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Geologists widely use a scale of shock metamor-
phic phenomena in minerals (Horz, 1968) and mete-
orites (Miiller and Hornemann, 1969) calibrated un-
der laboratory conditions to map the amount of shock
deformation in impact and explosion craters (Stoffler
and Langenhorst, 1994; Grieve et al., 1996). Remark-
ably, low-dimensional planar defects occur in quartz
below the pressure required to form stishovite under
static conditions (Horz, 1968; Miiller and Hornemann,
1969). An empirical classification scheme exists that
extends from the onset of low-dimensional crystallo-
graphic defects to a pressure where shock melting pro-
duces glass (Stoffler and Langenhorst, 1994; Grieve et
al., 1996).

Here it is proposed that loss of hyperbolicity in-
dicates a macroscopic cause behind the formation of
some of the microscopic defects. This follows from
a characteristic analysis of the differential equations
of elastic-plastic flow, augmented by the equation
of state (EOS), a plastic flow rule and the Jaumann
rate as constitutive model. For a Drucker-Prager-
like yield criterion (Willam, 2002), loss of hyperbol-
icity begins above certain threshold pressure. The
criterion of wave instability may be used as addi-
tional damage indicator, where conventional numer-
ical methods (Wilkins, 1964; Predebon et al., 1991;
Ivanov, de Niem, Neukum , 1997) are insensitive. Let
n; = (cos¢,sin¢,0) denote the direction of wave
propagation in 2D cartesian or cylindrical coordinates,
t; = (—sing,cos®,0) the tangential direction and
N := n;nipS*, M := t;t;,8% and T := n;t;,S™ are
the non-trivial components of the stress deviator S .
Furthermore NN and  are the following abbreviations
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where K and G are the compressive and shear moduli,
respectively, and a pressure-dependent yield strength
Y (p) has been assumed where that of Lundborg

(1968) is an example. Then the criterion takes the form
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If the inequality in Eq.(3) is valid, P waves remain
propagating, only the S wave speed becomes imag-
inary. The onset occurs for sufficiently high pres-
sure. The criterion depends on few parameters only:
the elastic moduli, the Hugoniot elastic limit, and the
slope of the yield curve dY/dp also known as the
coefficient of friction. Cohesion, i.e. the zero pres-
sure value of Y is less important since it is very low
in comparison to the Hugoniot elastic limit for most
geomaterials. It is additionally required that a suf-
ficiently large non-diagonal component 7" is present,
unlike the stress state in a plane shock with only a
normal particle velocity. Instability requires a wave
with a nonzero transverse velocity component. Such
waves may form when the main shock is reflected from
container walls or inhomogeneities in shock reverbera-
tion experiments, such as those by (Miiller and Horne-
mann, 1969; Stoffler and Langenhorst, 1994; Fritz et
al. , 2011). The post-shock stress state largely de-
pends on the amount of transversality |v, /v,| and this
may lead to the considerable range of values reported
by (Miiller and Hornemann, 1969; Stoffler and Lan-
genhorst, 1994; Fritz et al. , 2011).

At the threshold pressure only a single point
on the yield surface becomes unstable, see Fig.l.
With increasing pressure the wunstable region
widens up. The yield surface displayed in Fig.1
is parametrized in terms of two angles «, 3 defined
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Figure 1: Gradual opening of unstable region for
quartz. Yield surface parametrized in terms of two an-
glesa,3: N+ M =:2/\/3Y sinBcosa, N — M =:
2Y sinf@sina, T =: Y cos 8. For given values of P,
part inside contours corresponds to unstable state.

with the help of N + M =: 2/v/3Y sinfcosa,
N — M =: 2Ysinfsina, T =: Y cosf. Using
elastic moduli G, K and the other parameters typical
for rock materials the range for the onset of the
instability can be investigated. For quartz it occurs at
about 7.257 GPa, see Fig.1, assuming the following
parameters: G=30 GPa, K=37.88 GPa, Yy g;=2.66
GPa, dY/dp=0.85.
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