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GEOLOGY OF THE SIERRA MADERA
CRYPTOEXPLOSION STRUCTURE,
PECOS COUNTY, TEXAS

By H. G. WiLsHIRE, T. W. OFFIELD, KEITH A. HOwARD, and Davip CUMMINGS

ABSTRACT

The Sierra Madera structure is a bowl- or funnel-shaped body,
about 8 miles in diameter and 6,000 to 8,000 feet deep, of intensely
deformed sedimentary rocks at the southern edge of the Val Verde
basin in west Texas. The deformed rocks are Permian and Lower
Cretaceous shelf-facies carbonate strata. The structure is composed
of three main parts: a central uplift, about 5 miles across, in which
the oldest rocks have been raised 4,000 feet above their normal
position; a surrounding structural depression, about 14 to 1 mile
wide, that is floored mainly by Lower Cretaceous strata; and a
concentrie structurally high rim, about half a mile wide, in
which Lower Cretaceous rocks are locally folded and cut by con-
centric normal faults downthrown toward the center.

The intensity of folding and faulting increases inward from the
flanks of the central uplift toward a central zone, about a mile in
diameter, where dips and fold plunges are near vertical or over-
turned. Individual beds are repeated by folding and faulting, so
that their total strike length is greater than the length of the
perimeter on which they lie, indicating both inward and upward
movement of the strata forming the uplift. This movement pattern
is substantiated by a thickened section in the center where only
1,200 feet of the oldest strata with generally steep dips fill an area
at least a mile wide. Drill data show that this thickening is not the
result of domical arching of the oldest beds but is instead, caused
by repetition of beds resulting from centripetal movement.

The structural depression probably resulted from tectonic thin-
ning accompanying the inward movement of rocks to form the
central uplift. Folding and uplift in the outer rim may have been
produced by outward-directed compression early in the deforma-
tional event.

Monolithologic and mixed breccias, shatter cones, and certain
types of internal structures of minerals at Sierra Madera are as-
scribed to shock deformation. Monolithologic breccias, composed
of shattered but unmixed rocks, are abundant on the central uplift.
Generally, they show few signs of shock deformation, but there are
indications that some shatter cones formed concurrently. When
beds containing shatter cones are restored to horizontal, the cones
point inward and upward above the center of the structure. Mixed
breccias form intrusive bodies in which fragments from beds as
much as 1,700 feet apart occur together. Quartz grains in the mixed
breccias have multiple planar elements and cleavages, dominantly
parallel to {0001}, {1013}, {1012}, {1011}, and {1010}, and abnor-
mally low refractive indices that indicate peak pressures above
200 kb (kilobars). Planar elements in quartz from rocks still in

place near the center of the structure record pressures above 100
kb, and those in quartz from rocks on the flanks of the uplift
record pressures near 50 kb.

The symmetry of restored shatter-cone orientations suggests
that the cones were formed by a shock wave of generally hemi-
spherical form. As the shock wave traveled downward and outward
from the central focus, shock intensity progressively decreased.
Only the surface impact of an extraterrestrial body could have
produced such a shoeck wave. This interpretation is supported by
the uniqueness of Sierra Madera in an otherwise normal geologic
environment, its lack of relation to any regional or local structure,
and the geometry of the central uplift, which could not have been
produced by a deep subsurface explosive event.

Although the mechanics of formation of the central uplift are
still not completely understood, its structure is similar to uplifts
in craters formed by surface detonation of TNT (trinitrotoluene)
in Canadian cratering experiments. Analogy with experimental
craters and with other ceryptoexplosion structures indicates that
the uplift at Sierra Madera protruded into a crater, since destroyed
by erosion, that was about 8 miles in diameter. Inasmuch as the
rocks forming such uplifts are derived from below the crater floors,
analogous lunear craters potentially offer samples of lunar crust
uplifted from distances below the crater floor on the order of
one-tenth the crater diameter. -

INTRODUCTION

Sierra Madera (wooded hills) is a small group of
hills about 8 miles in diameter that rise 600 feet above
the plains between the Glass Mountains and Fort
Stockton in west Texas (fig. 1). The hills are encircled
at a distance of about 2 miles by a ring of hills that
rises only slightly above the general level of the plains.
Between these two features is an annular depression
largely covered by alluvium. Six Shooter Draw, an
intermittent stream, breaches the outer ring of hills
on the southwest and northeast sides and follows the
annular depression along a crescent-shaped path around
the west side of Sierra Madera. The Sierra Madera
structure, about 8 miles in diameter, includes the cen-
tral hills from which it takes its name, the annular
depression, and the outlying ring of low hills.

Hi
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FIGURE 1.—Index map of Pecos and adjacent counties, west Texas, showing location of the Sierra Madera structure, the Glass
Mountains, and part of the Marathon folded belt.

The Sierra Madera structure is one of a class charae-
terized by roughly circular areas enclosing a central
zone of uplifted and intensely deformed rocks sur-
rounded by a ring of subsided rocks with or without an
outlying zone of concentric folds. Bucher (1936)
denoted these by the name “cryptovoleanie,” originally
used for the Steinheim structure (Branco and Fraas,
1905). Subsequent work has shown that such structures
are also characterized by the presence of shatter cones
(Dietz, 1968) and unusual types of mineral deformation
(Short, 1966a), which support the idea, dating back to
the work of Branco and Fraas (1905), that these struc-
tures formed by explosive release of energy. Whether

the source of the energy was terrestrial or extra-
terrestrial has been the subject of lively controversy
for more than three decades (Bucher, 1936; Boon and
Albritton, 1936). To describe these structures without
bias toward terrestrial or extraterrestrial origin, Dietz
(1946) introduced the term ‘‘cryptoexplosion struc-
ture,” to which Bucher (1963) later subscribed.

The ecurrent investigation of Sierra Madera was
begun in 1960 by E. M. Shoemaker to provide detailed
information on the geology of this well-exposed struc-
ture. The main impetus of the study was to obtain
information on possible terrestrial analogs of lunar
structures.
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PREVIOUS WORK

The first geologic map of Sierra Madera was made by
King (1930) as part of a regional study of the Glass
Mountains. He recognized the unusual character of
the structure (p. 123), and his comparison (p. 125) of
Sierra Madera with the Vredefort ring of South Africa
led Boon and Albritton (1937) to their challenging
suggestion that these two structures as well as others
like them are of meteorite impact origin. King (p. 124)
further demonstrated the domical uplift of the center
and noted evidence for severe radial compression of
the uplifted rocks, both of which are confirmed by our
work. His suggestion (p. 125) that igneous intrusion
may have played a role in formation of the structure
was subsequently disproved by holes drilled for oil
and gas.

Shatter cones were discovered at Sierra Madera in
1959 (Eggleton and Shoemaker, 1961, p. 151), and were
later studied in detail by Howard and Offield (1968).
Shoemaker and Eggleton (1964) found, contrary to
King’s interpretation, that Lower Cretaceous rocks at
Sierra Madera are as severely deformed as adjacent
Permian rocks and concluded that the structure was
formed by a single episode of deformation some time
after deposition of Lower Cretaceous rocks. Eggleton
and Shoemaker (1961) described the breccias in the
central uplift of Sierra Madera as a cup-shaped mass
resembling the breccia zones under Meteor Crater
(Arizona) and the nuclear crater Teapot Ess (Nevada
Test Site).

Lowman (1965) made a reconnaissance magnetic
survey that revealed a magnetic high under the south-
east part of the central uplift and tentatively con-
cluded that Sierra Madera was formed by a syenite in-
trusion. Van Lopik and Geyer (1963) suggested that
the aforementioned anomaly may be caused by me-
teoritic material, but the data are not yet adequate to
distinguish among the possible causes of the anomaly.

In most of the foregoing studies, the structure was
thought to be confined to the topographic feature of
Sierra Madera, 3 miles in diameter, but it is now
known to include two other structural elements—a
concentric structural depression and a peripheral ring
of folds and faults.
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STRATIGRAPHY

Sierra Madera is underlain by a sequence of Cambrian
to Lower Cretaceous sedimentary rocks about 18,000
feet thick (fig. 2). They presumably overlie Precambrian
crystalline rocks, as granite with an age of 900 million
years was penetrated by wells about 23 miles east of
Sierra Madera (Young, 1960, p. 89), and silicic plutonic
rocks were penetrated on the Fort Stockton high to the
north (Flawn, 1956). The pre-Permian Paleozoic strata,
mainly carbonate and fine-grained clastic rocks, were
deformed in Late Pennsylvanian and very early
Permian time during the formation of the Val Verde
trough. Sierra Madera is situated on the southern edge
of the trough (fig. 3; Young, 1960; Oriel and others,
1967). The 7,000 to 12,000 feet of clastic sedimentary
rocks of the Lower Permian Wolfecamp Series (fig. 2)
near Sierra Madera were deposited in the Val Verde
trough, which, in Wolfcamp time, was continuous with
the Delaware basin (fig. 8; Vertrees and others, 1959).
Later in Wolfcamp time, the Sierra Madera site became
part of a shelf on which carbonate rocks formed. The
Hess Formation (fig. 2) is transitional between basin
and shelf environments and is composed of interbedded
clastic and carbonate rocks. Thin, shallow-water, clastic
sedimentary rocks of Triassic age unconformably overlie
Permian strata near Sierra Madera but probably do
not occur at Sierra Madera. Permian rocks at Sierra
Madera are unconformably overlain by a conformable
sequence of Lower Cretaceous rocks—the Trinity,
Fredericksburg, and Washita Groups—deposited during
an extensive transgression of the sea from the Gulf
region (Oriel and others, 1967). Cretaceous rocks over-
lap progressively older Permian rocks southward in the
Glass Mountains, a fact indicating pre-Cretaceous tilt-
ing of the Glass Mountains Permian sequence (King,
1930, p. 127). Lower Cretaceous and older rocks are
partly covered by thin unconsolidated Quaternary
deposits.

Rocks exposed at Sierra Madera range in age from
Early Permian to Early Cretaceous (Comanche Series).
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FIGURE 2.—Generalized stratigraphic column of Precambrian to Lower Cretaceous rocks at Sierra Madera (left column) and
detailed stratigraphic column of rocks exposed at Sierra Madera (right column).
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FIGURE 3.—Index map showing the location of Sierra Madera
with respect to Permian basins and pre-Permian structures in
west Texas and southeastern New Mexico (from Oriel and
others, 1967, fig. 7).

The Permian sequence at Sierra Madera is nearly
identical with that in the nearby eastern part of the
Glass Mountains, and the same stratigraphic units are
recognizable (King, 1930). King did not separate the
Tessey Limestone, Gilliam Limestone, and Vidrio Lime-
stone Member of the Word Formation at Sierra Madera,
but these units were mapped for this report. Formations
older than upper Wolfcamp apparently are not de-
formed as part of the Sierra Madera structure and are
only briefly described below.

PRE-PERMIAN SEDIMENTARY ROCKS

Generalized lithologies of pre-Permian sedimentary
rocks in the vicinity of Sierra Madera are shown in
figure 2. None of the wells that supplied the data for
figure 2 penetrated the full thickness of sedimentary
rocks, but six bottomed in rocks of the Lower Ordovi-
cian Ellenburger Group, not far above the Precambrian
rocks. The section between Precambrian crystalline
rocks and the Lower Permian Wolfcamp is about 5,000
feet thick. The rocks were deposited in a shallow marine
environment. They consist mainly of limestone and
dolomite near the base and grade upward to a sequence
with a higher proportion of fine-grained clastic material
and some chert. All systems from Cambrian to Penn-
sylvanian are represented, although Pennsylvanian
strata are locally missing over a structural high below
the southwestern edge of Sierra Madera. (See fig. 6.)
The total thickness of this part of the section increases
slightly from south to north (table 1), but no significant
facies or thickness changes occur in the study area.
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TABLE 1.—Thickness variations, in feet, in the pre-Triassic, post-
Ellenburger section from south to north across Sierra Madera

South! Hunt51 North?

Tessey Limestone_ ... ___ . .. _.____.___ 285 220 1,190
Gilliam Limestone. . __________ . _______________ 745 580
Word Formation: 3 2 880
Vidrio Limestone Member_. ________.________ 385 750 ’
Limestone Member__ _ _____________________ 115 300
Hess Formation. . _ .. __ .. o _____________ 2,475 2,850 2,200
Wolfcamp Series exclusive of Hess Formation______ 7,835 9,110 10,215
Pennsylvanian System. . _ ... ___.______ 70 380 470
Barnett Shale equivalent. __ . _______________.____ 145 450} 285
Pre-Barnett, post-Woodford Mississippian System _ _ 70 180
Woodford Shale equivalent. .. ... __.______.____ 160 160 160
Pre-Woodford Devonian System 55 70 175
Fusselman Dolomite. .. _._________ 160 140 50
Montoya Dolomite. . _____ . 450 150 510
Simpson Group. - v 2,865 _..._.__. 2,290

1 Averages of data from Hunt Fulk 1, Elsinore 48, 52, 58, 57.

2 Averages of data from Vacuum Elsinore 1, Phillips Alamo 1, Sinclair-Phillips
Montgomery 1.

3tg‘he sandstone member of the Word Formation was not identified in drill
cuttings.

PERMIAN SYSTEM
WOLFCAMP FORMATION (KING, 1930)

The Val Verde trough, which had formed during
Wolfcamp time, deepened in Early Permian time, and a
thick body of Lower Permian basin-facies clastic sedi-
ments was deposited near the site of Sierra Madera.
These rocks, 7,000 to 12,000 feet thick, are a monot-
onous sequence of black shales interbedded with fine-
grained sandstone and some clastic(?) limestone and
dolomite. These rocks make up the Wolfcamp Forma-
tion as used by King (1930). The upper few hundred
feet generally contains a higher proportion of limestone
and dolomite, which grade into the overlying Heéss
Formation. There is no lithologic basis for subdividing
the Wolfcamp Series, but a paleontologic distinction
between upper and lower parts is useful where the data
are available. (See fig. 6.)

The Wolfcamp thickens (table 1) from 7,000 feet at
the south edge of Sierra Madera to 12,000 feet north-
east of it, near the axis of the Val Verde trough (pl. 1,
Sinclair-Phillips Montgomery 1; fig. 3).

HESS FORMATION (KING, 1930)

The Hess Formation, as used by King (1930),
ranges in thickness from about 2,400 feet at the southern
edge of Sierra Madera (pl. 1, Hunt Elsinore 53) to
2,800 feet at the northern edge (table 1; pl. 1, Hunt
Elsinore 51) and is transitional between the Wolfcamp
basin-facies and younger shelf-facies rocks. The Hess
Formation comprises interbedded shale, fine-grained
sandstone, dolomite, limestone, and marl. The section
shows a general upward increase in carbonate at the
expense of sandstone and shale and in dolomite at the
expense of limestone. The only marker within the Hess
that can be correlated between Sierra Madera and the
Glass Mountains consists of varicolored marly beds
occurring near the base of the sequence exposed at
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Sierra Madera (pls. 2, 3) and about 950 feet below the
upper contact in the Glass Mountains. Thin anhydrite
beds near the middle of the Hess Formation were
penetrated by holes drilled on Sierra Madera, but they
are not present in the Glass Mountains. The anhydrite
beds are not exposed at Sierra Madera, so that the
thickness of Hess strata at the surface probably does
not exceed 1,200 to 1,400 feet.

The varicolored marly beds consist of light-gray
dolomitic marl interbedded with laminated yellow
siltstone and several conspicuous beds of pink medium-
grained silty dolomite. Rocks immediately above and
below the marly beds are light-gray to brown, finely
crystalline, locally cherty dolomite with some thin
interbedded finely crystalline limestones. The limestone
beds contain fusulinids, brachiopods, and bryozoans;
fusulinids in at least one bed have distinctive light
halos. Dolomites of the Hess are sparsely fossiliferous
(mainly scattered silicified erinoid stems and local
concentrations of gastropods). Many dolomite beds

CONTRIBUTIONS TO ASTROGEOLOGY

half an inch in diameter. The upper 900 feet of Hess
strata exposed at Sierra Madera is composed mainly
of thin- to thick-bedded, light-gray to dark brownish
gray, finely to coarsely crystalline dolomite, calcareous
dolomite, and limestone; rapid lateral changes from
one rock type to another are characteristic. Some of
the limestones contain abundant fossils, especially
fusulinids, but others, mainly massive, medium- to
coarse-grained limestones, are barren of fossils. Thin
beds of light-gray marly dolomite are interspersed in
various parts of the upper 900 feet of exposed strata.
A thin, discontinuous bed of dolomite containing
quartz granules occurs about 100 feet below the top
of the formation on the north side of the structure.
The uppermost 50 feet of the formation on the north,
east, and south sides contains several beds of light-
gray marl and marly dolomite and, in places, a distinc-
tive bed of porous, white, marly dolomite. Notes
on the petrography of representative lithologies and
fusulinid identifications are given in table 2.

The principal northward (basinward) change (pl. 1,

have open ellipsoidal to equidimensional cavities about

TABLE 2.—Petrography and paleontology of rocks exposed at Sierra Madera

[Units arranged from youngest to oldest. Limestones classified according to Folk (1959, 1962), sandstones according to Williams, Turner, and Gilbert (1954). Fusulinids
identified by C. A. Ross, Western Washington State College]

Georgetown, Duck Creek, Kiamichi, and Edwards  Biomicrite, pelmicrite, and microsparite most abundant; local fine to very coarse,
Formations. sandy calcirudite. Fossils common, not identified.

Basal Cretaceous sandstone____________________ Fine- to coarse-grained quartz arenite with finely to coarsely crystalline calcite
cement, locally with microcrystalline quartz cement; quartz has bimodal size
distribution with large subrounded to well-rounded grains and small angular to
subangular grains; zoned and weak to moderate undulose extinction fairly
common; most grains have fluid inclusions, many in planar concentrations;
poorly developed cleavages uncommon; a few grains have one to three sets of
thin planar discontinuities. Minor detrital constituents include micrite, chert,
tourmaline, rutile, and monazite.

Finely to very finely crystalline dolomite and pellet dolomite; variable quantities
of sparry calcite, minor detrital quartz and muscovite. Some interbedded pelmi-
crite. Dolomites commonly brecciated with clasts in aphanocrystalline ground-
mass. Fossils fragmental and rare, not identified.

Finely to very finely crystalline dolomite and pellet dolomite, and fine to very
fine grained quartz arenite with very finely to finely crystalline carbonate
cement. Sandstones moderately to well sorted, quartz angular to subangular;
planar concentrations of fluid inclusions common in quartz; undulose extinction
uncommon; cleavage and planar discontinuities rare. Common aceessories in
sandstones are chert, muscovite, microcline, plagioclase, tourmaline, rutile,
zireon, and opaque minerals. Fusulinids and gastropods rare, poorly pre-
served, not identified.

Vidrio Limestone Member; finely to medium-crystalline dolomite, local dolomi-
tized microsparite, biomicrudite, pelmicrite(?). Parafusulina sellardsi.

Sandstone Member; finely- to coarse-grained quartz arenite with finely to coarsely
crystalline carbonate cement, and sandy finely to medium-crystalline dolomite.
Quartz moderately sorted, tendency to bimodal size distribution, subangular
to subrounded; undulose extinetion uncommon; planar concentrations of fluid
inclusions common; cleavage and one to three sets of planar discontinuities
uncommon. Minor detrital constituents include chert, biomierite, micrite, and
opaque minerals.

Limestone Member; dolomitized biomicrudite, biomicrosparite, microsparite,
biosparrudite. Parafusulina deliciasensis, P. wildei, P. sullivanensis.

Conglomerate and fine to very coarse grained quartz arenite with finely to coarsely
crystalline carbonate cement. Conglomerate pebbles mainly chert and quartzite.
Quartz moderately to poorly sorted, subangular to subrounded; undulose
extinetion uncomnmon; planar concentrations of fluid inclusions moderately
common; cleavage poorly developed, moderately common; planar structures
uncommon but form one to three sets where present, except in quartzite grains
where one to five sets of such structures are common.

Variously dolomitized microsparite, biomicrorudite, biosparrudite, and finely to
coarsely crystalline dolomite. Schubertelle melonica, Parafusulina durhamsi,
P. spissisepta, P. brooksensis, P. splendens, Schwagerina hessensts, P. vidriensis.

Tessey Limestone_ _ __________________________

Gilliam Limestone_ ___________________________

Word Formation_ _ _______________ ____________

Cathedral Mountain Formation________________

Hess Formation (King, 1930)__ ____.___________
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Phillips Alamo 1) in lithology of the Hess Formation is
a large increase in proportion of shale and fine-grained
sandstone in the upper part. The average thickness
of the formation (table 1) is about 300 feet less to the
north and east of Sierra Madera.

CATHEDRAL MOUNTAIN FORMATION

The Hess Formation is overlain by a thin sequence
of calcareous chert conglomerate, very coarse grained
calcareous quartz and chert sandstone, and thin
sandy dolomite beds (fig. 2; table 2). These rocks were
designated the Leonard Formation by King (1930)
and, in the Glass Mountains, were later divided into
the Hess, Skinner Ranch, Cathedral Mountain, and
Road Canyon Formations by Cooper and Grant (1964,
1966). The formation thins rapidly from the Glass
Mountains toward Sierra Madera, and at Sierra Madera
it is from 0 to about 80 feet thick. Along the northern
side of Sierra Madera the Cathedral Mountain For-
mation is represented by only a few stringers of chert
and quartz pebbles in dolomite and probably disappears
altogether a little beyond the northernmost exposures.
Cuttings of the conglomerate were not recovered from
any of the holes drilled near Sierra Madera.

WORD FORMATION

The Word Formation near Sierra Madera is a shelf-
facies deposit of limestone and dolomite that ranges
from about 360 to 1,000 feet in thickness. It is here
subdivided into three members (fig. 2): informal lime-
stone and sandstone members and the Vidrio Lime-
stone Member (King, 1942). The lowest member, 0 to
250 feet thick, is thick- to thin-bedded, locally platy
limestone that is generally richly fossiliferous and
contains some interbedded finely ecrystalline dolomite
(table 2). The limestone member is overlain by coarse-
grained sandstone composed of angular quartz granules
and silicified crinoid segments, or by siltstone and
fine-grained sandstone, 0 to 35 feet thick. The sand-
stone grades laterally to sandy dolomite (table 2), and
in places massive dolomite, included as part of the sand-
stome member, intervenes between the sandstone and
underlying limestone member. The uppermost member,
the Vidrio, 200 to 750 feet thick, is very thick bedded
to massive, gray to dark-brown dolomite. Numerous
small disk-shaped cavities elongate parallel to bedding
characterize its lower part. Chert is common in the
upper half and also near the base; fossils are very rare.
Owing to lateral changes in the Word at Sierra Madera
(table 2), on the east side the Vidrio Limestone Member
includes light-gray, finely crystalline to coarse bioclastic
limestone between the sandstone member and dolomite,
whereas in other places the sandstone member is missing
and the lower limestone member is replaced by dolo-
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mite of the Vidrio Limestone Member, which directly
overlies the Cathedral Mountain Formation (fig. 2).

All three members of the Word Formation at Sierra
Madera occur in the nearby Glass Mountains, but the
formation thickens northward beneath the surface
(table 1) and changes to interbedded shale, sandstone,
limestone, and dolomite (pl. 1, Phillips Alamo 1,
Vacuum Elsinore 1).

GILLIAM LIMESTONE

The Gilliam Limestone, about 700 to 950 feet thick at
Sierra Madera, is bedded dolomite with variable
amounts of very fine and fine-grained sandstone. Dolo-
mite beds are 1 inch to about 8 feet thick; sandstone
beds, a few inches to about 6 feet thick. The formation
grades downward, with increasing thickness of beds,
into the Vidrio Limestone Member. The top is generally
marked by a thin sandstone bed. Gray facies and red or
brown facies were recognized during fieldwork but are
not shown on the map because they do not maintain
constant stratigraphic positions. However, one major
body of red or brown beds appears to separate upper
and lower gray beds to create a threefold subdivision of
the formation. This subdivision was used in the strue-
tural interpretation.

Dolomite of the gray facies is generally thin bedded
and laminated, although some massive beds occur near
the gradational contact with the Vidrio Limestone
Member. The gray dolomite is mostly very finely to
finely crystalline and lacks detrital constituents. The
red or brown dolomite is thin bedded and very finely to
finely erystalline, and it contains some detrital con-
stituents (table 2). Thin, discontinuous lenticular beds
of yellow-brown, very fine to fine-grained sandstone
occur irregularly throughout the formation but are
more abundant in the red or brown facies than in the
gray facies except at the northeast corner of the central
uplift (pl. 3).

In drill holes a short distance north of Sierra Madera
(pl. 1, Hunt Elsinore 16, 26) the Gilliam Limestone
is mainly fine- to medium-grained sandstone (Yates
equivalent; Natl. Research Council, 1960) composed of
well-rounded quartz grains and chert, in contrast to the
dominant dolomite of the exposed section. Farther
north (pl. 1, Vacuum Elsinore 1, Phillips Alamo 1), the
Gilliam thickens and grades upward into interbedded
evaporites and fine-grained clastic rocks (Yates and
Tansill equivalents; Natl. Research Council, 1960).

TESSEY LIMESTONE

The Tessey Limestone, from 0 to about 400 feet
thick, ranges from thin-bedded, gray, brown, and red-
dish-brown dolomite to block breccia composed of angu-
lar fragments of laminated dolomite a few inches across
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in a dolomite matrix, to extremely coarse breccia of
randomly oriented dolomite or light-gray limestone
blocks several tens of feet long. The very coarse breccia
also occurs in the Glass Mountains and at Sierra Madera
appears to be localized along the eastern side, where it
lies between brececiated and unbreceiated thin-bedded
dolomite with rare, thin, sandy dolomite beds (table 2).
Elsewhere, the formation is mostly block breccia with
small clasts. Massive limestone as much as 100 feet
thick is locally present. Fossils are extremely rare in
both the dolomite and limestone.

Gradations from undisturbed laminated dolomite to
randomly oriented fragments of laminated dolomite in
the Glass Mountains indicate that the finer grained
block breccia was reworked by currents shortly after it
had solidified. The very coarse breccias are presumably
reef-related deposits. The wide distribution of Tessey
breccias indicates that such breccias are unrelated to
the Sierra Madera structure.

The Tessey Limestone changes rapidly northward
(pl. 1, Hunt Elsinore 16, 26; Vacuum Elsinore 1; Phillips
Alamo 1) to a dominantly saline sequence equivalent to
the Salado and Rustler Formations (Natl. Research
Council, 1960).

TRIASSIC SYSTEM
BISSETT CONGLOMERMATE

A thin conglomerate composed of chert, quartz, lime-
stone, and dolomite pebbles locally overlying the Tessey
at Sierra Madera was tentatively identified by Shoe-
maker and Eggleton (1964) as the Triassic Bissett Con-
glomerate. Similar conglomerates occur at several
horizons in the overlying basal Cretaceous sandstone,
and all may be of Cretaceous age. It might be that the
lowest conglomerate, averaging less than a foot thick, is
Triassic but was included by us with the basal Creta-
ceous sandstone at Sierra Madera. Both the Tessey and
Bissett change northward to interbedded evaporites
and fine-grained clastic rocks.

CRETACEOUS SYSTEM
SANDSTONE

A sandstone (the basal Cretaceous sandstone of
Adkins, 1927, p. 31-37; Basement sands of King, 1930,
p. 93) at Sierra Madera occurs at the base of the Creta-
ceous System where it unconformably overlies Permian
strata. It is composed of about 50 to 100 feet of gray to
reddish-brown fine- to coarse-grained quartz sandstone
(table 2) with some interbedded chert, quartz, and
carbonate pebble conglomerate, and that contains vari-
colored silty and shaley lenses. Crossbeds, current ripple
marks, rain prints, and flow casts are common. The
local absence and extreme thickness variations of the
sandstone (pl. 3) on the central uplift are probably the
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result of the deformation rather than nondeposition or
local basin thickening. The distribution of the sandstone
is described in detail in a following section (p. H13).
The sandstone is cemented by quartz rather than the
usual caleite in several roughly equidimensional zones
as much as 300 feet across. Silicified pods such as these
also occur in the Glass Mountains. Fossil wood frag-
ments are locally abundant in the sandstone at Sierra
Madera and were possibly derived from the charophyte
that provided spores found in the sandstone near Fort
Stockton (Groves, 1925).

FREDERICKSBURG GROUP AND LOWER PART
OF WASHITA GROUP

The Fredericksburg and Washita Groups were not
mapped individually because of poor exposures of
marker beds and lack of paleontologic control. Most of
these strata at Sierra Madera, however, belong to the
Edwards Limestone of the Fredericksburg Group.
The overlying Kiamichi Formation, also in the
Fredericksburg Group, occurs only along the northern
edge of the map area (pl. 2) but may be present in parts
of the ring depression where the thickness of Cretaceous
rocks exceeds 250 to 300 feet. The local occurrence
(pl. 1, Hunt Elsinore 32, 37, 40) of as much ag 740 feet
of post-Trinity rocks in apparently little deformed
areas indicates that the Duck Creek and Georgetown
Limestones, in the lower part of the Washita Group, are
also present in the eastern rim zone of Sierra Madera.

The Edwards Limestone, estimated to be between
130 and 200 feet thick, is platy to massive, fine- to
coarse-grained, gray to light-brown limestone. In
places, on the southeast side of the structure, it in-
cludes thin, finely laminated, orange to yellow-brown
marl beds, commonly with small-scale internal folds
and faults. Limestone beds locally contain irregular,
rounded chert nodules and silicified fossils. The base
of the formation on the southeastern side of Sierra
Madera is locally a limestone breceia, possibly of defor-
mational origin, with secattered broken chert frag-
ments. A conspicuous coquina of silicified fossils lies
near the base of the formation on the southeastern side.
The top of the formation on the northern rim of Sierra
Madera is a brown coarsely crystalline limestone.

The Kiamichi Formation, about 50 feet thick, is
interbedded gray and light-brown, shaly or flaggy marl
with some thin argillaceous limestone beds. The Kia-
michi is overlain by the Duck Creek and Georgetown
limestones, which are interbedded platy and massive,
fine- to medium-grained limestones, the lower beds of
which contain abundant ammonites (Pervinquieria).
Drill holes Hunt Elsinore 32, 37, and 40 (pl. 1) pene-
trated as much as 445 feet of the Georgetown Limestone.
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the outer perimeter of the structure, about 4 miles
southeast of its center.

Cones also occur at depth. Cuttings from a well
drilled within about 0.3 miles of the center of the struc-
ture reveal probable cone segments to a depth of 1
mile—4,000 feet stratigraphically below the top of
the Permian. Possible cone segments are found ‘from
lower cuttings throughout the rest of the hole to a
depth of 12,000 feet.

Axes of whole cones in clusters have a nearly common
orientation in any outerop (fig. 26). In exposures show-
ing only segments of cones (fig. 26B), measurement of
many striae shows that the segments are incomplete
parts of cones having a common orientation and that
they define a common cone axis, even though the seg-
ments themselves are at large angles to one another.

Each striation measured at an outerop was plotted
on a lower hemisphere stereographic projection with
the direction of point indicated. Most plots resulted in
a circular pattern corresponding to a conical arrange-
ment of striae. Orientations and apical angles of the
cones were determined by fitting small circles to these
circular patterns. Figure 284 shows a typical plot of
striae from cone segments; for comparison, figure
28B shows striae measured on a single whole cone from
a different locality.

On average, 26 striae per locality were measured

Apical angle 78°

A

H25

except for three localities in which whole cones were
measured directly; it was found that cone geometry
could be reasonably estimated from as few as eight
striae.

Cone segments in a single structural block define
an average cone orientation and an apical angle at
most places at Sierra Madera. However, a few measured
striae in one locality fall far off the circular plot, and
data from three localities were discarded altogether,
because striae orientations were scattered and no uni-
directional cone axis was obvious. The discrepant orien-
tations of cone segments may be attributable to effects
of inhomogeneities in the rock.

Cones in a single structural block generally point in
the same direction, as well as having the same axial
orientation. In a few localities, however, some segments
(as many as 31 percent) point in a direction opposite
to the dominant direction of the cluster.

Apical angles range from 75° to 108° and average
88.5°; thus they are significantly smaller than those
reported from the Vredefort ring of South Africa,
where angles range from 90° to 122° (Manton, 1965).
Figure 29 suggests that, as at Vredefort, each strati-
graphic unit has a characteristic range of apical angles
and that apical angles may be influenced by rock type.

Rocks containing shatter cones have been faulted
and folded, and no pattern is obvious when the average

N

B

FIGURE 28.—A, Striae from shatter-cone segments from one locality, plotted on lower hemisphere stereographic projection (all indi-
cate upward-pointing cones); dashed circles are drawn 10° from small solid circle selected to represent cone. B, Striae measured

on a single upward-pointing whole cone.
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FIGURE 29.—Apical angles of shatter cones measured at various
stratigraphic levels. Each measured apical angle is represented
by a symbol showing rock type: dotted circles, siltstone or
sandstone; solid circles, aphanitic or marly dolomite; open
circles, crystalline dolomite. Rock-column symbols: rectangular
brick, limestone; slanted brick, dolomite; circles, conglomerate;
dots, sandy or sandstone: dashes, shaly or marly.

orientation of cones from each measured locality is
plotted on a map (fig. 27). Evidence from the three
northwesternmost localities, where shatter-cone orien-
tations were measured on both limbs and the trough
of a syncline, indicates that the cones formed before
folding: although oriented differently at all three
places, if the syncline is unrolled, the cones approach a
common orientation. Likewise, some broken cones
found in fault breccia show that the cones predate
faulting.

The original cone orientations can be estimated but
cannot be determined exactly. The paths through
which they were deformed were undoubtedly complex;
the initial attitudes of bedding also are unknown.
Before the eryptoexplosion structure formed, Cretace-
ous strata lay nearly flat, but the underlying Permian
rocks of the area had a small northward regional dip
and gentle undulations, with dips locally as high as 20°.

Nevertheless, if the cones formed before the central
uplift, their initial orientations can be approximated
by assuming that the Permian beds were horizontal
and that there were simple rotations. The facing direc-
tion of beds is known certainly for all but the three
most central localities. Bedding orientations were ro-
tated to horizontal about their strike lines by computer.

The resultant pattern (fig. 30) clearly shows cones
pointing inward and upward, as at other eryptoexplo-
sion structures where shatter-cone orientations have
been well studied. Considering the simplifying assump-
tions used in restoring the beds to their initial positions,
the in-and-up pattern is surprisingly good. One excep-
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tion, the easternmost locality, lies in a chaotic sedimen-
tary reef breccia where initial dips were so high that the
rotation assumption is not valid. A single location of
outward point, in the southwest, is representative of
the minority of cones that developed along the same
axes but with points opposite those of the prevailing
pattern. Apart from the easternmost locality, 13 percent
of all striae measured indicate cones pointing away from
the center; 87 percent indicate cones pointing toward
the center.

Cone-axis plunges are steepest in the center and de-
crease outward. A crude central focus of intersecting
cone axes was found by computer after restoring the
strata to a horizontal position. This approximate focus
(standard deviation of 2,000 feet) occurs at the top of
the Permian section directly over the center of the
uplift (fig. 30).

These results generally confirm those of Manton
(1965), Bray and others (1966), Stearns, Wilson, Tied-
mann, Wileox, and Marsh (1968), and Milton (1969), all
of whom have shown that shatter cones in other strue-
tures point inward and upward if the beds containing
the cones are restored to the attitudes they had before
the structures formed.

The formation of shatter cones by shock has been
demonstrated by hypervelocity impact experiments
(Shoemaker and others, 1963) and at craters formed by
nuclear and chemical explosions (Bunch and Quaide,
1968; Roddy, 1969a). Roddy studied craters formed by
explosion of TNT spheres near ground surface. The
apices of shatter cones at these craters point toward the
energy source, as do those formed by the aforemen-
tioned impact experiments. The symmetry of restored
shatter-cone orientations at Sierra Madera suggests
that the cones were formed by a shock wave of gener-
ally hemispherical form that originated above the
present ground surface and at the center of the
structure.

SHOCK-DEFORMED QUARTZ

Quartz grains in many deformed rocks from Sierra
Madera display multiple sets of planar structures char-
acteristic of naturally and artificially shocked quartz
(fig. 81). Carter (1968) distinguished four types of
planar structures in quartz—cleavage, faults, planar
features (a group of structures as yet poorly under-
stood), and deformation lamellae. Of these, we distin-
guished with certainty only cleavage (fig. 32). The
remaining planar structures (fig. 33) in quartz from
Sierra Madera are hereafter referred to collectively as
“planar elements.”

Multiple sets of planar elements in individual grains
of quartz were first discovered at Sierra Madera by
N. M. Short (written commun., 1966). We have exam-
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FIGURE 30.—Orientation of shatter cones in beds restored to horizontal. Circle indicates standard deviation of central focus at the
top of Permian section.



H28 CONTRIBUTIONS TO ASTROGEOLOGY

102°55’
T

30°35’

0 1 2 MILES

EXPLANATION

Relative abundance of planar structures in
Ku quartz shown by following symbols:
Cretaceous rocks undivided o

@
Present in 10-20

Rare or absent percent of quartz

o
Pu Present in 20-50 Present in more than
. . percent of quartz 50 percent of quartz
Permian rocks undivided,
exclusive of Hess Formation H# +
Cleavage is dominant Sample from
planar structure mixed breccia
Ph x10
H F - Planar structures measured
ess Formation as used (keyed to table 4)

by King (1930)

FIGURE 31.—Distribution of shock-deformed quartz; degree of shock deformation is a qualitative estimate, based on flat stage micro-
scopic examination, of the frequency of deformed grains per thin section.
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$oo013 $10134 $1012} ROTT R ISEIT $1010} TABLE 4.—Dominant planar elements in shock-deformed quariz—
‘ Continued
15 — Maximum
Sample No.! Orientation of Number Number number of
and formation main planar  measured of grains well-
elements developed
sets per grain
Rocks in place—Continued
Z 10
d Basal Cretaceous
x sandstone:
a . 2 {0001 6 7 13
z 2 {1121 8
> 2 {1011 6
% 2 {1010} 4
> 5
8 Samples from mixed breccias
[14
Cathedral Mountain
Formation: _
8. {1012 23 5 17
{1018 16
{1011 12
0 10 20 30 40 50 60 70 80 90 {0001 2
ANGLE BETWEEN C AXIS AND POLE TO 9 {0001 8 10 9
PLANAR ELEMENT SET, IN DEGREES {1013 17
FigURE 35.—Histogram showing frequency of all sets of planar %%(1)%% g
elements measured in quartz, with respect to the angle be- 10 {0001 4 6 7
tween the ¢ axis and the pole to the planar elements. Meas- | {1013 23
urements of 1408 planes in 165 grains. See text for descrip- {1011 3
tion of bias. ) SR 1013 15 5 8
1012 10
TABLE 4.—Dominant planar elements in shock-deformed quartz 1011 4
12 . 0001 3 5 6
Maximum 1012 5
Sample No.! Orientation of Number Number number of 1013 4
and formation malin platnsar measured of grains 4 we]sll-ed 1010 4
elomen setse‘;)il? pgrain 18 . 1013 26 6 10
o
Rocks in place 1011 6
Cathedral Mountain 4 00(1)1 14 5 11
Formation: %oig g
_____________ 0001 9 9 8 1012 8
1013 14
1012 9 Sandstone member,
1121 6 Word For-
mation: _
Booooonenoneen 9001 2 > 3 B 1012 11 7 3
1012 4 0001 1
1011 4 1013 5
L S 0001} 9 9 8 Gilliam Limestone:
1013 21 160 ____ 1013 15 6 7
1011 10 1012 2
1012 4 1120 2
Sandstone member, L 1013 23 8 9
Word For- 1012 22
mation: 1011 4
_____________ 0001 8 9 10 18 ____.___. {0001 3 5 8
1013 23 1013 8
1011 8 1012 5
1012 4 19 . 1012 19 9 10
L 0001 8 10 9 1013 18
1013 16 0001 3
1011 11 1011 7
1012 7 Basal Cretaceous
Gilliam Limestone: sandstone:
6 {1013 23 7 5 20, . 0001 3 9 6
0001 2 1013 12
1121 5 1011 5
1122 5 1010 5
See footnotes at end of table. See footnotes at end of table.




H32
TABLE 4.—Dominant planar elements in shock-deformed quartz—
Continued
Maximum
Sample No.! Orientation of Number Number number of
and formation main planar  measured of grains well-
elements developed

sets per grain

Samples from mixed breccias—Continued

Basal Cretaceous

sandstone—
Continued
21 . 0001 8 9 8
1011 14
1013 13
1122 12
{1012} 7
22 o ___ 0001 6 8 11
1013 20
1012 12
1011 6
28 .. 0001 5 6 7
1013 7
1011 6

1 Keyed to fig. 34.

2 Cleavage is dominant.

Note.—The relative abundance of {0001} takes into consideration that there is
only one such orientation compared to a possible six members of other zones.

table 4 gives only a qualitative picture of the relative
abundance of the different planar elements. Despite the
statistical flaws, it is apparent that the dominant orien-
tations of planar elements are parallel to {0001},
{1013}, {1011}, {1012}, and {1010} at the 23 localities.
Studies by Carter (1965, 1968), Chao (1967b), and
Short (1966a) have demonstrated that both the multi-
plicity ! and the common orientations of these planar
elements are grossly unlike those developed in tectonites
at slow strain rates, and that they are the same as those
formed by shock, both naturally (Bunch and Cohen,
1964; Engelhart and Stoffler, 1965; Chao, 1967a, b; and
other workers) and experimentally (Short, 1965, 1966a,
b, 1968a, b; Hoérz, 1968; Miiller and Défourneaux,
1968; and Bunch and others, 1968).

In experiments performed by Hérz (1968), single
quartz crystals shock loaded at pressures of about 50 kb
(kilobars) and higher developed cleavages oriented like
those at Sierra Madera. Horz’ experiments showed that
basal and prismatic cleavages form when the impact
direction is normal to {1011} and that unit rhombohe-
dral cleavages form when impact is normal to {0001}
and {1010}. Planar elements form in single quartz
crystals only at pressures of over 100 kb (Hérz, 1968;
Miiller and Défourneaux, 1968), but the orientations
of the planes are independent of the impact direction.
Miiller and Défourneaux (1968) reported formation of
planar features parallel to {1013} at shock pressures
above 105 kb; Hérz (1968) reported their formation at

1 The maximum number of planar element sets measured in a single quartz
grain from Sierra Madera is 22, of which 14 were matched to rational directions by
best fit.
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pressures above 119 kb. Planar features parallel to
{1012} first formed between 160 and 200 kb in Hérz’
experiments and above 200 kb in experiments by Miiller
and Défourneaux. Above 250 kb, planar features paral-
lel to {1012} are about as common as those parallel to
(1013} (Horz, 1968).

The data from measured samples and from flat-stage
examination indicate that cleavages are best developed
in quartz from rocks that are far from the center of
Sierra Madera or from less strongly deformed rocks
closer to the center. Of the measured planar elements,
{1013} is dominant over {1012} in all samples of Creta-
ceous rocks, whether in place or in mixed breccia, and
in the majority of Gilliam fragments in mixed breccia;
{1012} is as well or better developed than {1013} in
samples of Word and older rocks from mixed breccia.
These relations indicate that, in general, rocks closer to
the center of the structure record the highest pressures
and those incorporated in mixed breceias were subjected
to higher pressures than equivalent rocks that remained
in place. Experimental data referred to above suggest
that rocks incorporated in mixed breccias were sub-
jected to pressures in excess of about 200 kb near the
center of the structure, rocks still in place near the cen-
ter were locally subjected to pressures above about 100
kb, and those around the edge of the central uplift were
subjected to pressures of about 50 kb and higher. Al-
though these pressures are believed to be of the right
order of magnitude and are compatible with those
suggested by Robertson and others (1968) for the same
types of deformation, experimental data from single
quartz erystals probably cannot be extrapolated directly
to sandstones. Kieffer’s (1969) theoretical treatment of
shock-wave propagation through granular quartz (Rine-
hart, 1968; Chao, 1968) suggests that a considerable
range of peak pressures could be recorded in different
but nearby grains of a sandstone because reverberation
of shock and rarefaction waves created by multiple
grain impacts results in local energy concentrations not
produced in similar solid material. Accordingly, an
accurate appraisal of peak pressures reached at different
points on Sierra Madera would require a considerably
more sophisticated study of the shock deformation.

In addition to the planar elements in quartz at
Sierra Madera, permanent crystal damage is indicated
by pronounced asterism (see Dachille and others,
1968) and abnormal refractive indices of deformed
grains. Asterism—spreading of spot reflections from
single grains X-rayed during rotation in a Debye-
Scherrer camera—is apparent in photographs of shocked
quartz and calcite shown in figure 36. Photographs of
unshocked caleite and quartz (Nos. 2 and 4) are shown
for comparison. A quartz grain from the basal Cretace-
ous sandstone in the Glass Mountains, chosen to show
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