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INTRODUCTION
Upheaval Dome (Fig. 1) is an unusual structural feature on the 

Colorado Plateau in Canyonlands National Park, southeastern Utah, 
USA. While the plateau is largely undeformed, the dome consists of 
strongly deformed and uplifted rocks that are surrounded by a struc-
turally depressed ring syncline (Fig. 1). Although superbly exposed, 
the origin of Upheaval Dome has been a subject of controversy to date 
because of the lack of unequivocal evidence for shock metamorphism 
(e.g., Koeberl et al., 1999). Arguments in favor of an impact origin are 
based on Upheaval Dome’s structure (e.g., Kriens et al., 1997; Kenkmann 
et al., 2005; Scherler et al., 2006), geophysical surveys (Kanbur et al., 
2000), and the analysis of deformation mechanisms (Kenkmann, 2003; 
Okubo and Schultz, 2007). Despite these recent investigations, the inter-
pretation of Upheaval Dome as the result of salt diapirism (e.g., Jackson 
et al., 1998) is still widespread. Here, we document a localized shock 
metamorphic overprint of quartz grains in sandstone samples from the 
Early Jurassic Kayenta Formation, making use of optical, scanning, and 
transmission electron microscopy (TEM).

THE SPHINX OF GEOLOGY: UPHEAVAL DOME
The very controversial debate about Upheaval Dome’s origin has 

lasted nearly a century, over the course of which extremely different hypoth-
eses (gradualism versus catastrophism) have been proposed. Bucher (1936) 
postulated a crypto volcanic origin. Mattox (1968) favored the hypothesis 
that the central uplift and surrounding structural depression were the result 
of salt fl ow in the underlying Paradox Formation. An impact origin for 
Upheaval Dome was then proposed on the basis of faulting and the inward 
and upward motion of rocks that is typical for central uplifts of complex 
impact craters (Shoemaker and Herkenhoff, 1983). Jackson et al. (1998), 
however, interpreted these faults to record motion of rocks into a cavity left 
behind by the upward passage of a salt diapir, now eroded away. The expla-
nation of Upheaval Dome as a remnant of a pinched-off salt dome has been 
questioned (e.g., Huntoon, 2000) due to the fact that there is no evidence 
that salt moved through the core of the structure. Additionally, no relict frag-
ments of the Paradox or hanging-wall formations have been documented 
(Huntoon, 2000; Kenkmann et al., 2005), although these should be found 
within the throat of a salt passage. Seismic refl ection studies by Kanbur 

et al. (2000) have shown that the Paradox salt layer underneath Upheaval 
Dome has a relief of <100 m and shows no evidence for a pinched-off salt 
diapir. Detailed mapping and structural analysis have been conducted in 
the last decade (Kriens et al., 1997, 1999; Huntoon, 2000; Scherler et al., 
2003; Kenkmann, 2003; Kenkmann et al., 2005). The deformation inven-
tory has been shown to be compatible with the formation and collapse of 
an impact crater, and a good match between the structurally gained data 
and results from a numerical simulation of impact crater formation has also 
been achieved (Kenkmann et al., 2005).
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ABSTRACT
Upheaval Dome is a unique circular structure on the Colorado Plateau in SE Utah, the 

origin of which has been controversially discussed for decades. It has been interpreted as a 
crypto volcanic feature, a salt diapir, a pinched-off salt diapir, and an eroded impact  crater. 
While recent structural mapping, modeling, and analyses of deformation mechanisms strongly 
support an impact origin, ultimate proof, namely the documentation of unambiguous shock 
features, has yet to be successfully provided. In this study, we document, for the fi rst time, 
shocked quartz grains from this crater in sandstones of the Jurassic Kayenta Formation. The 
investigated grains contain multiple sets of decorated planar deformation features. Trans-
mission electron microscopy (TEM) reveals that the amorphous lamellae are annealed and 
exhibit dense tangles of dislocations as well as trails of fl uid inclusions. The shocked quartz 
grains were found in the periphery of the central uplift in the northeastern sector of the crater, 
which most likely represents the cross range crater sector.

Keywords: impact craters, shock metamorphism, quartz, TEM data.

Figure 1. Top view of Upheaval Dome on Colorado Plateau in Canyon-
lands National Park, southeastern Utah, USA, and position of sample 
location.
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A critical step in proving or disproving an impact origin for the 
Upheaval Dome structure is the characterization of shock metamorphic 
indicators. Kriens et al. (1997) described some shatter cone–like features 
in the center of the structure, but they did not fulfi ll the strict diagnostic 
criteria of shock-produced shatter cones (Kenkmann, 2003). Likewise, 
vesicle-rich nodules, interpreted as ballistic, once molten ejecta (Kriens 
et al., 1999), have been proven to be unrelated to the impact (Koeberl 
et al., 1999). Kriens et al. (1999) and Kenkmann and Scherler (2002) 
presented planar microstructures in quartz of the White Rim Sandstone. 
However, subsequent analysis on these rocks using transmission electron 
microscopy (Kenkmann, 2003) showed that they represent thin deforma-
tion bands (Boehm lamellae). Kenkmann (2003) and Okubo and Schultz 
(2007) inferred deformation mechanisms from microstructures in sand-
stones of Upheaval Dome and estimated stresses that are incompatible 
with lithostatic pressures for the region and that could have resulted from 
salt diapirism but that might also be consistent with attenuated shock 
waves caused by an impact. Thus, these studies may provide circumstan-
tial evidence for an impact, but for ultimate proof, proper documentation 
of generally accepted shock features should be presented (e.g., Stöffl er 
and Langenhorst, 1994).

GEOLOGICAL OUTLINE
Upheaval Dome consists of a deeply eroded sequence of faulted 

and uplifted rocks surrounded by a structurally depressed ring syncline 
(Fig. 1), which also shows intricate faulting. Rocks exposed at Upheaval 
Dome are mainly sandstones and siltstones. The exposed strata con-
sist of rocks of uppermost Permian age in the very center (White Rim 
Sandstone) to strata of Triassic (Moenkopi, Chinle Formation) and 
Jurassic age (Wingate Sandstone, Kayenta Formation, Navajo Sand-
stone) located at progressively increasing distances from the center 
(Kriens et al., 1999; Huntoon, 2000). Structurally, the feature exhibits 
an outer annular, inward-dipping monocline with a diameter of 5.2 km 
that defi nes the extent of the structure. Inside this monocline, there is a 
3.6-km-diameter circular syncline (Fig. 1) surrounding a central uplifted 
area with a stratigraphic rise of ~250 m (Kenkmann et al., 2005). The 
inner part of the central uplift forms a morphological depression that 
is ~1.4 km wide and 300 m deep. The central depression plays a key 
role for the understanding of the structure of Upheaval Dome; it exposes 
radial folds and a complex sequence of folded and faulted strata. A char-
acteristic imbrication of thrust slices, roughly toward the southeast, is 
preserved in the internal structure of the central uplifted area and has 
been interpreted as the result of an oblique impact from the northwest 
(Scherler et al., 2006).

SAMPLE LOCATION
This microstructural study focuses on rock samples collected from 

bedrocks of the Early Jurassic Kayenta Formation during a fi eld cam-
paign in September 2005. The samples were taken from bedrocks in the 
“Intermittent Creek,” ~1.3 km northeast of the proposed crater center 
and 450 m southwest of the ring syncline axis (Fig. 1). The concentri-
cally striking, outward-dipping rocks are situated at the inner limb of the 
ring syncline and at the outer margin of the central uplift. The  deposits 
of the Kayenta Formation are layered fl uvial sediments and consist of 
middle- to coarse-grained silica-cemented sandstones, composed of 
85% quartz and 15% feldspar grains. Several clastic dikes occur in the 
Kayenta Formation (Kriens et al., 1999; Kenkmann et al., 2005) but 
were not explicitly found at the sample location. The investigated rocks 
are partly brecciated and display narrow-spaced networks of meso- to 
microscale faults. The regular and subparallel arrangement of these 
faults, with shear displacements in the order of centimeters and partly 
opposite shear sense, may have accommodated the macroscopic uplift of 
strata in a seismically excited state.

METHODS
About 120 standard polished thin sections were prepared to inves-

tigate possible shock features and the petrography from all stratigraphic 
levels of Upheaval Dome using an optical microscope and a scanning 
electron microscope (JEOL JSM 6300). Here, we focus on samples of the 
Kayenta Formation that display shock overprinting. We used a fi ve-circle 
LEITZ universal stage to determine the orientation of parallel lamellae 
within quartz grains. Micro-Raman spectrometry of these quartz grains 
was performed with a notch fi lter–based LabRam spectrometer (Jobin 
Yvon-Dilor), using a He-Ne laser of 632.8 nm wavelength, to prove 
 possible shock metamorphic overprint. A microrefractometer  spindle 
stage was used to measure the refractive indices of the investigated 
quartz grains. Specimens with possible planar deformation features were 
selected for transmission electron microscopy (TEM). They were care-
fully removed from the thin section, glued on copper nets, and thinned 
with a GATAN 600 DIF ion-beam thinner. Samples were investigated with 
a Philips CM 20 STEM microscope operated at 200 kV voltage at the 
Museum of Natural History of the Humboldt-University Berlin.

RESULTS
The vast majority of the quartz grains in the sandstone and siltstone 

layers of the investigated rocks of the Kayenta Formation do not exhibit 
shock features. Undulose extinction and subgrain structures are occasion-
ally observed and indicate plastic work at elevated temperatures. These 
deformation microstructures indicate rate-dependent plastic deformation 
and most likely stem from the source region of the deposits. Many of the 
quartz grains show slightly curved, thin deformation lamellae (Boehm 
lamellae), in particular at grain-to-grain contacts. They occur in parallel 
sets but never cross each other. Previous TEM studies have revealed that 
they were formed by a bending of the crystal lattice and concentrations of 
lattice defects (Kenkmann, 2003). Transgranular and intragranular frac-
tures, as well as shear and compaction bands, are also present. Here, we 
focus on the rare shock indicators:

Quartz grain 1 (Figs. 2A and 2B) is hypidiomorphic and not frac-
tured; quartz grain 2 (Figs. 2C and 2D) appears to be xenomorphic and 
intact. Quartz grain 1 displays two dominant sets of thin straight lamellae. 
Measurements on the universal stage showed that the c-axis is parallel to 
the angle bisector of these lamellae, corresponds to the long grain axis, and 
plunges at 10° to the section surface. The angle between (0001) and the 
poles of the straight lamellae is ~22°, corresponding to {1013}. At the opti-
cal microscope scale, the spacing between the individual planar features of 
the dominant sets ranges between ~2 and 7 µm. The lamellae are decorated 
with trails of fl uid inclusions that are lined up every 1–2 µm. At higher reso-
lution, subordinate sets of planar lamellae, namely {1012} and probably 
{1011}, can be seen (Fig. 2B). In some domains of the quartz grains, sets of 
lamellae with different orientation are dominant, but interpenetration is also 
frequent. At the optical microscopic scale, the  lamellae fulfi ll the character-
istics of planar deformation features (Stöffl er and Langen horst, 1994). The 
refraction indices of quartz grain 1 in the thin section plane are not reduced 
and range between n

o
 and n

e 
(n

o
, n

e
: refractive indices for the ordinary and 

extraordinary rays, respectively). Raman analysis of grain 1 disproves the 
occurrence of coesite and stishovite along the lamellae  and shows the stan-
dard quartz bands that coincide with Raman spectra of neighboring quartz 
grains. Quartz grain 2 (Figs. 2C and 2D) exhibits {1013} lamellae at all 
three rhombohedral planes and closer spacing and more intricate inter-
penetration. This grain also shows a brownish staining of its rim (“toasted 
quartz”; see Fig. 2C), which is often observed in shocked quartz (e.g., 
Whitehead et al., 2002). Figure 2A shows that quartz grain 1 is surrounded 
by fractured feldspar, while the quartz grain itself shows no signs of brittle 
deformation. TEM inspection (Fig. 3) also documents that the lamellae are 
straight and parallel. At a higher resolution, more lamellae  and closer spac-
ing are visible (0.6–1.0 µm). The lamellae themselves have extremely high 
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dislocation densities, while outside of the lamellae, the dislocation density 
is low. Dislocations form dense and irregular tangles within the boundaries 
of the lamellae (Figs. 3A–3C). Some dislocations, however, have grown 
into the host quartz. The thickness of the lamellae varies between a few 
tens and hundreds of nanometers. The dislocation bands contain numerous 
bubbles and fl uid inclusions <400 nm in diameter (Figs. 3B and 3C). Some 
of the inclusions are precipitated on the dislocation lines. Dislocation bands 
were mainly observed along {1013} (Fig. 3C) and subordinately along 
{1011} (Fig. 3A) as revealed by diffraction analysis with a diffraction vec-
tor g = 0110. Occasionally, regular subgrain boundaries were observed 
indicating dislocation climbing (Fig. 3D). A few partial dislocations in 
(0001) with typical parallel fringes were also observed and may indicate 
rare Brazil twins (Fig. 3D). Their formation in the basal plane of quartz 
requires large deviatoric stresses (4 GPa).

DISCUSSION
Planar deformation features are impact diagnostic and cannot form 

in any other geological environment (e.g., Goltrant et al., 1991, 1992; 
Langenhorst and Deutsch, 1994; Stöffl er and Langenhorst, 1994). Micro-
analyses of thin straight lamellae within quartz grains (Figs. 2 and 3) of 
the Kayenta Formation from Upheaval Dome, using optical microscopy, 
Raman, SEM, and TEM, suggest that they are annealed and decorated 
 planar deformation features. Their orientation dominantly along {1013}, 
and subordinately along {1012}, {1011}, coincides with the most fre-
quent planar deformation feature orientations reported in literature. The 
appearance of the planar deformation features at the TEM scale is similar 
to observations by Goltrant et al. (1991, 1992). The latter distinguished 
four types of planar deformation features at the TEM scale and showed 
that the dense dislocation tangles within the lamellae are reorganized 
planar deformation features that resulted from the annealing of origi-
nally amorphous material assisted by the presence of a fl uid phase. The 
occurrence of highly chaotic dislocation tangles, however, indicates that 
crystal defects could not be annihilated by climbing and that cation dif-
fusion was thermally hindered. This suggests that the investigated rocks 

may have experienced moderate temperatures insuffi cient for dislocation 
climb. A temperature in the range of 100–150 °C is believed to be the 
sum lithostatic overburden of at least 1.6 km (Kenkmann et al., 2005) and 
mild postshock heating of the target rock. The documentation of planar 
deformation feature lamellae provides evidence for the impact origin of 
Upheaval Dome. It supports earlier strong indications of the impact origin 
of Upheaval Dome based on geophysical (Kanbur et al., 2000), structural 
(Shoemaker and Herkenhoff, 1983; Kriens et al., 1997, 1999; Huntoon, 
2000; Scherler et al., 2003;  Kenkmann et al., 2005), and microstructural 
data (Kenkmann, 2003; Okubo and Schultz, 2007).

According to the shock pressure calibration by Stöffl er and Langen-
horst (1994), the frequency of planar deformation feature orientations 
changes with shock intensity. The orientations {1013} and particularly 
{1012} and {1011} indicate shock pressures >10 GPa in nonporous rocks. 
The unaffected refraction indices of the investigated quartz grains give an 
upper limit of shock pressure of 25 GPa.

These shock pressures are in confl ict with previous pressure esti-
mates and with best-fi t numerical simulations. Kenkmann (2003) derived 
effective confi ning pressures in excess of 250 MPa for the White Rim 
Sandstone, and Okubo and Schultz (2007) assumed maximum pressure 
magnitudes of 4.6 GPa in the Wingate Sandstone. Numerical models for 
Upheaval Dome propose pressures between 3.3 GPa and less than 1 GPa 
(Kenkmann et al., 2005; their Fig. 19) for the studied sample location. The 
occurrence of shocked material at the outer fl ank of the central uplift is 
unexpected and therefore requires explanation.

Figure 2. Shocked quartz grains investigated in thin sections. A–B: 
Quartz grain 1 showing two dominant sets of decorated planar defor-
mation features parallel to {1013} and subordinate {1012} lamellae; 
crossed polarizers. C–D: Quartz grain 2 (“toasted quartz”) exhibit-
ing all three rhombohedral planes of {1013} lamellae, closer spacing, 
and more intricate interpenetration; parallel polarizers.

Figure 3. Bright fi eld transmission electron micrographs (TEM) of 
quartz grain 1. A: Rhombohedral lamellae are straight and parallel 
and have varying thickness. Defect density is extremely high within 
lamellae. B–C: Dislocation bands along {1013} contain numerous 
bubbles and fl uid inclusions <400 nm in diameter. D: Partial disloca-
tion and low-angle subgrain boundary.
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It is known that the impact angle affects the distribution and magni-
tude of shock waves generated by an impact (Dahl and Schultz, 1999). The 
peak pressure in a propagating shock wave usually follows a power-law 
decay curve, but the magnitude in the down-range direction can be higher 
in comparison to the up-range direction. Recent experiments have shown 
that shock-induced damage beneath oblique craters in the down-range 
direction is stronger than in the up-range direction (Ai and Ahrens, 2005). 
Strain-rate measurements in oblique impact experiments have shown that 
their magnitude is about twice in the target down-range direction at the 
same peak stress (Dahl and Schultz, 1999). Likewise, oblique impacts are 
capable of producing much stronger shear waves (Dahl and Schultz, 2001) 
than vertical impacts of the same size. Based on the structure of Upheaval 
Dome, an impact from the northwest (Kenkmann et al., 2005; Scherler 
et al., 2006) is most likely. Hence, the shocked quartz grains of the north-
east periphery of the central uplift stem from the cross-range crater sector, 
where high shear strains but not elevated shock pressures can be expected. 
Alternative explanations for the occurrence of isolated high shock pres-
sures favor local pressure excursions formed by a shock-induced collapse 
of pore space (Kieffer et al., 1976) and impedance mismatches between 
feldspar and quartz. Note that the investigated quartz grain 1 is surrounded 
by fractured feldspar.

CONCLUSIONS
We have documented multiple sets of thin planar lamellae, domi-

nantly with {1013} orientation, which we identify as decorated planar 
deformation features, in quartz grains of the Upheaval Dome structure, 
Utah, USA. TEM analyses revealed that the lamellae are dislocation bands 
with extremely high dislocation densities that contain numerous fl uid 
inclusions precipitated on the dislocations. The original amorphous mate-
rial of the lamellae was devitrifi ed by thermal annealing.

The documentation of planar deformation features provides the defi -
nite evidence for the impact origin of Upheaval Dome. The documented 
planar deformation feature lamellae suggest shock pressures of ~10 GPa 
and probably more at 1.3 km distance from the crater center. This order 
of pressure magnitude is in confl ict with previous pressure estimates 
by a factor >3. Possible explanations for such elevated shock pressures 
include (1) local pressure excursions formed by shock-induced collapse of 
pore space, (2) impedance mismatches between feldspar and quartz, and 
(3) oblique impact trajectories.

ACKNOWLEDGMENTS
We are grateful to M. Buchner for joint fi eld work and adjuvant hints; 

M. Schmieder for helpful comments on our manuscript; and C. Wimmer-Pfeil for 
preparing thin sections. Buchner kindly acknowledges a grant from the Stifterverband 
für die Deutsche Wissenschaft. Kenkmann is grateful to D. Scherler and A. Jahn for 
their diligent collaboration in the course of the Upheaval Dome project 2002–2005. 
We thank M. Misgaiski for assistance with the microrefractometer. Kenkmann kindly 
acknowledges Deutsche Forschungsgemeinschaft (DFG) grant 732/6-1 and 732/11-1. 
We are also very grateful to the reviewers C. Koeberl and G. Osinski.

REFERENCES CITED
Ai, H., and Ahrens, T.J., 2005, Shock-induced damage beneath normal and 

oblique impact craters: Houston, Texas, Lunar and Planetary Institute, 
Lunar and Planetary Science XXXVI, abstract 1243, CD-ROM.

Bucher, W.H., 1936, Crypto volcanic structures in the United States: 16th 
International Geological Congress, Report Session 2, Washington, D.C., 
p. 1055–1084.

Dahl, J.M., and Schultz, P.H., 1999, In-target stress wave momentum content in 
oblique impacts: Houston, Texas, Lunar and Planetary Institute, Lunar and 
Planetary Science XXX, abstract 1854, CD-ROM.

Dahl, J.M., and Schultz, P.H., 2001, Measurement of stress wave asymmetries 
in hypervelocity projectile impact experiments: International Journal of 
Impact Engineering, v. 26, 1, p. 145–155.

Goltrant, O., Cordier, P., and Doukhan, J.-C., 1991, Planar deformation fea-
tures in shocked quartz; a transmission electron microscopy inves-

tigation: Earth and Planetary Science Letters, v. 106, p. 103–115, doi: 
10.1016/0012-821X(91)90066-Q.

Goltrant, O., Leroux, H., Doukhan, J.-C., and Cordier, P., 1992, Formation 
mechanisms of planar deformation features in naturally shocked quartz: 
Physics of the Earth and Planetary Interiors, v. 74, p. 219–240, doi: 
10.1016/0031-9201(92)90012-K.

Huntoon, P.W., 2000, Upheaval Dome, Canyonlands, Utah: Strain indicators that 
reveal an impact origin, in Sprinkel, D.A., Chidsey, T.C., Jr., and Anderson, 
P.B., eds., Geology of Utah’s Parks and Monuments: Utah Geological Asso-
ciation Publication 28, p. 619–628.

Jackson, M.P.A., Schulz-Ela, D.D., Hudec, M.R., Watson, I.A., and Porter, M.L., 
1998, Structure and evolution of Upheaval Dome: A pinched-off salt diapir: 
Geological Society of America Bulletin, v. 110, p. 1547–1573, doi: 10.1130/
0016-7606(1998)110<1547:SAEOUD>2.3.CO;2.

Kanbur, Z., Louie, J.N., Chávez-Pérez, S., Plank, G., and Morey, D., 2000, Seis-
mic refl ection study of Upheaval Dome, Canyonlands National Park, Utah: 
Journal of Geophysical Research–Planets, v. 105, p. 9489–9505.

Kenkmann, T., 2003, Dike formation, cataclastic fl ow, and rock fl uidization 
during impact cratering: An example from the Upheaval Dome structure, 
Utah: Earth and Planetary Science Letters, v. 214, p. 43–58, doi: 10.1016/
S0012-821X(03)00359-5.

Kenkmann, T., and Scherler, D., 2002, New structural constraints on the Upheaval 
Dome impact crater: Houston, Texas, Lunar and Planetary Institute, Lunar 
and Planetary Science XXXIII, abstract 1037.

Kenkmann, T., Jahn, A., Scherler, D., and Ivanov, B.A., 2005, Structure and for-
mation of a central uplift: A case study at the Upheaval Dome impact crater, 
Utah, in Kenkmann, T., Hörz, F., and Deutsch, A., eds., Large Meteorite 
Impacts III: Geological Society of America Special Paper 384, p. 85–115.

Kieffer, S.W., Phakey, P.P., and Christie, J.M., 1976, Shock processes in porous 
quartzite: Transmission electron microscope observations and theory: 
Contributions to Mineralogy and Petrology, v. 59, p. 41–93, doi: 10.1007/
BF00375110.

Koeberl, C., Plescia, C.L., Hayward, C.L., and Reimold, W.U., 1999, A petro-
graphical and geochemical study of quartzose nodules, country rocks, and 
dike rocks from the Upheaval Dome structure, Utah: Meteoritics & Plan-
etary Science, v. 34, p. 861–868.

Kriens, B.J., Shoemaker, E.M., and Herkenhoff, K.E., 1997, Structure and kine-
matics of a complex impact crater, Upheaval Dome, southeast Utah: in Link, 
P.K., and Kowallis, B. J., eds., Geological Society of America 1997 Annual 
Meeting, Salt Lake City, Utah, Field Trip Guidebook: Salt Lake City, Utah, 
Brigham Young University Geology Studies, v. 42, p. 19-31.

Kriens, B.J., Shoemaker, E.M., and Herkenhoff, K.E., 1999, Geology of the 
Upheaval Dome impact structure, southeast Utah: Journal of Geophysical 
Research, v. 104, p. 18,867–18,887, doi: 10.1029/1998JE000587.

Langenhorst, F., and Deutsch, A., 1994, Shock experiments on pre-heated a- and 
b-quartz: II. X-ray and TEM investigations: Earth and Planetary Science 
Letters, v. 128, p. 683–698, doi: 10.1016/0012-821X(94)90179-1.

Mattox, R.B., 1968, Upheaval Dome, a possible salt dome in the Paradox basin, 
Utah: in Mattox, R.B., ed., Saline deposits: Geological Society of America 
Special Paper 88, p. 331–347.

Okubo, C.H., and Schultz, R.A., 2007, Compactional deformation bands in  Wingate 
Sandstone; additional evidence of an impact origin for Upheaval Dome, Utah: 
Earth and Planetary Science Letters, v. 256, no. 1–2, p. 169–181.

Scherler, D., Jahn, A., and Kenkmann, T., 2003, Structural investigations in the 
central uplift of the Upheaval Dome impact crater, Utah: 3rd International 
Conference on Large Meteorite Impacts, Nördlingen: Houston, Texas, 
Lunar and Planetary Institute, abstract 4072, CD-ROM.

Scherler, D., Kenkmann, T., and Jahn, A., 2006, Structural record of an oblique 
impact: Earth and Planetary Science Letters, v. 248, no. 1–2, p. 28–38.

Shoemaker, E.M., and Herkenhoff, K.E., 1983, Impact origin of Upheaval Dome, 
Utah: Eos (Transactions, American Geophysical Union), v. 44, p. 747.

Stöffl er, D., and Langenhorst, F., 1994, Shock metamorphism of quartz in 
nature and experiment: I. Basic observation and theory: Meteoritics, v. 29, 
p. 155–181.

Whitehead, J., Spray, J.G., and Grieve, R.A.F., 2002, Origin of “toasted” quartz 
in terrestrial impact structures: Geology, v. 30, no. 5, p. 431–434, doi: 
10.1130/0091-7613(2002)030<0431:OOTQIT>2.0.CO;2.

Manuscript received 27 July 2007
Revised manuscript received 2 November 2007
Manuscript accepted 6 November 2007

Printed in USA

View publication statsView publication stats

https://www.researchgate.net/publication/262186054

