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Introduction:  Impact specialist and pioneer Paul 

DeCarli, in one published paper [1], one preprint [2] 
and much personal correspondance, has argued that the 
process of impact spallation proposed by Melosh et al. 
[3,4,5] is physically impossible because it violates the 
conservation of linear momentum. 

DeCarli’s argument is essentially that the Hugoniot 
equation that expresses momentum conservation, 

� 

P − P0 = ρ0upU  (where P is the shock pressure, P0 
the initial pressure, ρ0 is the initial density, up is the 
particle velocity jump and U is the shock velocity) 
makes an essential connection between the pressure 
jump in a shock wave and the velocity jump, one that 
cannot be violated by any physical process.  This ar-
gument is basically the same as that used by E. M. 
Shoemaker and D. Gault in the 1980’s to argue that 
impacts cannot eject intact rocks from the surface of 
Mars into interplanetary space.  This argument formed 
a serious barrier at that time to understanding how the 
SNC meteorite suite could have originated. 

DeCarli and Seaman [2] illustrated this argument 
using a one-dimensional numerical computation of a 
strong shock wave reflecting from a free surface in 
which they argued that any apparent violation of the 
Hugoniot relation is due to the numerical necessity of 
introducing artifical viscosity and has no counterpart in 
reality. 

One Dimenion Does Not Equal Two (or Three) 
Dimensions:  DeCarli and Seaman’s [2] one-
dimenional result appears to be correct within the lim-
its of their assumptions.  As a strong, nonlinear shock 
wave propagates, its front inevitably becomes steeper 
because strong waves travel faster than weak ones.  
This steepening is limited by dissipation in the shock 
front (the so-called “shock viscosity”, a real, physical 
factor neglected by DeCarli and Seaman) that smears 
the front and creates an equilibrium shape [6].  The 
width of a strong shock in air is thus equal to the mean 
free path of an air molecule (ca. 10-4 cm), while in 
metals it is controlled by dislocation motion and may 
approach mm in width.  In rocks, crushing broadens 
shock fronts to an extent that depends on the shock 
strength [7], but probably exceeds the width of a shock 
in metals.  Nevertheless, it is probably not shock vis-
cosity that permits spall ejection of fast, lightly 
shocked ejecta. 

The shock wave near the surface of a planet struck 
by a large meteorite cannot be approximated by a one-

dimensional wave reflecting normally off of the sur-
face.  The interaction of the free surface with an 
obliquely approaching shock wave is an inherently 
two- or three-dimensional problem that cannot be 
treated by the simple Hugoniot equations, which apply 
only to planar shock waves. 

Irregular Reflections:  When the angle between 
an oblique shock wave and the free surface reaches a 
critical value α*, the shock solution becomes irregular 
and the pressure, but not the particle velocity, behind 
the shock wave is reduced.  This behavior was pre-
dicted theoretically using Taylor series expansions 
around the intersection point [8] and observed numeri-
cally in high-resolution numerical computations [9], 
although these latter computations reported only pres-
sure, not particle velocity. 

The near-surface layer in which shock pressure is 
reduced by interaction with the free surface corre-
sponds to the “Interference Zone” of [3], but it does 
not depend on an assumed rise time of the incident 
pulse (used in [3] as an approximation amenable to 
analytic solution:  Nonlinear shock interactions in two 
or more dimensions cannot be computed analytically).  
L. Ong’s future plan of research is a more complete 
investigation of this nonlinear region.  However, in the 
mean time we can show here that the spall process is 
not in violation of momentum conservation. 

Navier-Stokes Equations:  The Hugoniot equa-
tions are not a full description of how fluids flow.  The 
full equations are known as the Navier-Stokes equa-
tions.  They are stated and derived in many fundame-
nal books on fluid mechanics [e.g. 10].  These equation 
are completely general in the limit that a fluid can be 
treated as a continuous medium.  The Hugoniot equa-
tions themselves are merely an integrated form of the 
Navier-Stokes equations applied to a sharp jump across 
a planar near-discontinuity.  The Navier-Stokes equa-
tions are thus more general than the Hugoniot equa-
tions. 

For a one-dimensional flow in the z direction, ne-
glecting both gravity and viscosity, the Navier-Stokes 
equation that expresses momentum conservation is  

� 

ρ
∂u
∂t

+ u
∂u
∂z

⎛ 
⎝ 

⎞ 
⎠ = −

∂P
∂z

 

where u is x component of velocity, ρ is density and P 
is pressure.  There are also two other equations ex-
pressing mass and energy conservation. The second 
term on the left is nonlinear in the velocity and it is this 
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term that makes fluid mechanics so interesting.  The 
first term on the left is the acceleration. 

Spall Approximation:  We can apply this equation 
to understand how spall works, deriving our result di-
rectly from an approximation to the Navier-Stokes 
equation.  It may seem strange that we are about to 
apply a one-dimensional equation to a process that we 
just argued is inherently two- or more dimensional, but 
what we are really doing is to separate the two-
dimensional process into separate parts.  We depend 
upon the irregular reflection (which only occurs in two 
dimensions) to create a vertical pressure gradient that 
initially rises rapidly from zero at the free surface to 
some high pressure Pm at a small depth δ below the 
surface.  We assume that the pressure P(t,z) initially 
rises to its maximum value over such a narrow zone 
that we can approximate it as a linear function of depth 
z below the surface, P(0,z) =(z/δ)Pm.  Adding mass 
conservation, 

� 

∂ρ
∂t

+ u
∂ρ
∂z

= 0  

 plus an equation of state ρ = ρ(P) (along with the im-
portant condition P = 0 when ρ < ρ0) to the Navier-
Stokes equation yields a set of three equations in three 
unknowns that can be integrated for the final spall ve-
locity, if the initial velocity resulting from the irregular 
reflection of the shock wave from the surface were 
known.  This initial velocity must be obtained from 
numerical computations that we have not yet per-
formed.  However, a meaningful lower limit on the 
spall ejection velocity can be obtained by assuming 
that the initial velocity is zero.  In fact, this initial ve-
locity will not be zero, so the result stated here is a 
lower limit on the actual ejection velocity. 

Both numerical integration (this is most easy using 
a one-dimensional Lagrangian hydrocode) and an al-
ternative approach using energy conservation in the 
thin slab of material in the irregular reflection zone 
yield the result that u is of the order of the particle ve-
locity behind the shock, to within factors of the order 
of 2.  The precise result depends somewhat upon the 
equation of state (linear and Murgnahan were used 
here), but the overall result indicates that spallation 
works:  material in the interference zone is ejected at 
high speeds but with low shock pressures. 

Yes, this result is inconsistent with the Hugoniot 
equations, but it does not violate momentum conserva-
tion as expressed by the Navier-Stokes equation.  The 
Hugoniot equations are, after all, only a special case of 
the more general Navier-Stokes equation. This should 
be no surprise because the Navier-Stokes equations 
apply in cirsumstances, such as that encountered in the 

spallation process, when the approximations that lead 
to the Hugoniot equations no longer apply. 
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