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Introduction:  Impactites – shock metamorphosed 

suites of folded, fractured, fragmented, and fused rocks 

– record the irreversible changes wrought on planetary 

surfaces by hypervelocity impacts [1,2]. While most 

definitive indicators of impact are microstructural and 

petrological, shatter cones are a useful macroscopic 

indicator. They have been found in association with 

both impact and explosion craters, as well as in 

laboratory experiments. However, their genesis is 

poorly understood [3]. 

The thermomechanics of DG-2 materials [4,5] can 

be used to organize the observed characteristics of 

impactites in general (Fig 1A). Furthermore, based on 

the observed geometry of shatter cones and horsetailing 

fractures, the mechanics of DG-2 materials predicts that 

super-shearing crack propagation is responsible for 

shatter cone genesis (Fig 1B). The propagation and 

reflection of directed super-shearing pulses in a layered 

medium can also explain transitions in the size-

morphology sequence of impact structures, and the 

spacing of structural rings in multi-ringed impact basins 

[6].    

Transitional thermomechanics:  As shown in Fig 

1A a transitional thermomechanical regime lies between 

ideal adiabatic and isothermal end members. As such, 

shear band solutions (orange curve) represent cracks or 

fractures propagating at super-shearing speeds through 

solid media. These are not adiabatic shear bands, but 

rather a mode of shear localization and energy 

dissipation unknown in linear elastic fracture 

mechanics. 

Apical and striation angles: Observed apical 

angles of shatter cones, and angles between the 

striations decorating their surfaces, can be mapped into 

our structural genetic model using the relation 

𝜅 𝜒⁄ =
1

2
(1 + 𝑡𝑎𝑛2𝜃) (1 − 𝑡𝑎𝑛2𝜃)⁄ . 

Here θ denotes the half-angle depicted in Fig 1A (inset). 

This is simply an inversion of the second diharmonic 

roots (See equation 31 in [5]).   

 Shatter cones found in paraautochthonous 

exposures at known or suspected impact structures have 

apical angles in the range 60-130° [3,7,8]. Equivalent 

half-angles suggest thermomechanical competences 

greater than unity, with correspondingly low energy 

densities and high rupture speeds. It is important to note 

that apical angles greater than 90° do not map into the 

model, although their supplemental angles do. 

 

Figure 1  A) Transitional thermomechanics of DG-

2 materials [4] as a structural genetic model for 

impactites and shatter cones. Fold (green) and fracture 

(orange) solutions are possible at relatively low stress-

energy densities. Flow (solid red), fuse (dashed red) and 

fragment (orange) modes are possible at stress-energy 

densities greater than 4√3. Inset: Line drawing 

depicting half-apical angle between symmetric shears 

predicted by theory [5]. Angles increase from 0° to 45° 
as thermomechanical competence increases from ½. B) 

Super-shearing crack rupture speeds (solid blue) attend 

all fracturing solutions in DG-2 materials.   
 

 

Shatter cones found in allochthonous debris from the 

MEMIN impact experiments [9] have apical angles in 

the range 36-52°. Equivalent half-angles suggest 

thermomechanical competences in the range 0.61-0.81. 

This corresponds to somewhat higher energy densities 
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in the transitional thermomechanical regime, compared 

to the paraautochthonous shatter cones noted above. 

Subcone ridges on shatter cone surfaces in 

limestones have apical angles in the range 20-52°, while 

those in crystalline rock are in the range 34-58°  [8]. 

Equivalent half-angles suggest thermomechanical 

competences in the ranges 0.53-0.81 and 0.60-0.94, 

respectively. These values correspond to even higher 

energy densities and generally lower rupture speeds 

where transitional thermomechanics (Fig 1A) predicts 

fragmentation and fusion should occur. 

Significantly, gouge, polish, and melt films have 

been documented on striated surfaces in both naturally 

occurring and experimental shatter cones, and in 

multiply striated joint sets as well [3]. Striations on the 

latter structures tend to have very low subcone apical 

angles. From this we infer that the diagnostic aspect of 

shatter coning lies in the production of horsetailing 

ridge and groove striations, and not the cone-like 

geometries themselves. This raises the reasonable 

possibility that shock waves not only produce fractures, 

but also modify preexisting ones, and in the process 

leave behind distinctive horsetailing striations. The 

preserved subcone angles seem to record the stress-

energy density prevailing at the moment they formed. 

Adiabatic shear and friction on preexisting surfaces are 

not required.   

Pressures of shock metamorphism: The structural 

genetic model (Fig 1) is non-dimensional, derived from 

the first-order quasistatic stress-energy balance in DG-

2 materials [4]. This balance, governed by a diharmonic 

equation, exhibits a richer rock-like physics when 

compared to the classical biharmonic equation which 

governs linear elastic and linear viscous media [5]. 
An important aspect of this model is that it predicts 

equilibrium heating at energy densities greater than 4√3 

and thermomechanical competences in the range 0.3-0.5 

(red dashed curve). This fact can be used to calibrate the 

model to shock wave barometers in rock-forming 

minerals [10]. 
Shock recovery experiments show that diaplectic 

glasses and melts occur at pressures above about 35 

GPa. Identifying  4√3 with 35 GPa, the pressures 

attending shatter coning and horsetailing can be 

estimated. Paraautochthonous shatter cones occur for 

pressures less than about 8.7 GPa, while horsetailing 

striations occur for pressures from 8.7 to 35 GPa, and 

even higher.  
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