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Abstract—Calcite crystals within the Kaibab limestone in Meteor Crater, Arizona, are examined to
understand how calcite is deformed during a meteorite impact. The Kaibab limestone is a silty fine-
grained and fossiliferous dolomudstone and the calcite crystals occur as replaced evaporite nodules
with impact-induced twinning. Twinning in the calcite is variable with deformational regimes based
on abundances of crystals with twins and twin densities within crystals. The twins are similar to
those that are seen in low tectonically deformed regimes. Low levels of shock are inferred from
minor peak broadening of the X-ray diffraction patterns (XRD) of the calcite crystals. In addition,
electron spin resonance (ESR) spectroscopy data also indicates low shock levels (<3.0 GPa).
Quantitative shock pressures and correlation between the XRD and ESR results are poor due to the
inferred low shock levels in conjunction with the analytical error associated in calculation of the

shock pressures.

INTRODUCTION

Impact-induced shock effects in minerals have been
described for over fifty years, but there are few attempts to
categorize the petrologic effects of shock deformation in
calcite crystals. Shock effects in minerals are one of the
primary diagnostic indicators of an impact crater. There are
currently over 160 known impact craters, but only
approximately a dozen contain meteoritic material (French
1998). New craters are being discovered at a rate of 3—5 per
year (Grieve and Personen 1992) using indicators such as
geophysical and morphometric anomalies, shatter cones,
PDFs (planar deformation features), and the occurrence of
high-pressure polymorphs. Of these 160 craters, 60 have
carbonate target rocks and lack quartz-bearing minerals
(Grieve and Shoemaker 1994). There are few methods to
quantify the impact-induced deformation in the carbonates.

Deformation mechanisms in calcite are extensively
studied both experimentally (Teufel 1980; Bruhn and Casey
1997) and in tectonic environments (Burkhard 1992; Van der
Pluijm 1991). The experimental and regional tectonic studies
indicate a correlation between the amount of deformation and
the amount of strain over a geologic time scale, but analysis of
shock-induced deformation in calcite crystals from impact
craters is limited. Recently, analysis using transmission
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electron microscopy (TEM) of experimentally shocked
samples indicates that dislocations and mechanical twinning
occur in calcite crystals as a result of shock (Ivanov et al.
2002; Langenhorst et al. 2002). Intense shock-induced
twinning in carbonate minerals occurs, for example, at
Meteor Crater and West Hawk Lake Crater, Manitoba (Short
and Bunch 1968), Flynn Creek Crater, Tennessee (Roddy
1968), and the Sedan nuclear explosion crater, New Mexico
(Short 1968). However, these occurrences were not
systematically analyzed in order to determine if type and
distribution of twinning correlates with the shock level.

In the past, calcite was ignored as an indicator of shock
metamorphism because of the ease with which it can anneal
and be overprinted by later deformation (Short 1968). Meteor
Crater is a good site to examine shock-induced effects on
calcite because of its young age (49,000 + 3000 a; Sutton
1985) and the lack of post-impact tectonic events in the area.
In addition, coesite and stishovite occur within the Coconino
Sandstone at Meteor Crater (Chao et al. 1962) indicating the
local presence of shock pressures in excess of 30 GPa.

Recent analytical procedures provide a means of
quantifying the amount of shock applied to rocks and
minerals. Analysis of experimentally shocked minerals shows
that the X-ray diffraction (XRD) peaks of minerals broaden as
increasing pressure is applied (e.g., Martinez et al. 1995;
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Skala and Jakes 1999; Bell et al. 1998; 2002). Similarly,
broadening of the diffraction peaks is observed in naturally
shocked minerals (e.g., Horz et al. 1986; Skala and Jakes
1999). For this study, XRD peaks of calcites from the Kaibab
limestone were analyzed for peak broadening using single
peak profile fitting and by a Rietveld refinement program to
determine the peak shape parameters.

In addition to XRD, electron spin resonance (ESR) has
been used to quantitatively determine the shock pressure to
which a carbonate host rock has been subjected. The ESR
technique utilizes Mn?* ions that fill Ca2* and Mg?" positions
in the crystal lattice of dolomite. The resonance absorption
spectrum obtained by ESR represents coupling between the
electronic and nuclear magnetic moments (Hurd et al. 1954).
Shocked samples show a change in the hyper-fine spectral
peaks, which is correlated to an increase in shock pressure
(Vizgirda et al. 1980; Polanskey and Ahrens 1994). The
quantitative determination of the shock pressure using ESR
requires a series of experimentally shocked reference
samples. The samples investigated in this study are
compared to experimentally shocked Kaibab limestone
samples (Polanskey and Ahrens 1994). Combined, XRD and
ESR may provide a means of quantifying the optically
defined deformation in a calcite crystal from a meteorite
crater.

GEOLOGIC SETTING

Meteor Crater is a 180 m deep bowl-shaped depression
located in north-eastern Arizona. The diameter of the crater is
approximately 1.2 km and the edge of the crater rim has
overturned strata rising 30 to 60 m above the surrounding
bedrock surface (Shoemaker 1960). The target rocks at
Meteor Crater are sedimentary units deposited during the
Permian and Triassic periods. The Permian Kaibab limestone
comprises the majority of the crater wall and is approximately
80 m of silty dolomudstone and silty fossiliferous
dolomudstone. The rim of the crater is composed of the
overturned stratigraphy within the crater and an overlying
debris sheet of material ejected during formation of the crater
(Shoemaker 1960).

The calcite crystals within the Kaibab limestone formed
as replacement of evaporite nodules (gypsum or anhydrite)
after deposition, yet prior to impact (Roddy 1978). The calcite
is not uniformly distributed in the Kaibab limestone,
occurring primarily in the upper half of this unit. Samples for
this study were collected from the debris sheet and the crater
walls (Fig. 1). Samples were also collected from Canyon
Diablo (4.2 km west of the crater), an intermittent river
channel exposing ~11 m of equivalent Kaibab limestone for
comparison as a unshocked reference. All calcite samples
were analyzed petrographically and with XRD, while samples
of the dolomudstone surrounding the calcite were analyzed
with ESR.
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SAMPLES AND METHODS

Multiple samples of the same rock section were prepared
by two different laboratories to ensure that twinning or
deformation features were not produced as a function of
preparation. The 30 pm-thick thin sections were doubly
polished because singly polished thin sections contained
optical artifacts. The thin sections were analyzed to
determine type and distribution of deformation features in
calcite (e.g., twinning, fractures) within each sample and to
see if there is a correlation between deformation and the
distance from the center of the crater. Four levels of shock
deformation are distinguished (not, little, moderately, and
highly deformed) and categorized according to the size,
abundance, and distribution of twinning within the crystals
(Table 1). The widths of the twins are categorized as thin
(<1.5 mm), medium (1.5-3.5 mm), and thick (>3.5 mm). The
abundance of twins are categorized as low, medium, and
high, based on the density of twins within single crystals
(Fig. 2). The type and amount of twinning in each sample is
not homogenous with some samples, having crystals that are
moderately twinned juxtaposed against crystals with no
twinning, so the percentage of crystals with twinning was an
additional criterion for assigning levels of shock
deformation.

Examination of the calcite by XRD requires careful
sample preparation in separating the calcite from the
surrounding dolomite. The use of a microdrill or any other
instrument with high revolution rates can induce increased
peak broadening (Skédla and Jake$ 1999), so the calcite
samples were hand-picked from rock chips broken from hand
specimens. The calcite crystals were then ground into a fine
powder under alcohol with a mortar and pestle and sieved
onto a quartz zero background plate coated with petroleum
jelly. The calcite was continually sieved over the plate until a
uniform thickness of approximately 300 um was deposited
with grains <75 pm. The diffraction patterns were collected
using an automated Siemens D500 Kristalloflex
diffractometer at Washington State University, with CuK,
radiation (A = 1.54059), a graphite diffracted beam
monochromator, and a scintillation detector. The
diffractometer was operated at 35 kV and 30 mA between
15° and 117° 26 with a step width of 0.02° 26 and a count
time of 10 sec per step.

The full width at half maximum (FWHM) of the
individual peaks from the diffraction pattern were calculated
using the EVA graphics program DIFFRAC-AT v.3 software
package. The EVA program subtracts out the K, peaks and
smooths the diffraction pattern before calculating the FWHM
values. The patterns are smoothed by fixing the width of the
sliding interval over which the data will be smoothed by
means of a third-degree polynomial. A sliding interval width
of 0.143° 20 was used so that smoothed data fitted our
experimental data as closely as possible, while obtaining a
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Fig. 1. Topographic map of Meteor Crater marking sample locations (adapted from USGS map # TAZ0889).

higher accuracy for calculating the FWHM values. The
change in the FWHM for the calcite samples is shown in
Fig. 3.

Additionally, the diffraction patterns were analyzed by
Rietveld refinement in order to determine the peak shape
parameters U, V, and W (Skdla and Jakes 1999). The
diffraction patterns were refined using the SIROQUANT v.2
Rietveld refinement program. The original parameters for the
calcite structure used in this program are a =b =4.9901, c =
17.0595, U =V =0, W = 0.015, preferred orientation using
March-Dollase correction, Pearson’s shape factor m = 1.4, a
zero point parameter taking into account sample displacement
and alignment error, and a non diffraction percent = 0.02. The
crystal structure parameters were taken from H. D Megaw
(1973). The program refined the parameters for overall scale
factor, six order background polynomial parameter, half-
width parameters, profile shape function, and unit cell
dimensions. For details about Rietveld refinement techniques

see Young (1993). The values for the FWHM for the range
between 20-1459 20 were calculated and plotted against their
20 value (Figs. 3b and 3d). Samples containing accessory
peaks (such as kaolinite and quartz) were not analyzed
because the accessory phases affected the calculated U, V, and
W values.

For ESR analysis, samples of the Kaibab limestone from
Meteor Crater and Canyon Diablo were ground into a coarse
powder and placed into Wilmad 710-SQ-250M fused quartz
ESR tubes. The samples were run at room temperature in a
Bruker EMX spectrometer with a standard TE, cavity at the
University of Washington. The spectra were measured
between a magnetic moment of 3036.5-3688.5 G, which
encompassed the Mn2" absorption peaks. The spectrometer
settings had a microwave power of 20 mW, a frequency
between 9.307-9.355 GHz, a modulation amplitude of 3.2 G,
a time constant of 81.92 msec, a conversion time of
81.92 msec, and were run in the second harmonic mode.
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