
in fragments of the unlaminated carbonate rocks.
Parting planes generally are intact. Near the base of
one block, fragments in a thin unit of distinctly lami-
nated quartzite are oriented at random, indicating con-
siderable rotation on a small scale, but the contact
between quartzite and the overlying fragmented car-
bonate rock is practically undisturbed. Apparently
the blocks moved as bodies that were sufficiently com-
petent to preserve gross stratigraphic features, even
though beds between parting planes were disturbed
locally to a greater extent.

All the exotic blocks whose stratigraphic position
relative to the underlying Paleozoic bedrock is known
are within 300 feet of the Paleozoic rocks, and most
are within 100 feet or less. Although blocks occur
throughout this interval, within a given area they tend
to be concentrated at a particular horizon. Field evi-
dence shows clearly that at least some of the blocks
could not have reached their present stratigraphic posi-
tion as a result of faulting, and it seems likely that all
were emplaced by gravity sliding.

Examples of exotic blocks in conglomerate may be
seen north of the Canelo Pass road just east of the
pass. Here, large blocks, mainly of Concha Limestone,
are enclosed in a unit of massive limestone conglom-
erate and volcanic sedimentary rocks. The conglom-
erate unit thins abruptly toward the north, suggesting
that it was deposited in a local basin. The blocks
appear to be ordinary components of the conglomerate,
but one exposure suggests that they may have slid on
muddy layers within the conglomerate. At this place,
the basal few feet of an exotic block of Concha Lime-
stone is typically brecciated, and the healing material
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is red limy mudstone with only sparse rounded
granules and small pebbles of limestone. The mud-
stone may represent the surface material on which the
block slid.

Examples of exotic blocks in red beds are common
along both flanks of a faulted syncline on the east side
of the northern Canelo Hills. Along the east flank,
part of which is shown on figure 24, the relation of
exotic blocks to source rocks is particularly well dis-
played; the exposed source rocks are the lower part of
the Concha Limestone, and the blocks too are derived
from the lower part of that formation. The surface
on which the red beds were deposited is fairly irregu-
lar, with local relief of at least 400 feet. Depressions
in the older terrane were filled in by red beds with a
thin basal conglomerate and abundant exotic blocks.
After the dépressions were filled, more blocks were
emplaced sporadically within a narrow stratigraphic
interval.

Southern Canelo Hills

The southern part of the Canelo Hills is made up
mainly of rhyolite lava flows more than 1,000 feet
thick, overlain by rhyolite welded tuff more than 6,000
feet thick (fig. 2B). These rocks have a general north-
west strike, and dip moderately southwest.

Several lenses of upper Paleozoic sedimentary rocks,
largely of Permian age, are enclosed in or underlain
by rhyolite lava, and other lenses have similar, but not
entirely clear, field relations. Two are overlain
directly by welded tuff. The lenses range in length
from 200 to 3,500 feet and are as much as 750 feet in
outcrop width. Two lenses are at or near the top of
the lavas, two others are probably near the same strati-
graphic position, and another seems to be several hun-
dred feet below the top of the lavas. The stratigraphic
location of other lenses is uncertain. Carbonate rocks,
mostly limestone, are dominant in the lenses, but
quartzite is present in four of them.

The lenses have several features in common. All are
brecciated ; indeed some are so thoroughly fractured
that over sizable outcrop areas no fragments more
than a few inches across remain unbroken. I<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>