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Abstract–We have performed six shock experiments at nominal peak-shock pressures of
12.5, 20, 33, 46.5, 64, and 85 GPa using polycrystalline anhydrite discs embedded in
ARMCO-Fe sample containers and the shock reverberation technique. The recovered
samples were analyzed using X-ray powder diffraction and transmission electron
microscopy (TEM). The X-ray diffraction patterns recorded on all samples are
compatible with the anhydrite structure; extra-peaks have not been observed. Peak
intensities decrease and peak broadening increases progressively in the pressure range
from 0 to 46.5 GPa. At higher pressures, peak broadening diminishes and the X-ray
diffraction pattern of the 85 GPa sample resembles essentially that of unshocked, wellcrystallized anhydrite. Related structural changes at the nanoscale include in the pressure
regime up to 20 GPa ‘‘cold’’ deformation phenomena such as cracks and deformation
twins. Dislocation density increases up to 33 GPa and the strain increases up to
46.5 GPa. In the pressure range from 46.5 to 85 GPa, high postshock temperatures
caused annealing of the deformation features. Increasing density and size of voids in the
anhydrite samples shocked at 64 and 85 GPa indicate partial decomposition of anhydrite.
Recalculation of the peak-shock pressure in the experiments to a more realistic natural
loading path indicates the onset of degassing of anhydrite in the pressure range of 30–
41 GPa.

INTRODUCTION
The K-Pg (Cretaceous–Paleogene) mass extinction is
now widely accepted to have been induced to a large
extent by the release of vast amounts of SOx gases due to
the Chicxulub bolide impact into a carbonate ⁄ sulfate
platform at Yucatán Peninsula, Mexico (for a recent
review see Schulte et al. 2010). In detail, however, the
related mechanisms are not well understood, mainly
because the amount of gases released, and their effect on
global climate (e.g., Pierazzo et al. 2003; Kring 2007) are
not well constrained. It is, therefore, essential to
investigate the shock behavior of sulfates experimentally
and theoretically; the results may also be of interest in the
context of Martian evolution (e.g., Wiseman et al. 2010).

Decomposition of shocked carbonates is well
documented in nature (e.g., Osinski and Spray 2001;
Deutsch and Langenhorst 2007), by experiments
(Langenhorst et al. 2002; Zhang and Sekine 2007; Bell
2010), modeling (Ivanov and Deutsch 2002; Ivanov et al.
2002), and recarbonation of the resultant lime was
experimentally examined in detail (Agrinier et al. 2001).
However, similar data for shocked sulfates are rather
sparse (Skála et al. 2004). The shock behavior of
anhydrite (orthorhombic CaSO4), the dominating sulfate
in the target region of the Chixculub impact event, was
mainly inferred from thermodynamic considerations
(Chen et al. 1994; Ivanov et al. 1996, 2004; Pope et al.
1997; Yang and Ahrens 1998; Gupta et al. 2001), but
lacks postmortem conﬁrmation by mineralogical
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Table 1. Parameters of shock experiments performed with anhydrite powder at the Ernst-Mach-Institut, Freiburg,
Germany.
Nominal
pressure (GPa)
85
64
46.5
33
20
12.5

Experiment #

Cover plate
thickness (mm)

Flyer plate
thickness (mm)

9455
9456
9457
9458
9459
9460

5
5
5
10
5
10

2
3.3
3
4
4
5

investigation of recovered material from shock
experiments. In a recent abstract, however, gas release
from gypsum (monoclinic, CaSO4Æ2H2O) in laser shock
experiments was documented by speciﬁcation of the
SO3 ⁄ SO2 ratio using quadrupole mass spectrometry
(Ohno et al. 2010).
Pressure estimates for shock-induced incipient and
complete decomposition of anhydrite vary widely. First
calculations on the basis of energetic considerations
resulted in pressures of approximately 80 GPa and
approximately 160 GPa for incipient and complete
decomposition, respectively (Badjukov et al. 1995;
Ivanov et al. 1996). Later, the ‘‘entropy criterion’’ for
vaporization (Zel’dovich and Raizer 2002) was
introduced into calculations by Gupta et al. (2001),
yielding shock pressures for incipient and complete
vaporization of 32 ± 2.5 GPa and 122 ± 13 GPa,
respectively. As gaseous SO2 ⁄ SO3 have very high molar
entropies and volumes compared with the solid mineral
anhydrite, shock-induced decomposition of minerals
occurs during and after unloading from peak-shock
pressures, whereby postshock temperatures essentially
determine the degree of devolatilization. As documented
by Kondo and Ahrens (1983) in shock experiments with
gypsum, the problem is complicated by localized spots of
peak temperatures exceeding the calculated Hugoniot
temperatures up to a factor of 10. In the natural case,
porosity of the evaporate layers in the target plays a
prominent role, as high porosity will result in high shock
and postshock temperatures at even relatively low shock
pressures (e.g., Wünnemann et al. 2008).
Investigations on recovered shock-loaded anhydrite
samples mostly employed X-ray diffraction methods
(Schmitt and Hornemann 1998; Langenhorst et al. 2003;
Skála et al. 2004, 2005). Skála et al. (2004) reported, in
addition, some scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) results. In
summary, nearly all of the data reported on the shock
behavior of anhydrite is concluded from thermodynamic
considerations or indirect observations. For that reason,
we conducted six shock recovery experiments on
anhydrite in the pressure range from 12.5 GPa up to
85 GPa. The aim of this study was to obtain an

High
explosive
Octogen
Octogen
Composition B
Composition B
TNT
TNT

understanding of the shock behavior of anhydrite
including
deformation,
transformation,
and
decomposition phenomena. Therefore, the recovered
samples were investigated using X-ray diffraction and
transmission electron microscopy.
METHODS
Experimental Setup
The recovery experiments were performed at the
Ernst-Mach-Institut (EMI) on polycrystalline compact
anhydrite discs with a diameter of 15 mm. The starting
anhydrite rock is from the Upper Permian Zechstein mined
in the potash works Sigmundshall at Bokeloh ⁄ Wunstorf,
Germany. It is characterized by a random orientation of
anhydrite grains with an average grain size of 200 lm. The
experimental parameters used for obtaining pressures from
12.5 to 85 GPa are given in Table 1. The setup for the
experiments consists of a high-explosive driven ﬂyer plate,
two steel blocks as momentum traps, and a cylindrical
ARMCO-Fe container, in which the sample disc is
embedded (Langenhorst and Deutsch 1994). Reverberation
of the transmitted shock wave on the sample-container
interfaces was used to reach peak-shock pressure. Pressures
were calibrated as a function of cover and ﬂyer plate
thickness in separate experiments by pin contact
measurements (see Langenhorst and Hornemann 2005).
Optical microscopy revealed that samples shocked to
pressures <46.5 GPa are strongly fragmented powders,
whereas above this pressure limit, samples are compact.
Analytical Methods
X-Ray Powder Diffraction
The X-ray powder diffraction patterns were obtained
using a Stoe Stadi P X-ray diffractometer (BGI
Bayreuth), equipped with a linear position-sensitive
detector, a Co X-ray tube, and a primary Ge (111)
monochromator. Si powder was added as standard
reference material for lattice constant reﬁnement. Peaks
were ﬁtted with a symmetric pseudo-Voigt proﬁle-shape
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function with FullProf (Rodrı́guez-Carvajal 1993). The
crystal structure of anhydrite published by Hawthorne
and Ferguson (1975) was used to model theoretic powder
data with FullProf to assign the indices to the observed
lines in diffraction patterns.
The cell reﬁnement of anhydrite bears some
complications, as two of the cell dimensions are very
similar (a  6.993 Å, b  6.995 Å, and c  6.245 Å in
the Amma setting), resulting in overlapping peaks of
similar indices (hkl) and (khl). Therefore, these indices
were omitted in the calculations. The unit-cell
dimensions were reﬁned by the program UnitCell
(Holland and Redfern 1997) from peak positions of the
10 most intensive, nonoverlapping diffraction lines, i.e.,
(111), (012), (220), (212), (301), (103), (032), (232), (412),
and (224) in the Amma setting.
X-ray line broadening was analyzed using the
‘‘double-Voigt’’ method (Balzar and Ledbetter 1993)
which is based on the Warren–Averbach method
(Warren and Averbach 1950; Warren 1959). The
outcomes of the analysis are two domain size-related
values and one strain-related value. The domain sizerelated values are calculated as mean surface weighted
domain size and mean volume weighted domain size.
There is no direct way of obtaining the actual strain, but
it can be expressed as the root of the mean squared
strain (<e2(d)>½), which varies as a function of the
chosen distance d. To obtain indicative values, half the
surface or volume weighted domain size was chosen as
representative distance. The original method of Warren
(1959) was based on the investigation of related lattice
planes such as (100), (200), and (300). Unfortunately, the
diffraction pattern of anhydrite lacks these related lattice
planes; hence, the regression was done through all the
different, nonrelated (hkl) planes, and the results can
therefore only be taken as average values in all
directions.
Transmission Electron Microscopy
For TEM study, thin sections of 20–30 lm thickness
were prepared from sample powder, glued on a copper
grid of 3 mm in diameter, and thinned to perforation in
an Ar-ion-milling system at 4.5 kV. After thinning and
carbon coating, the thinned specimens were observed at
200 kV acceleration voltage using a Phillips CM20
STEM (BGI). Samples were investigated using conventional bright-ﬁeld (BF) and dark-ﬁeld (DF) imaging, as well as High-Resolution-TEM (HRTEM).
Dislocation densities were measured using the line
intersection method (Hirsch et al. 1965), whenever
possible. When dislocation density was too high, it was
estimated using the surface intersection method (Hirsch
et al. 1965) in a HRTEM image, whereby this dislocation
density can only be considered as a minimum value.
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Fig. 1. X-ray diffraction patterns of unshocked and shocked
anhydrite in a 2h range from 40 to 55. Intensities were
normalized for comparison and (hkl) indices are shown above
each peak.

RESULTS
X-Ray Diffraction Data
X-Ray Diffractograms
The X-ray diffraction patterns of unshocked and
shocked anhydrite samples are summarized in Fig. 1.
Unshocked anhydrite and the sample shocked at 85 GPa
display sharp X-ray peaks, whereas the samples shocked
to intermediate pressures (12.5, 20, 30, 46.5, and 64 GPa)
show a marked broadening of X-ray lines due to limited
crystallinity and strain. The observation of sharp X-ray
peaks for the 85 GPa anhydrite suggests that postshock
annealing has resulted in recovery of strain and
enhancement of crystallinity. The peak positions of all
shocked anhydrite samples are not signiﬁcantly shifted in
comparison to the unshocked reference sample, and
detailed unit-cell reﬁnement was required to reveal
changes in lattice parameters.
Unit-Cell Parameters
Unit-cell parameters are presented in Fig. 2 as a
function of pressure. The cell volume V increases up to a
pressure of 33 GPa, followed by a continuous decrease in
V with the pressure increasing to 46.5, 64, and 85 GPa.
The values of V are lower than those of the 12.5 GPa
sample. Within error limits, the cell volume at 85 GPa is
equivalent to V of 305.48 Å3 for unshocked anhydrite
(Hawthorne and Ferguson 1975). Lattice constants a, b,
and c show a less clear correlation with increasing
pressure. The a and b constants seem to ﬁrst slightly
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Fig. 2. Unit-cell dimensions of our experimentally shocked anhydrite (ﬁlled squares) compared with those (open circles) obtained
by Skála et al. (2005). Error bars correspond to 1r errors.

increase and then decrease with increasing pressure,
whereas the c axis shows a slight increase with increasing
pressure. However, it has to be considered that the errors
are in the same order of magnitude as the variation of
the parameters.
The variation in the unit-cell parameters of the
shock-loaded anhydrite corresponds with less than 0.1%
to the range of the variation reported by Skála et al.
(2005) and Schmitt and Hornemann (1998). The data of
Skála et al. (2005) also show that the unit-cell volume
ﬁrst increases, followed by a decrease with increasing
shock pressure. However, the point of inﬂection at
60 GPa as observed by Skála et al. (2005) is distinctly
higher than the 46.5 GPa observed in this study. The
increase in unit-cell volume for the 20 GPa sample is
largely due to the slight increase in the a lattice constant,
whereas the unit-cell volume at 33 GPa increases due to
the increase in the c lattice constant. The increase in the
unit-cell volume is therefore not induced by the change
in one speciﬁc lattice parameter.

constant up to 64 GPa, but a marked jump to high
values occurs at 85 GPa (Figs. 3a and 3b). This is in
accord with the data presented by Skála et al. (2005),
who observed nearly constant domain sizes up to
64 GPa. Their data only reveal a small increase above
60 GPa, probably a ﬁrst indication for an increasing
domain size that ﬁnally results in the large domain size
calculated from the X-ray diffraction line broadening in
the present study.
The root mean square strain (RMSS) over the mean
volume and mean size weighted domain sizes increase up
to 46.5 GPa (Figs. 3c and 3d). At higher shock pressures,
the RMSS decrease to reach ﬁnally at 85 GPa lower
values than the sample shocked to 12.5 GPa. The RMSS
variation observed here is also in agreement with the
data of Skála et al. (2005). Their calculated RMSS
increases up to approximately 40 GPa, remains nearly
constant up to 50 GPa, and then decreases with
increasing pressure.
TEM Observations

Domain Size and Strain
Calculated volume and surface-weighted domain
sizes are mean values that average over a heterogeneous
size distribution. These mean domain sizes remain nearly

The TEM investigations reveal that the shocked
anhydrite contains many different deformation effects,
even at low pressures, and some decomposition features
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Fig. 3. Plots of (a) surface and (b) volume weighted domain size variation for the experimentally shocked anhydrite samples
versus pressure. Changes in root mean square strain (RMSS) over surface and volume weighted domain sizes are shown in (c)
and (d).

Fig. 4. Phenomena observed by TEM in the experimentally
shocked anhydrite. The dislocation density of the 33 GPa
sample was measured on a high-resolution (HR) TEM image,
and represents a minimum value. Dislocation densities at 46.5
and 85 GPa could not be accurately measured because of
heterogeneous distribution of dislocations.

at higher pressure. The observed phenomena are
summarized in Fig. 4.
Dislocations and Planar Defects
Up to 20 GPa, anhydrite shows arrays of straight
dislocations, twins, and sparsely distributed cracks
(Fig. 5a). The traces of the dislocations can be indexed to
lie in the (120), (
120) and (020) planes and the twinning
operation is a mirroring on the {210} planes (Fig. 5b).

The dislocation densities increase with increasing
pressure from 1013 m)2 (12.5 GPa) to 1014 m)2 (20 GPa)
up to 1016 m)2 at 33 GPa (Fig. 4). At 64 GPa, the
dislocation density is again 1013 m)2. In the samples
shocked to 46.5 and 85 GPa, the distribution of
dislocations was too heterogeneous to measure their
density.
Multiple twinning occurs at 64 GPa with a twin
different to that in the lower pressure regime (Fig. 6a):
Twins are wedge- or lens-shaped, resembling ferro-elastic
twins. In addition, planar defects parallel to the trace of
(010) develop in the sample shocked to 64 GPa (Fig. 6b).
Sub-grains. At 46.5 GPa, small subgrains with sizes
in the nm-range appear in high-resolution images
(Fig. 7a). With increasing shock pressure, at 64 GPa
(Fig. 7b), these subgrains gain a diameter of tens of
nanometers, and are even visible in low resolution
bright-ﬁeld images at 85 GPa with a size in the lmrange.
Voids. A remarkably high density of voids occurs in
the sample shocked at 64 GPa (Fig. 8a), whereby the
voids are largest in the 85 GPa sample. Figure 8b shows
a high-resolution image of a distorted structure next to a
void in the 85 GPa sample. In addition, a channel of
presumably newly formed grains extends from the void.
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Fig. 5. Anhydrite sample 9460 shocked to 12.5 GPa; weak beam dark ﬁeld (WBDF) image (a) showing dislocations, which can be
indexed to lie in speciﬁc lattice planes, and multiple twinning; the HRTEM image (b) shows the twin plane.

Fig. 6. Anhydrite sample 9456 shocked to 64 GPa; bright-ﬁeld (BF) TEM image (a) showing multiple lens- and wedge-shaped
twins. Their appearance resembles that of ferroelastic twins; (b) HRTEM image showing planar defects parallel to the trace of the
(010) plane. These could be regarded as an indication for the anhydrite to monazite phase transition.

DISCUSSION
Microstructural Observations and Implications for the
X-Ray Results
The observed phenomena in the TEM, summarized
in Fig. 4, and the results of X-ray analysis are consistent
with the physical parameters of the shock experiments.
In the low pressure regime up to 20 GPa, shock and
postshock temperatures and strain are relatively low; the
samples react to these conditions by forming mechanical
twins, which is a typical low temperature phenomena.
The twinning planes (210) and (2
10) observed in this
work do not agree with the twinning plane (011)
reported by Ramez (1976a) for anhydrite deformed in
static uniaxial pressure experiments between 0.1 and

0.5 GPa at temperatures up to 300 C, indicating
different twinning mechanisms due to different loading
paths, dynamic, or static. The {120} twinning was
observed so far only as contact twins in anhydrite
(Anthony et al. 2003), but not as multiple twins such as
those in our shock-loaded samples (Fig. 5a). However,
typical mechanical twins have straight twin planes to
their host crystals. The deformed twin planes observed
here may be attributed to the very high stresses and ⁄ or
multiple shocks resulting from the use of the
reverberation technique.
Stress increases with higher shock pressure and
therefore dislocation density and strain increases in the
anhydrite samples shocked up to 33 GPa. The slip
systems (010), [100], and {120} [211] or [211] as reported
by Ramez (1976b) coincide well with the indices of the
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Fig. 7. HRTEM images of (a) anhydrite sample 9457 (46.5 GPa) and (b) anhydrite sample 9456 (64 GPa) showing subgrains
formed by recrystallization. The subgrains become larger with increasing pressure. Dashed ellipses indicate the individual subgrains
in both ﬁgures as a guide for the eye.

Fig. 8. a) Bright-ﬁeld TEM image of anhydrite sample 9456 (64 GPa) illustrating the high density of voids, and b) HRTEM image
showing the surroundings of a void (marked with an arrow) in anhydrite sample 9455, shocked to 85 GPa.

dislocation lines in the shock experiments at low
pressures (Fig. 5a), indicating an identical or similar
mechanism, despite the rate of deformation being
different by several orders of magnitude. At 46.5 GPa,
postshock temperatures are sufﬁcient to initiate smallscale recovery due to annealing. Subgrains on the order
of several nanometers in size start to form due to
recrystallization of anhydrite to release the stress
(Fig. 7a). However, the strain calculated from the X-ray
diffraction patterns is still enhanced at this pressure,
which may be related to the high dislocation density and
the small size of the subgrains. At 85 GPa, the subgrains
are very large (lm scale) and dislocations are rarely
visible in the TEM. The decrease in strain and increase in
domain size from 64 GPa to 85 GPa calculated from Xray diffraction patterns is best explained by efﬁcient

annealing that causes a decrease in dislocation density
and coarsening of subgrains.
Phase Transitions
Static in situ high-pressure studies on anhydrite have
reported various phase transitions. Stephens (1964),
Crichton et al. (2005), Ma et al. (2007), and Bradbury
and Williams (2009) showed that anhydrite transforms
between 2 and 5 GPa to a high-pressure phase with
monoclinic monazite structure. This phase transition is
unquenchable and the change in structure was proven by
in situ X-ray and Raman measurements in a diamond
anvil cell. Diamond anvil cell experiments performed at
even higher pressures revealed further phase transitions:
Crichton et al. (2005) reported a barite-type polymorph
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at 21 GPa and 1450 C and a quenched AgMnO4
structure at 19.9 GPa, whereas Chen et al. (2001) found
a conversion to a quenchable orthorhombic phase
between 14 and 21 GPa. Furthermore, Raman
measurements revealed a new phase at 33.2 GPa after
laser heating (Ma et al. 2007). Moreover, the Hugoniot
data of Simakov et al. (1974) provides evidence for a
martensitic phase transition around 33 GPa upon shock
loading. Bradbury and Williams (2009) concluded from
kinetic calculations that the phase transition observed
under shock loading around 33 GPa is the kinetically
hampered phase transition observed in static experiments
at 2–5 GPa; these authors also discarded the presence of
any other phase transition upon 28 GPa reported in the
above cited investigations.
Our TEM images of sample 9456 (64 GPa) provide
hints at two different kinds of phase transformations in
shock-loaded anhydrite, i.e., (1) a martensitic, and (2) a
ferro-elastic phase transition.
1. The planar defects in Fig. 6b indicate an incipient
martensitic phase transformation on the (010) planes
in anhydrite. This may be assigned to the anhydritemonazite transition. A structural model would be
progressive shearing on the (010) planes (Fig. 9a)
that leads to the zircon-type structure (Fig. 9b),
followed by a distortion that deforms the lattice into
the monazite-type structure (Fig. 9c). In the
monazite structure, a ninth oxygen contributes to
form AO9 polyhedra, resulting in a structural
distortion, speciﬁcally a rotation of the PO4
tetrahedra and a lateral shift of the (100) plane.
2. The lens- and wedge-shaped appearance of the
multiple twins in Fig. 6a indicates a ferro-elastic phase
transition. This would imply a reversible displacive
phase transition to a structural polymorph with higher
symmetry. However, none of the above discussed
phases into which anhydrite could transform
possesses tetragonal or cubic symmetry. Further static
high-pressure ⁄ high temperature experiments are
needed to clarify the nature of this phase transition
and stability of the new phase.
SOx Degassing
The large amount of voids and their increasing size
in the pressure regime above 64 GPa indicates incipient
decomposition of anhydrite despite the experimental setup, which does not allow gas to expand signiﬁcantly.
These features provide evidence for high postshock
temperatures. Figure 8b shows that pre-existing small
cavities or ﬂuid inclusions may constitute possible hot
spots for decomposition. The temperature of the
decomposition reaction CaSO4 ﬁ CaO+SO2+½O2 is
very close to the melting point of anhydrite at ambient

Fig. 9. Structural model of the semimartensitic anhydrite–
monazite phase transition. Progressive shearing on the (010)
planes (white arrow) in the anhydrite structure (a) leads to the
zircon-type structure (b) and with increasing distortion deforms
the lattice into the monazite structure (c).

conditions (Hanic et al. 1985). However, no
decomposition products, melt features, or crystallization
from melt have been observed in our experimentally
shocked anhydrites. The closed container certainly
inhibits release of SOx gases which, if present, might
back-react with the residual CaO.
Degassing of anhydrite in the context of an impact
event is a process that occurs during decompression. The
amount of gas released is only controlled by the
postshock temperature and thus, by the energy difference
between shock compression and release. Due to the
multiple reﬂections in the reverberation method used in
our experimental setup, the energy gain is lower than in a
single (impedance) shock experiment or in a natural
impact process. Due to these different loading paths, the
threshold pressure of incipient degassing might be higher
in our experiments than in nature. We estimated the
different pressure loading steps by the multiple
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reﬂections in the sample using Hugoniot data of
ARMCO-FE (Bancroft et al.1956; Taylor and Rice 1963;
Marsh 1980) and anhydrite (Simakov et al. 1974). The
energy gain in the sample is given by:
DE ¼ ER  ES

ð1Þ

where the Hugoniot energy of the reverberation
experiment ER depends on the shock pressure P and
changes in volume V at every reverberation step:
ER ¼

X ðPi þ Pi1 ÞðVi1  Vi Þ
2

i

ð2Þ

and the isentropic energy ES depends on relative volume
change:

ES ¼ 

ZVH
PS dV

ð3Þ

V0

where Ps is the pressure at the isentrope corresponding to
the ﬁnal speciﬁc volume VH. The analytical form
assumed for the isentrope is the Birch–Murnaghan
equation of state:
7=3  5=3 #
V0

VH
" 
#)
3
V0 2=3
1 þ ðK0  4Þ
1
4
VH

3K0
PS ¼
2
(

"

V0
VH

ð4Þ

where K0 and K¢0 are the isentropic bulk modulus and its
isentropic pressure derivative. V0 is the initial speciﬁc
volume. To keep calculations simple, we do not take into
account any phase changes in anhydrite. The maximum
relative error in DE by neglecting the anhydrite–monazite
phase transition reported by Simakov et al. (1974) will
be 10% (Ivanov et al. 1996), which is in the range of the
accuracy of the computation. The energy gained in our
reverberation experiments can be converted into a
corresponding impedance shock pressure that is needed
to result in the same energy increase. In impedance
experiments, the shock pressures are reached in one step.
Thus, the impedance Hugoniot energy EH can be
calculated as:
1
EH ¼ PH ðV0  VH Þ
2

ð5Þ

The energy gain in the sample is again the difference
between the Hugoniot energy EH and the isentropic
energy Es of the release path. Table 2 lists the
reverberation and impedance shock pressures that would
result in equivalent energy gain. Our calculations
indicate that in a natural impact incipient degassing from
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Table 2. Conversion of nominal shock pressure in
reverberation shock experiments performed with
anhydrite powder to the nominal pressure in impedance
shock experiments with the identical gain in energy (see
text for further explanation).
Experiment
9460
9459
9458
9457
9456
9455

Reverberation
pressure (GPa)
12
20
33
46.5
64
85

Impedance
pressure (GPa)
7
14
22
30
41
55

See text for further explanation.

nonporous anhydrite would start between 30 and
41 GPa, in good accordance with the threshold pressure
of 32.5 GPa given by Gupta et al. (2001).
The maximum energy gain in our reverberation
experiments at 85 GPa is comparable to the gain in a
shock impedance experiment at 55 GPa, well below the
predicted melting of shock-loaded anhydrite in the
pressure range of 80–90 GPa by Ivanov et al. (2004). This
is in accordance with the lack of indications for any
melting of anhydrite in our samples. In the case of
calcite-quartz-gypsum mixtures also shocked with the
reverberation technique, however, Bell (2010) documented
features characteristic for melting of the hydrated sulfate
already in the 24 GPa experiment. We tentatively conclude
that not only the porosity of the target materials but also
the presence of water may lower the threshold for melting
and dissociation.
CONCLUSION
Six shock experiments on anhydrite powder were
conducted with the reverberation technique at nominal
peak-shock pressures of 12.5, 20, 33, 46.5, 64, and
85 GPa, respectively. The samples were investigated
using X-ray powder diffraction and TEM. The recovered
anhydrite shows a number of shock effects such as
formation of twins, dislocations, and voids, as well as
polygonization. These effects could be potential pressure
indicators in unaltered impact breccias from natural
craters. Their occurrence in certain pressure ranges is
summarized in Fig. 4.
In the lower pressure regime up to 20 GPa, the
recovered samples show mainly ‘‘cold’’ deformation
phenomena such as cracks and deformation twins. The
dislocation density increases up to 33 GPa, and
the strain increases up to 46.5 GPa. In the pressure range
from 46.5 to 85 GPa, the postshock temperatures
are high enough to anneal the deformation features. The
anhydrite recrystallizes, whereby the dislocation density
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decreases. This results in the formation of subgrains with
their size increasing with increasing shock pressure.
The increase in the density and size of voids in the
anhydrite samples shock-loaded to 64 and 85 GPa
suggests partial decomposition of anhydrite. Only high
postshock temperature triggers this phenomenon, but
due to the loading path that is very different in our
reverberation shock experiments compared with nature,
the shock pressures have to be adjusted to the natural
loading path. These calculations resulted in the onset of
degassing of anhydrite in the pressure range of 30–
41 GPa. However, no decomposition products, melts,
or grains crystallized from a melt were observed over
the whole pressure range investigated. In natural
impacts, the solid residue of decomposition may either
back-react with gas to form anhydrite or be
incorporated in hot silicate melts. The best example for
the latter process is provided by the K-Pg ejecta deposit
at Beloc, Haiti, that contains ‘‘dry’’ yellow silicate
glasses with high CaO contents (approximately 25 wt%
CaO), and up to 1 wt% SO3 (e.g., Sigurdsson et al.
1992). Anhydrite, however, is virtually absent in K-Pg
ejecta deposits (e.g., Schulte et al. 2010). However, this
fact cannot be used as an argument for complete
degassing of the anhydrite layers at the Chicxulub
target site, as anhydrite is known to be easily converted
into gypsum which, in turn, is soluble during diagenesis
and alteration.
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Wünnemann K., Collins G. S., and Osinski G. R. 2008.
Numerical modelling of impact melt production in porous
rocks. Earth and Planetary Science Letters 269:530–539.
Yang W. and Ahrens T. J. 1998. Shock vaporization of
anhydrite and global effects of the K ⁄ T bolide. Earth and
Planetary Science Letters 156:125–140.
Zel’dovich Y. B. and Raizer Y. P. 2002. Physics of shock waves
and high-temperature hydrodynamic phenomena. Mineola,
NY: Dover Publication, 916 p.
Zhang F. and Sekine T. 2007. Impact-shock behavior of Mgand Ca-sulfates and their hydrates. Geochimica et
Cosmochimica Acta 71:4125–4133.

