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ABSTRACT

Deformational features from the Sierra 
Madera impact structure, west Texas, were 
studied to estimate shock temperature and 
shock pressure values involved during its for-
mation. Sandstone, limestone, and polymict 
impact-generated breccia samples occur 
within the central uplift. The sandstones host 
several shock-related deformational features 
including toasted quartz grains and planar 
microstructures (planar fractures and pla-
nar deformation features) in quartz. Zircon 
mineral grains separated from the sandstone 
samples provide evidence of shock defor-
mation in the form of planar fractures and 
granular surface textures. Both sandstone 
and carbonate within the central uplift con-
tain shatter cones, whereas polymict impact- 
generated breccia samples contain shatter 
cone fragments and clasts of mixed lithol-
ogy. Most high- temperature features (e.g., 
high-temperature mineral phases and a melt 
sheet) typically associated with less eroded 
structures of similar size are lacking; however, 
some small (millimeter-size) possible devitri-
fi ed glass clasts within polymict breccias occur 
at several locations. Deformational features 
within zircon mineral grains, shatter cones, 
and quartz grains with multiple planar micro-
structures record pressure and temperature 
conditions during the impact of ~3–20 GPa 
and postshock temperatures between 350 and 
>1000 °C. Deformational conditions during 
the impact event were almost certainly higher, 
given that erosion has presumably removed 
most of the more severely shocked rocks.

INTRODUCTION

A signifi cant amount of information re-
garding shock-metamorphism deformation in 

meteorite-impacted target rocks and impact-
generated deposits has been collected over the 
last 40–50 yr. Impact structures can contain a 
variety of shocked and unshocked clasts derived 
from underlying basement rocks and surface 
cover (Metzler et al., 1988; Stöffl er et al., 1988), 
and these clasts may be included in multiple, 
complex breccia units associated with impact 
events. For example, the Devonian Alamo brec-
cia contains nine different types of breccias 
formed during, and immediately subsequent to, 
the impact event (Warme, 2004). Mechanisms 
forming these breccias include: the impact event 
itself, debris falling into the excavated crater, 
repeated tsunamis, and the failure of the pre-
existing carbonate platform margin due to the 
meteorite impact event (Warme and Kuehner, 
1998; Warme, 2004).

Recent studies have identifi ed planar defor-
mation features (PDFs) in zircon grains (Bohor 
et al., 1993; Glass and Liu, 2001; Wittmann et 
al., 2006; Austrheim and Corfu, 2009). PDFs 
are closed, narrow, parallel features of highly 
amorphous material generally oriented parallel 
to crystallographic planes within the host min-
eral (Stöffl er and Langenhorst, 1994; Grieve et 
al., 1996; French, 1998). They commonly oc-
cur in quartz grains (Stöffl er and Langenhorst, 
1994) but also can occur in other silicate miner-
als such as zircon. In zircon, PDFs form only 
when shock pressures reach 40–60 GPa and are 
visible using transmission electron microscopy 
(TEM) (Leroux et al., 1999). Below ~40 GPa, 
microcracks or planar fractures (PFs) form 
parallel to zircon cleavage planes (Leroux et 
al., 1999). Observations using scanning elec-
tron microscopy (SEM) document increasing 
fracturing along cleavage planes and irregular 
fracturing on the micrometer scale with an in-
crease in shock pressure (Leroux et al., 1999). 
In addition to PDFs and PFs, granular textures 
in zircon grains have been identifi ed from mid-
sized (~20 km diameter) to larger (>~90 km 
diameter) impact structures (i.e., Ries, Popigai, 

Sudbury, Chicxulub, Manicouagan, Chesapeake 
Bay; Bohor et al., 1993; Glass and Liu, 2001; 
Wittmann et al., 2006). Impact-deformed zircon 
grains are documented in the Ries (23 km in di-
ameter; Wittmann et al., 2006), Gardnos (6 km 
in diameter; Kalleson et al., 2009), and Lappar-
järvi (17 km in diameter; Mänttäri and Koivisto, 
2001) impact craters.

Shatter cones are another unique impact-
produced feature. Shatter cones consist of a 
fracture surface characterized by striations 
diverging from cone apex to base formed by 
the passage of a shock wave through rock. 
Originally, the cone was thought (Dietz, 1968; 
Wilshire et al., 1972) to point in the direction 
from which the shock wave was generated, i.e., 
the point of contact between the impactor and 
target rock. However, a study of shatter cone 
fracturing and orientations within impact cra-
ters (Wieland et al., 2006) suggests the forma-
tion of these features is more complicated and 
is still not completely resolved.

Many impact cratering studies have con-
centrated on understanding deformation in 
siliciclastic minerals because of the relative 
abundance and robust nature of quartz at Earth’s 
surface (French, 1998). Yet, not all impact struc-
tures contain quartz-bearing rocks. Therefore, 
pressure and temperature deformation results 
based on quartz are not applicable to all impact 
structures, since ~30% of all terrestrial impact 
structures formed primarily in carbonate rocks 
(Grieve and Robertson, 1979; Grieve and Pe-
sonen, 1996). Consequently, in structures con-
taining little siliciclastic material, it is somewhat 
more diffi cult to determine pressure and temper-
ature conditions of an impact. However, impact 
structures containing both siliciclastic and car-
bonate rocks can provide a bridge to understand 
shock-induced deformations in both rock types. 
Well-studied carbonate and mixed siliciclastic 
and carbonate structures include Meteor crater 
(diameter 1.2 km) in Arizona (Kieffer et al., 
1976; Burt et al., 2005), the Steinheim and Ries 
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structures in Germany (diameters of 3.8 km 
and 24 km, respectively; Graup, 1999; Skála 
and Jakeš, 1999), and the Haughton structure in 
Canada (diameter of 24 km; Osinski and Spray, 
2001; Osinski, 2007).

Studies of impact structures formed in 
 carbonate-rich rocks have also focused on 
cratering products. For example, carbonate 
rocks in impact structures can contain high- 
temperature melts and carbonate-silicate im-
miscibility features (i.e., Ries and Haughton 
structures; Graup, 1999; Osinski and Spray, 
2001; Tuchscherer et al., 2004).

The Sierra Madera impact structure is a well-
exposed complex impact structure with a diam-
eter of 12.9 km, last studied in the late 1960s 
(Wilshire et al., 1972). Target rocks at Sierra 
Madera are predominantly late Paleozoic and 
Mesozoic carbonate rocks with a few inter-
bedded siliciclastic units. We reexamined the 
impact-deformed rocks from Sierra Madera to 
better understand deformational products asso-
ciated with a medium-sized carbonate structure 
and to provide data in a critical intermediate size 
and energy range for which information cur-
rently is lacking. We present here new descrip-

tions of impact-generated breccia, the possible 
identifi cation of shock-related deformations in 
zircon, and descriptions of shatter cones. Using 
these features, we estimate the temperature and 
pressure conditions during the impact event and 
relate the occurrence and distribution of these 
features to the current crater erosional level for 
this impact structure.

GEOLOGIC SETTING

The Sierra Madera impact structure near Fort 
Stockton, Texas (Fig. 1), is a well-exposed, 
eroded remnant of a complex impact crater 
(Eggleton and Shoemaker, 1961; Wilshire and 
Howard, 1968; Howard et al., 1972; Wilshire et 
al., 1972). The central uplift at Sierra Madera 
is composed of steeply dipping, folded, and 
faulted Upper Paleozoic to Cretaceous car-
bonate and siliciclastic rocks. Upper Permian 
carbonate and siliciclastic strata include the 
Hess, Cathedral Mountain, Word, and Vidrio 
Formations, and the Gilliam and Tessey Lime-
stones (Table 1). Lower Cretaceous rocks of 
the Fredericksburg and Lower Washita Groups, 
composed of mixed carbonate and siliciclastic 

rocks, are exposed along the eastern margin of 
the central uplift. The carbonate Permian Hess 
Formation, the oldest stratigraphic unit exposed 
in the central uplift, was displaced vertically at 
least 790 m during the excavation and modifi -
cation stage of crater development (Wilshire 
et al., 1972). Impact-generated polymict and 
monomict breccias occur within and crosscut 
target rocks of the central uplift of the structure. 
The crater rim at Sierra Madera is composed of 
Lower Cretaceous carbonate and siliciclastic 
rocks of the Fredericksburg and Lower Washita 
Groups. On the southwest side of the rim, rocks 
from the Upper Permian Gilliam and Tessey 
Limestones are exposed. Cretaceous strata oc-
cur ~30–60 m above the alluvium-fi lled ring de-
pression. Strata on the rim generally dip 0°–5° 
radially, though at some locations, dip can be as 
great as 30°. Postimpact erosion has removed an 
estimated ~600 m of material on the crater rim 
(Wilshire et al., 1972).

METHODS

We mapped, sampled, and carefully de-
scribed impact-generated breccias from Sierra 

TABLE 1. STRATIGRAPHIC UNITS EXPOSED WITHIN AND SURROUNDING SIERRA MADERA IMPACT STRUCTURE

Stratigraphic unit Description
Alluvium
Quaternary

0–15 m of unconsolidated boulder- to silt-size, angular to rounded clasts of dolomite, limestone, chert, and sandstone, locally 
well-cemented as caliche (Wilshire et al., 1972).

Fredericksburg 
and Lower Washita 
Groups 
Lower Cretaceous

The lower part of the Fredericksburg consists of the Maxon Sandstone, a 15–30-m-thick red-brown, fi ne- to coarse-grained silica-
cemented sandstone. The Edwards Limestone (40–60 m thick) is a platy, light gray and brown limestone. The Kiamichi Formation 
(~15 m thick) is a thin-bedded, light-gray limestone. The lower Washita Group consists of platy to massive, medium-grained, 
shaly limestone. The Fredericksburg and Washita Groups represent deposition in a fl uvial/deltaic to shallow-marine setting (Hill, 
1996) and are not differentiated at Sierra Madera due to poor exposures and lack of stratigraphic control.

Tessey Limestone
Upper Permian

0–120-m-thick, gray brown dolomite with sparse fossils. In some locations, this unit contains areas of solution-collapse breccia 
composed of laminated small (centimeter-size) to large (several-meter-size) fragments of limestone-cemented mosaic-like 
with calcite and/or dolomite cement. This unit is unconformable with the underlying Gilliam Limestone. Deposition occurred in 
a hypersaline basin that underwent periods of subtidal to supratidal deposition and subaerial exposure (Haneef and Wardlaw, 
2000). Meteoric dissolution created karst features and collapse breccias (Hill, 1996). These breccias occur on the east side of the 
central uplift (Wilshire et al., 1972).

Gilliam Limestone
Upper Permian

213–290-m-thick, light-colored dolomite interbedded with calcite-cemented fi ne-grained sandstone; sandstone layers pinch out 
laterally and are discontinuous. This unit is conformable with the Vidrio Formation. The Gilliam Limestone was deposited in a 
lagoonal and back-reef setting (Hill, 1996).

Vidrio Formation
Lower Permian

60–230-m-thick massive to thick-bedded dark dolomite with sparse fossils. Rounded chert nodules are common often and gray-
colored with an orange weathering rind. The original rock fabric and fossils of this unit are diffi cult to characterize
and interpret; thus the depositional environment at Sierra Madera is unknown. However, in other parts of the Delaware Basin, the 
Vidrio Formation records initial reef development, though the reef facies is not seen at Sierra Madera (Hill, 1996).

Word Formation
Lower Permian

0–86-m-thick dolomitized limestone divided into two members. The lowermost member is an unnamed limestone unit, 0–76 m 
thick (Wilshire et al., 1972). It contains thin- to thick-bedded limestone, with crinoid and fusulinid fossils, and some interbedded
fi nely crystalline dolomite. The upper sandstone member (0–10 m thick) consists of interbedded coarse-grained sandstone 
with silicifi ed crinoid stems and silty to fi ne-grained sandstone with calcite cement. Locally, this unit grades laterally to a sandy 
dolomite. The depositional setting for the Word Formation is controversial, being either basinal with turbidity currents moving 
clastics off the shelf (Ross, 1986) or a shallow-water lagoon (Rohr et al., 1982; Wardlaw et al., 1990).

Cathedral Mountain 
Formation
Lower Permian

0–24-m-thick conglomerate containing chert and quartz pebbles in a dolomite matrix (Wilshire et al., 1972). Beds of cross-bedded 
coarse, quartz sandstone occur locally as lenses. This unit grades conformably upward into the lower part of the Word Formation. 
The depositional environment was a shallow-water deltaic complex (Wardlaw et al., 1990) or basinal where clastics are derived 
from debris fl ows or turbidity currents (Ross, 1986).

Hess Formation 
Lower Permian

730–850-m-thick, fi ne-grained, medium- to thick-bedded limestone and dolostone interbedded with sandstone, siltstone, and 
shale. Sediments were deposited in a shallow-water lagoon. Common fossils include fusulinids, brachiopods, and bryozoa. There 
is a gradual up-section decrease in clastic material and increase in dolomite in this unit. At Sierra Madera, 365–430 m occur at 
the surface, and the unit gradually increases in thickness to the north (Wilshire et al., 1972). 
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Madera to determine their distribution and for-
mation processes. Characteristics such as tex-
ture, clast composition, possible melt products 
or glasses, deformational features in minerals, 
and fl ow features within breccias are described. 
Studies of the target rocks include shatter cone 
outcrop, characteristics and fracture patterns, 
carbonate response to shock conditions, and 
deformation in quartz and other minerals. We 
examined 122 thin sections of target rocks, 
with and without shatter cones, and impact-
generated breccias from the central uplift of 
Sierra Madera using a petrographic micro-
scope. Sixty-three selected thin sections were 
analyzed for evidence of melt features using 
plane light microscopy and scanning electron 
microscopy (SEM). Carbon-coated, polished 
thin section slides were analyzed using SEM 
with backscatter electron (BSE) imagery and 
energy dispersive spectrometry (EDS) to dis-
tinguish silica-rich phases from carbonate ma-
terial. Samples were analyzed using a Zeiss 
LEO982 FE-SEM. Beam operating condi-
tions were 20 kV and ~1 nA, with an oper-
ating distance of 10 mm. The Oxford INCA 
EDS system was used for chemical informa-
tion. A copper standard was used to collect a 
peak to make sure the spectrometer was work-
ing properly and was identifying the correct 
peaks. The SEM used in this study is housed at 
the Pacifi c Northwest National Laboratory in 
Richland, Washington.

We also document possible shock-induced 
surface textures on zircon grains from Perm-
ian sandstones within the central uplift. Zircon 
grains separated from sandstone in the central 
uplift were examined for shock deformation 
features and were used in the determination of 
the age of the impact event using fi ssion-track 
analysis. Sandstone samples were collected 
from the Maxon Sandstone, sandstone beds 
of the Permian Gilliam Limestone, and the 
sandstone member of the Permian Word For-
mation. Sandstone samples were crushed, and 
zircon grains (<100 µm) were separated using 
a Gemini table, magnetic separator, and heavy 
liquid separation (methylene iodide) after the 
mineral separation techniques of Donelick et al. 
(2005). Fractions for petrographic microscopy 
investigations were mounted in epoxy, pol-
ished to half-grain, and studied under the mi-
croscope under high magnifi cation using both 
transmitted and refl ected light. Zircon fractions 
for SEM analysis were etched with a saturated 
solution of NaOH at 70 °C for 1.5 h to reveal 
shock features after Bohor et al. (1993). These 
grains were mounted on SEM stubs and carbon 
coated prior to SEM analysis. Beam operating 
conditions were 2 kV and ~100 pA, with an op-
erating distance of 4 mm.

0.1 mm0.1 mm0.1 mm 0.1 mm0.1 mm0.1 mm

0.3 mm0.3 mm0.3 mm 0.1 mm0.1 mm0.1 mm

BA

C D

BA

C D

DEFORMATIONAL FEATURES

Target Rocks

Deformations in Quartz Grains from 
Carbonate-Cemented Sandstones

There are four different sandstone units ex-
posed at the Sierra Madera impact structure; 
from oldest to youngest they are the Permian 
Cathedral Mountain Formation, a sandstone 
member of the Permian Word Formation, sand-
stone within the Permian Gilliam Limestone, 
and the Cretaceous Maxon Sandstone. Thin sec-
tions used for sandstone analysis include two for 
the Cathedral Mountain Formation, four for the 
Word sandstone, fi ve for the Gilliam sandstone, 
and two for the Maxon Sandstone. All units 
contain shock-induced planar microstructures 
within quartz grains (Fig. 2).

The Cathedral Mountain Formation is char-
acterized by 0.1–0.2 mm quartz grains within 
a carbonate matrix. Typically, quartz grains are 
not in contact with one another. Deformation 
in these quartz grains includes grain fractur-
ing, grain partitioning, and quartz grains with 

undulose extinction. Planar microstructures 
occur in 5%–10% of all the quartz grains. Less 
than 5% of all quartz grains with planar micro-
structures are “toasted,” where the quartz has 
a grainy brown appearance due to an increase 
in vesicles or fl uid inclusions in some shock 
metamorphosed quartz grains, which cause 
the scattering of transmitted light (e.g., Short 
and Gold, 1996; Whitehead et al., 2002; Fer-
rière et al., 2009).

Similar to the Cathedral Mountain Forma-
tion, the sandstone member of the Word For-
mation is a carbonate cemented rock with 
0.1–1.6 mm quartz grains dispersed in a carbon-
ate matrix. Grain fracturing and suturing along 
long contacts are very common, as is undulose 
extinction and grain partitioning. Planar micro-
structures occur in less than 10% of all quartz 
grains. Between 5% and 10% of those grains 
containing planar microstructures also have a 
toasted appearance (Fig. 2A).

The sandstone of the Gilliam Limestone con-
tains the most shock features at Sierra Madera. 
Silty sand units within Gilliam are character-
ized by 0.04–0.1-mm-size quartz grains that 

Figure 2. Photomicrographs of sandstone deformation in the Sierra Madera impact 
structure. (A) Toasted quartz from the Gilliam Limestone (see circle). Arrows indicate 
planar microstructure directions. Note darkening, blotchy appearance. Plane- polarized 
light. (B) Symplectic texture between quartz grains from the sand-rich unit of the Gil-
liam Limestone. Note areas of high birefringence around the rims of quartz grains 
(see arrow). Cross-polarized light. (C) Jigsaw texture between quartz grains from the 
Maxon Sandstone. Cross-polarized light. (D) Planar microstructures in quartz from 
the Word Sandstone. Cross-polarized light. Sample locations for these images are noted 
by square symbols on Figure 6: 1—Fig. 2A; 2—Fig. 2B; 3—Fig. 2C; 4—Fig. 2D. 
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are grain supported. The grains are closely 
packed, and carbonate material is reduced to a 
microbreccia. This interlocking grain texture 
was termed “jigsaw” by Kieffer (1971). Quartz 
grains are highly fractured (both irregular and 
planar), commonly have undulose extinction, 
and contain grain partitioning. Symplectic re-
gions between quartz grains were identifi ed by 
their high birefringence and opaque regions in 
plane light (Fig. 2B). Planar microstructures oc-
cur in 15% of quartz grains; 5% of all quartz 
grains with planar microstructures are toasted.

The Cretaceous Maxon Sandstone of the 
Lower Fredericksburg Group is characterized 
by 0.04–1.2 mm fl uid inclusion–rich quartz 
grains with carbonate cement. The sand grains 
in this unit have a jigsaw texture of interlock-
ing quartz grains similar to those in the Gilliam 
Limestone sandstone bed (Fig. 2C). Quartz 
grains typically also display undulose extinc-
tion, fractures, and grain partitioning. Approxi-
mately 5% of all quartz grains have decorated 
planar microstructures (Fig. 2D), with >5% of 
these being toasted.

Deformation in Carbonate Rocks
Shock-induced deformation is not apparent 

in all carbonate-rich rocks within the central 
uplift. In thin section, most carbonate rocks are 
fi ne-grained and contain fractured fossil and mi-
crofossil fragments. Stylolites are common in 
the Word Formation. All carbonate formations 
display shatter cones. Shock deformation in car-
bonate rocks was studied using X-ray diffraction 
(Huson et al., 2009). Shocked carbonate-rich 
rocks from the central uplift were compared 
with unshocked rocks from outside the crater 
using XRD peak patterns and Rietveld refi ne-
ment of full-width at half-maximum (FWHM) 
peak values. It was possible to distinguish im-
pact shocked rocks from comparable unshocked 
rocks since shocked samples have broader peak 
patterns and greater Rietveld FWHM values for 
higher 2θ values (Huson et al., 2009).

Deformations in Zircon Grains
Zircon mineral grains separated from the 

sandstone members of the Word Formation and 
the Gilliam Limestone within the central uplift 
of Sierra Madera also display evidence of shock 
damage (Fig. 3). Parallel features on polished 
mounts of zircon grains were documented in 
Permian sandstones using transmitted light mi-
croscopy (Fig. 3A; Huson et al., 2005). The lin-
eations occur in the interior of the zircon grains 
and are tentatively called planar fractures, since 
they have not been properly characterized us-
ing, e.g., transmitted electron microscope or U-
stage. These features are not abundant and occur 
in less than 5% of the samples studied.

1 μm1 μm
B

D

E

A

C

B

2 μm2 μm DD

20 μm

EE

A

C

25         25         μm25         μm

25 25 μm25 μm

Zircon grain surfaces also were studied using 
SEM to document shock-induced deformation. 
Three types of textures were documented on 
rounded and euhedral zircon grains: (1) smooth 
and seemingly unshocked, (2) planar features, 
and (3) a granular texture. Most smooth zircon 
grain surfaces showed no signs of shock de-
formation. Of the ~400 zircon grains studied, 
fewer than 5% of the zircon surfaces showed 
either planar features (7 grains) or a granular 
texture (12 grains; Figs. 3B and 3C). These 
features are texturally similar to those reported 
for zircon from the Cretaceous-Tertiary (K-T) 
boundary ejecta layer, as well as the Chesa-
peake Bay, Ries, Chicxulub, and Popigai struc-

tures (Bohor et al., 1993; Glass and Liu, 2001; 
Wittmann et al., 2006).

Shatter Cones
Shatter cones are unique impact-produced 

fracture surfaces characterized by diverg-
ing striations from cone apex to base (Dietz, 
1968). They have two basic morphologies, 
a fl at striated surface of cones that overlap 
like shingles and complete to partial three- 
dimensional cones (Dietz, 1968; French, 
1998; Wieland et al., 2006).

Shatter cones were discovered at Sierra 
Madera in 1959 (Dietz, 1960; Kelly, 1966) 
and are abundant within a 2 km radius from 

Figure 3. Possible deformation in zircon. (A–B) Scanning electron microscope 
(SEM) images of possible surface expression of planar features in zircon from the 
Word Sandstone. (C–D) SEM images of granular texture in zircon with remnant 
patches of the original smooth surface from the Word Sandstone. (E) Light micro-
scopic image of planar features from a polished zircon embedded in epoxy. Zircon 
sample is from the Gilliam sandstone. Sample locations for these images are noted 
by squares on Figure 6: 5—Fig. 3A–D; 6—Fig. 3E.
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the center of the central uplift (Howard and 
Offi eld, 1968; Wilshire et al., 1972). Shatter 
cones occur in all Permian carbonates but are 
most common in the Gilliam Limestone, Vid-
rio, Word, and Hess Formations (Fig. 4). They 
also occur within the sandstone member of the 
Word Formation, sand units within the Gil-
liam Limestone, and are weakly developed in 
the Cathedral Mountain Formation (Fig. 4A). 
Cone fragments are also reported in well cut-
tings at a depth of 1600 m (suspected cone 
fragments to a depth of ~3657 m) beneath 
the central uplift (Howard and Offi eld, 1968; 
Wilshire et al., 1972). Cone sizes range from 

1 cm to ~45 cm in height and 0.5 cm to ~20 cm 
in diameter (Wilshire et al., 1972). Both 
cone morphologies, fl at surfaces and three- 
dimensional cones, occur at Sierra Madera 
(Wilshire et al., 1972), and while linear stria-
tions and typical shatter cone morphologies 
are most common, curved striations and irreg-
ular cones are also present (Fig. 4B). Shatter 
cones are not uniformly developed in all units 
of the central uplift and may occur at one loca-
tion but not occur in the same formation at a 
different location.

Small, centimeter-sized shatter cones within 
the Gilliam Limestone have a distinct weathering 

fracture pattern (Fig. 4C). When broken, blocks 
of this unit contain many small complete shatter 
cones. This appearance results from weathering 
along shatter cone fractures, although the exact 
relationship is not well understood.

After reorientation of beds containing shatter 
cones to their original position at Sierra Madera, 
the shatter cones generally point toward the cen-
ter of the impact structure. However, it is not 
uncommon for cones to be oriented in direc-
tions other than toward the crater center (Fig. 5). 
Additionally, some shatter cones are oriented in 
different, sometimes opposite directions within 
the same sample (Fig. 4D). Similar shatter cone 

A
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E

A

B

C D

0.1 mm0.1 mm0.1 mm
EE

Figure 4. Shatter cone deformation. (A) Shatter cone in sandstone from the Gilliam Limestone. Scale bar is in cm. (B) 
Photograph and line-drawing of curved, irregular shatter cone from the Gilliam Limestone. Sample is 8.5 cm in width. 
(C) Distinct weathering fracture pattern of Gilliam Limestone sample containing centimeter-scale shatter cones. Lens 
caps is 5 cm in width. (D) Photograph and line-drawing of shatter cones oriented in opposite directions within the Hess 
Formation. Arrows point in direction of cone apex. Sample is 4 cm in length. (E) Photomicrograph showing toasted (left 
grain) and untoasted (right grain) quartz grains (outlined) from a shatter cone in the Gilliam Limestone. Note two direc-
tions of planar microstructures within both grains (arrows) and overall darkening of the toasted grain. Plane-polarized 
light. Sample locations for these images are noted by the square symbols on Figure 6: 7—Fig. 4A; 8—Fig. 4B; 9—Fig. 4C; 
10—Fig. 4D; 11—Fig. 4E.
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observations are reported from the Haughton 
structure (Osinski and Spray, 2006).

Thin sections of shatter cones reveal that they 
are composed of fi ne-grained carbonate and 
silt- to sand-sized quartz grains. Quartz defor-
mation features in shatter cones include planar 
microstructures, grain fracturing, and toasting 
(Fig. 4E). Deformational features such as twin-
ning or brecciation are not obvious within the 
carbonate material of the shatter cones.

Breccias

Four breccia units occur within the Sierra 
Madera impact structure: impact-generated 
monomict and polymict breccias, an evaporite 
collapse breccia within the Tessey Limestone, 
and modern day caliche (Table 2). Impact- 
generated breccias were fi rst identifi ed at the Si-
erra Madera impact structure (Fig. 6) by Wilshire 
et al. (1972). The fi rst, called a “monolithic brec-

cias,” is characterized by an in situ shattering of 
rock of a single lithology. The second breccia, 
termed “mixed breccias,” contains clasts of two 
or more lithologies in a fi ne-grained carbonate 
matrix. We use the terms “monomict impact 
breccia” and “polymict impact breccia” to refer 
to Wilshire et al.’s (1972) breccia types after the 
terminology of Stöffl er and Grieve (2007). Evap-
orite collapse breccia in the Tessey Limestone 
is characterized by mosaic-like cementing of 
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angular, laminated dolomite clasts. Deposition 
occurred in a hypersaline basin that underwent 
periods of subtidal to supratidal deposition and 
subaerial exposure (Haneef and Wardlaw, 2000). 
Meteoric dissolution created karst features and 
collapse breccias (Hill, 1996). The evaporite col-
lapse breccia in the Tessey Limestone is distin-
guishable from monomict impact breccia by the 
presence of detrital quartz within the matrix and 
its widespread occurrence outside of the crater 
(Wilshire et al., 1972; Hill, 1996).

Caliche, common in arid regions of the south-
west United States, is a carbonate crust that ce-
ments material in slope wash and ephemeral 
stream channels. At Sierra Madera, it can be 
easily confused with polymict impact breccia 
because both breccia types contain clasts of sev-
eral compositions. However, in thin section, the 
cement in caliche is layered, refl ecting numerous, 
slow cementation events within the matrix and 
surrounding clasts over time, whereas the cement-
matrix in polymict impact breccia is massive.

Monomict Impact Breccia
Monomict impact breccias occur as pod-like 

lenses in all Permian carbonate formations and 
the Lower Cretaceous Maxon Sandstone within 
the central uplift of Sierra Madera. Irregular 
zones of brecciation are randomly distributed 
throughout the central uplift (Fig. 6). At some 
locations, breccias show little clast rotation and 
appear as fractured bedrock (Fig.7A). In other 
locations, the breccia contains a large amount 
of matrix material producing rough and ir-
regular outcrops (Figs. 7B and 7C). Monomict 
impact breccia in thin section is characterized 
by intensely shattered clasts within a dark fi ne-
grained matrix. Shattered clasts are either bro-
ken in place with matrix-fi lled cracks between 
well-defi ned fragments, or clasts show some 
movement with less distinct edges and the sur-
rounding matrix contains internal fl ow foliation. 
The dark fi ne-grained matrix within monomict 
impact breccia was previously identifi ed as my-
lonite (Wilshire et al., 1972).

Polymict Impact Breccia
Impact-generated polymict breccias crosscut 

in all formations in the central uplift of Sierra 
Madera (Fig. 8A). Outcrops occur parallel or 
perpendicular to bedding as dikes, pod-like 
lenses, or tabular sheets and may or may not 
be associated with faults (Wilshire et al., 1972). 
The three-dimensional confi guration of breccia 
in the subsurface is not well understood. For 
example, it is not clear if the outcrops are con-
nected by a network of pipes or if each outcrop 
is a single occurrence of breccia. Polymict brec-
cia is found only within the central uplift and is 
not found on the crater rim. The largest  outcrop 
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by area (~200 m by ~250 m) occurs on the west-
ern fl ank of one of the northern ridges of the 
central uplift (Fig. 6).

Polymict breccia clasts are derived from all 
rocks exposed at the surface of the structure 
in a tan to reddish fi ne-grained carbonate ma-
trix. Clast size ranges from millimeter to meter 
sized. Depending on the location of the brec-
cia, one outcrop may be enriched with clasts 

from a particular formation when compared to 
other breccia outcrops. Carbonate clasts within 
the polymict breccia contain small fractures 
fi lled with a fi ne-grained dark carbonate mate-
rial. Sandstone clasts within the polymict brec-
cia contain toasted quartz, and quartz grains 
have multiple planar microstructures, up to two 
sets under the petrographic microscope. Shatter 
cones occur in some limestone and chert clasts 

within polymict breccia (Fig. 8D). Quartz grains 
within shatter cone clasts contain multiple planar 
microstructures and are highly toasted. Polymict 
breccias also contain sandstone clasts that are 
melted and display fl ow textures (Figs. 8E and 
8F). Possible devitrifi ed silica glass within 
polymict breccia occurs as clear or light brown 
to partially opaque irregular blebs (Fig. 8G). 
These clasts do not occur in all polymict  breccia 
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samples or locations. Devitrifi ed silica glass is 
present as fragments within polymict breccias, 
and it occurs as less than 5% of the clasts. Car-
bonate melt or “quenched” material was possi-
bly identifi ed at one location within the central 
uplift (Fig. 8H). This material is a fi ne-grained 
dark orange carbonate. In thin section, the mate-
rial contains small clasts that are unmelted and 
partially melted. Partially melted clasts are iden-
tifi ed by having a coarse crystalline texture that 
gradually becomes more aggregate-like. Using 
SEM, possible carbonate-silicate immiscibility 
features were identifi ed (Fig. 8I). When rapidly 
quenched, carbonate material forms either a 
holocrystalline material or an aggregate of fi ne-
grained carbonate (Graup, 1999).

Small (5–15 cm in diameter) injection dikes 
of polymict breccia intrude the host limestone 
(Fig. 8B). Clasts within the dikes are rounded 
to subangular and smaller in size (millimeters) 
than clasts within pod-like or tabular breccia 
outcrops. Dike material contains little clastic 
material, and the carbonate matrix has a fi ner 
texture than the host rock (Fig. 8C).

DISCUSSION

Zircon Data

SEM work on zircon mineral grains from the 
Sierra Madera impact structure led to the possi-
ble identifi cation of two different impact-related 
textures. Less than 5% of the zircon grains stud-
ied showed either planar fracturing or a granular 
texture. Zircons exposed to shock pressures be-
low 20 GPa do not develop shock deformational 
features (Wittmann et al., 2006). On the TEM 
scale, planar microstructures begin to form at 
20 GPa with well-developed planar microstruc-
tures forming between 40 and 60 GPa (Leroux 
et al., 1999; Wittmann et al., 2006). Granular 
textures form at ~50 to ~70 GPa (Wittmann et 
al., 2006). Zircon observations for this study 
were on the SEM scale and not TEM scale, and 
therefore the deformational features within zir-
con were recorded as enhanced fracturing along 
cleavage planes. Therefore, zircon textures from 
Sierra Madera indicate that shock pressures dur-
ing the impact event were at least ~20 GPa if 
the cleavage fracturing was enhanced by shock 
wave propagation from the impact event.

Shatter Cone Data

Multiple directions of shatter cones and ir-
regular cone shapes indicate that the method of 
formation for these features was complex. Both 
full and partial three-dimensional (3-D) cones 
as well as the overlapping, shingle morpholo-
gies are present within the central uplift as cones 

within target rocks and clasts within polymict 
breccia. The distinct weathering pattern of shat-
ter cones within the Gilliam Limestone may cor-
respond to a centimeter-sized joint or fracture 
pattern within the rock where erosion is occur-
ring along weakened fracture planes. The frac-
ture pattern within the Gilliam Limestone may 
be similar to the multiply striated joint surfaces 
at the Vredefort structure, where the authors as-
sociated striated surfaces and jointing to the oc-
currence of shatter cone formation (Nicolaysen 
and Reimold, 1999; Wieland et al., 2006). De-
tailed mapping of the multiply striated joint sur-
faces and shingle morphology shatter cones will 
lead to a better understanding of impact-induced 
fracturing in the target rocks.

Previous researchers have favored a relatively 
late formation of shatter cones with regard to 
multiply striated joint surfaces (Nicolaysen and 
Reimold, 1999). At Sierra Madera, shatter cones 
also occur as fragments within polymict brec-
cias, indicating these features form early, during 
the contact/compression stage of impact crater 
development. This observation was also noted 
from the Haughton structure, which contains 
shatter cone fragments within polymict breccia 
(Osinski and Spray, 2006). Magnetic studies of 
shatter cones from Sierra Madera indicate that 
magnetization in the carbonate rocks occurred 
in two phases corresponding to the initial com-
pressive shock wave and an immediate decom-
pression wave (Adachi and Kletetschka, 2008). 
These authors suggest that shatter cones at 
Sierra Madera formed during the second mag-
netization event, with localized melting along 
shatter cone surfaces (Adachi and Kletetschka, 
2008). This event must have occurred early, 
during the contact/compression stage of crater 
development, for shatter cone clasts to be incor-
porated as clasts within polymict breccia.

What do the Deformational Features 
Reveal about Temperature and Pressure 
Conditions during the Impact Event?

It is diffi cult to use carbonate material as the 
sole means for determining pressure and tem-
perature conditions during an impact event since 
rapidly quenched carbonate does not yield a 
uniquely deformed texture. However, using the 
shock classifi cation scheme for impact metamor-
phosed sandstones developed by Kieffer (1971) 
and modifi ed by Osinski (2007), we can assign 
shock pressure values to CaCO

3
-cemented sand-

stones at Sierra Madera and apply those values 
to the adjacent carbonate units. Sandstones at 
Sierra Madera exhibit characteristics similar 
to Osinski’s (2007) classes 2 and 3a for impact 
metamorphosed sandstone, which therefore pro-
vide a shock pressure range from ~3 to ~20 GPa 
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Figure 7. Monomict impact breccia from 
Sierra Madera. Monomict impact breccia 
is characterized by fracturing and inter-
nal chattering of clasts with fi ne-grained 
material between larger coherent clasts. 
(A) Monomict breccia within the Gilliam 
Limestone with little clast rotation and small 
amounts of matrix between clasts. Scale 
bar is in cm. (B) Monomict impact breccia 
within the Tessey Limestone with a large 
amount of matrix between clasts. Note ir-
regular rough appearance of outcrop. Field 
book is 15 cm in length. (C) Photomicro-
graph of monomict impact breccia within 
the Word Formation. Plane-polarized light. 
Sample locations for these images are noted 
by square symbols on Figure 6: 12—Fig. 
7A; 13—Fig. 7B; 14—Fig. 7C. 
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based on the presence of well-developed shatter 
cones, a “jigsaw” interlocking texture between 
quartz grains, and multiple sets of planar de-
formation features (PDFs) within quartz grains. 
This shock pressure range corresponds to a post-
shock temperature range of 350 to >1000 °C 
(Kieffer, 1971; Osinski, 2007). Additionally, 
zircon deformational evidence indicates peak 
shock pressures were possibly ~20 GPa.

Sandstone units at Sierra Madera have a 
range of deformational features that do not in-

crease toward the center of the central uplift or 
toward the region of expected highest shock. 
For example, the Cathedral Mountain Forma-
tion contains fewer deformational features than 
the sandstone from the Gilliam Limestone, even 
though it is more centrally located in the central 
uplift. This may indicate that shock pressure 
and temperature conditions were not distributed 
evenly during the impact event. The range of de-
formational features observed within the central 
uplift may also have been caused by movement 

of less shocked rocks upward during the forma-
tion of the central uplift and exposure by sub-
sequent erosion. However, a recent XRD study 
of carbonate rocks at Sierra Madera documents 
an increase of peak broadening and dampening 
of peaks from samples on the crater rim to cra-
ter center (Huson et al., 2009). Broadening of 
XRD peaks and loss of peak intensity increases 
with increasing shock pressure (Skála and Jakeš, 
1999). Samples from Sierra Madera indicate that 
carbonate rocks from the center of the central up-
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breccia. Note contorted layering and chaotic nature of the lower section of the clast compared to the undeformed upper sec-
tion. Plane-polarized light. (F) Photomicrograph of a partially melted sandstone clast within a polymict breccia. Note fl ow 
within the lower melted section of the clast. Plane-polarized light. (G) Photomicrograph of a dark brown, altered glass clast 
within a polymict breccia sample. Plane-polarized light. (H) Photograph of fi ne-grained carbonate quench material. Lens cap 
is 5 cm in diameter. (I) Scanning electron microscope (SEM) image of rock in H. Possible immiscibility feature can be seen 
between carbonate material (light gray) and siliciclastic material (darker gray). Sample locations for these images are noted 
by square symbols on Figure 6: 15—Fig. 8A; 16—Fig. 8B; 17—Fig. 8C; 18—Fig. 8D; 19—Fig. 8E; 20—Fig. 8F; 21—Fig. 8G; 
22—Fig. 8H, I.
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lift are more highly shocked than those from the 
outer part of the central uplift. The discrepancy 
between shock characteristics in the sandstones 
and those of the carbonates within the central 
uplift may result from varying lithologic charac-
teristics (i.e., porosity, matrix versus grain abun-
dance, cement type, etc.) within the siliciclastic 
rocks, which might control the development of 
shock features within those rocks.

Amount of Deformation Observed in 
the Final Crater and Erosional Level 
within the Crater

The presence of centimeter-size injection 
dikes at Sierra Madera may indicate that this 
structure is deeply eroded below the crater 
fl oor, since breccia dikes are common in deeply 
eroded craters (Lambert, 1981). An additional 
indicator of a deeply eroded structure is the ab-
sence of an impact melt sheet, or in this case a 
suevite layer (for sedimentary structures; Kief-
fer and Simonds, 1980), within the ring depres-
sion. At Sierra Madera, evidence of an impact 
melt sheet or suevite was not observed during 
this study or previous studies (Wilshire et al., 
1972). The melt sheet was eroded or is buried 
under sediment within the ring depression in the 
crater. However, the eroded crater rim, the pres-
ence of injection dikes, polymict and monomict 
breccia within the central uplift, and lack of 
abundant high-temperature deformational fea-
tures indicate that the current surface at Sierra 
Madera is below the level at which the impact 
melt sheet would occur (Fig. 9; French, 1998). 
Additionally, past research suggests that ero-
sion may have removed an estimated ~600 m 
(Wilshire et al., 1972) or ~700–1200 m (Goldin 
et al., 2006) of overlying material at Sierra 
Madera. Therefore, pressure and temperature 

estimates reported here (~3 to ~20 GPa pres-
sure range and postshock temperature range of 
350 to >1000 °C) should be considered low es-
timates of deformational conditions. Melt clasts 
within polymict breccia and carbonate melt lo-
cations observed in this study may have been 
injected downward through dikes and represent 
remnants of the higher temperature and pressure 
deformational regime that was eroded away.

An alternate hypothesis to the deep erosion as-
cribed here to the Sierra Madera structure is that 
it may have formed underwater (Kelly, 1966). A 
water-impact event would deform rocks imme-
diately below the point of impact while leaving 
the crater rim moderately low or absent due to re-
working of sediments by water surging back into 
the crater, as characterized by the Montagnais, 
Mjølnir, and Chesapeake Bay structures (Dypvik 
and Jansa, 2003). Additional evidence of a water 
impact includes resurge gullies eroded into the 
crater rim along with a thickening of fall-out 
breccia within the crater as the infl ow of water 
collects and concentrates recently ejected mate-
rials. Postimpact crater modifi cation by waves or 
currents will also lead to a fl attening of central 
uplift peaks (Dypvik and Jansa, 2003).

CONCLUSIONS

Deformational features within the host rocks 
and impact-generated breccias were used to 
determine pressure and temperature conditions 
during the Sierra Madera impact event. Sand-
stones within the central uplift have a range 
of shock features. Shatter cones in sedimen-
tary rocks indicate relatively low pressures, ~3 
to ~20 GPa (Osinski, 2007). Planar features 
in zircon form from ~20 to ~60 GPa, whereas 
granular textures develop when shock pressures 
reach ~50 to ~70 GPa (Leroux et al., 1999; 

Wittmann et al., 2006). Planar microstructures 
within quartz form from ~5 to ~33 GPa (Osin-
ski, 2007). Pressure conditions during the im-
pact were at least 3 GPa from the presence of 
shatter cones but are possibly ~20 GPa based on 
planar fractures within shock-deformed zircon. 
Observations on the TEM scale would confi rm 
the extent of shock damage zircon endured dur-
ing the impact event. These pressures corre-
spond to a postshock temperature range of 350 
to >1000 °C (Osinski, 2007). The potential for 
higher deformational conditions remains due to 
removal of these features by erosion.

Varying lithologic characteristics of the rocks 
will infl uence the formation of shock features, 
possibly leading to the uneven distribution of 
shock characteristics observed within the sand-
stone units. Similarly, the distribution of shock 
features in sandstone may result from the uplift 
of deeper, less shocked stratigraphy. However, 
a study of shock-deformed carbonate indicates 
an increase in shock deformation toward the 
central uplift, supporting the shock response of 
sandstone to variable lithologic characteristics. 
It is therefore important to study both carbonate 
and siliciclastic shock deformation when deter-
mining the deformational history of well-eroded 
sedimentary impact structures.
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