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Effect of Impact-induced Shear Heating on Vaporization and Melting. Peter H. 
Schultz, Department of Geological Sciences, Brown University, Providence, RI 02912. 

As impact angle (from the horizontal) decreases, peak pressures decrease as expressed by reduced crater size (1) 
and impactor fragmentation (1, 2). Laboratory experiments also indicate, however, that vaporization of easily 
volatized targets such as dry ice increases as impact angle decreases (2, 3), a phenomenon that also correlates with 
enhanced magnetic field generation (4). Consequently, frictional shear heating may contribute significantly to the 
observed enhanced vaporization (2). The present study explores the processes controlling energy partitioned into 
internal energy during oblique impacts and considers possible implications for volatile release on the planets. 

Approach: Experiments were performed at the NASA-Ames Vertical Gun Range (AVGR) in order to (a) 
recognize and characterize the evolution of the vapor cloud through high-speed imaging; (b) identify the vapor phase 
through spectroscopy; (c) isolate the underlying causes for enhanced vaporization through experimental design; and 
(d) consider the implications for planetary studies. The AVGR is ideally suited for such experiments because of the 
large chamber size, variable angle, and multiple viewing geometry. 

The amount of impact-generated vapor was determined indirectly by assessing both the energy coupled to a 
tenuous atmosphere and the expansion velocity of the vapor cloud under vacuum conditions for identical impact 
conditions. This approach provides two equations and two unknowns (vapor cloud internal energy and vapor cloud 
expansion velocity) that permit derivation of the vaporized mass (see 2). Because energy can be transferred to the 
atmosphere from high-speed solid/melt ejecta as well as vapor phases, three experiments were designed to distinguish 
between these processes. First, Schlieren photography allowed comparing the development of the shock front from 
impacts into silicates (not vaporized) and carbonates (easily vaporized). Second, spectroscopy permitted identification 
of species in emission within the brilliant vapor cloud. And third, use of hypervelocity debris clouds maximized 
energy coupled to the near surface and atmosphere. Use of different targets (silicates, aluminum, and dolomite) 
allowed contrasting the atmospheric response with and without vaporization. 

Schlieren imaging clearly contrasted the development of the vapor-coupled shock front as a function of impact 
angle and target type. For vertical impacts (8 = 90°), the mach cone created by the impactor expands faster than 
crater growth. Consequently, coupling between the vapor cloud and atmosphere is delayed until it jets upward out of 
the cavity and undergoes free expansion. For oblique impacts (8 S 757, high-speed ejecta are easily distinguished 
from a downrange-moving hemispherical vapor cloud that decouples from the early-time impact cavity in advance of 
the impactor mach cone. Emission spectra reveal CaO and A10: the former from vaporization of the target, the latter 
developing from rapid chemical reactions between target and impactor. 

Internal energy of the expanding vapor cloud is determined from its deceleration by a tenuous atmosphere (see 
2, 3). Hypervelocity impacts of a pyrex debris cloud into a dry-ice block coupled 50% of the initial impactor kinetic 
energy (KEi) to the atmosphere, the remainder partitioned to kinetic energy of the target and impactor. The same 
impact into aluminum coupled only 0.8% KE, to the atmosphere. The greater coupling from the dry-ice target is 
again consistent with the role of vaporization rather than fine clastics. The vaporization process was further assessed 
by varying the thickness of the dolomite target. One experimental series used dolomite suspended in a thin mylar 
tray; another series covered solid aluminum to depths from 114 to 1 projectile diameter (dp). 

Results: Energy coupled to the atmosphere (EA) for dry-ice targets at a given impact angle (15") increases as 
v2 up to about 4.5 kmls, after which EA reaches a constant 15% o f '~ I3 i  (Fig. 1). Dolomite targets exhibit the same 
dependency for velocities less than about 6 kmls. The difference in limiting velocities for maximum coupling is 
consistent with the difference in energy required for vaporization onset for the two targets. Maximum EAIKE~ occurs 
for impact angles between 15" and 30" (Fig. 2). At lower impact angles, the impactor retains a significant fraction 
of kinetic energy (1, 2). Most of the vapor, however, appears to be generated from the uppermost surface since 
dolomite layers as thin as 0.25 dp had little effect on the results for low-angle impacts (15"-30"). 

The total vaporized mass, m,, can be calculated once the expansion velocity of the vapor cloud under vacuum 
conditions is known. With time, the internal energy of the vapor converts to the kinetic energy of expansion in the 
absence of an atmosphere. The maximum expansion velocity is related to the effective kinetic velocity, v,, of the 
cloud. Experiments reveal that v, reaches a maximum value for a given impact angle and depends on the energy 
required for vaporization for a given target. Increasing impact angle, however, increases v,. Since (mv/mp) = 
( v i l v c ) 2 ( ~ c l ~ ~ i ) ,  these results indicate that mv/mp depends simply on vi2 for a given impact angle but decreases 
with impact angles greater than 30" due to both decreasing (Ec/KEi) and increasing vc. 

The experimental results reveal that total target heating (internal energy plus heat required for vaporization) 
increases with the peak pressure created at first contact (v2sin28) up to a minimum impact velocity after which it 
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increases approximately as v2cot28. When referenced to the KE of the ricochet component rather than KEi, total 
heating depends on v2cot2cos28. Use of thin surface layers reveals that vaporization comes from the uppermost 
surface; hence, frictional shear heating during penetration must play a significant role. The available target material 
for vaporization directly beneath the projectile is insufficient for the observed results but is sufficient if the spray of 
hypervelocity ricochet fragments is included. Such an interpretation would account for a factor attributable to shear 
heating (v2cos20) and a factor reflecting areal dispersion of the downrange ricochet (cot28). Preliminary experiments 
isolating the downrange ricochet spray reveal a significant decrease in vaporization, consistent with proposed the 
process. 

Implications: The experimental results could have important implications for the generation and evolution 
of impact-generated vapor and melt at planetary scales. First, significantly more vapor can be generated from low- 
angle impacts (15"-30") due to greater involvement of just the uppermost surface layers. From experiments, this 
layer can be as shallow as only 25% of the impactor diameter for a 15" impact angle. Consequently, materials from 
the upper crust of a planet may contribute greater amounts of vapor (H20, C02, CO, S02) than previously 
considered (e.g., 5, 6). Second, the experiments indicate that lower impact angles create a lower temperature vapor 
due to frictional shear as reflected by the lower expansion velocity. Oblique impacts into carbonates result in 
expansion velocities well below the escape velocity for Mars (2 kmls). Consequently, certain major impacts (and 
their secondaries) may contribute to, rather than remove (7) the atmosphere of Mars through time as recorded in the 
geologic record (8,9). And third, entrainment of melt and clastics within the downrange vapor cloud should result in 
both reducing and oxidizing environments reflecting impact angle and target as well as time for a given event. 
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Figure 2. Effect of impact angle for different targets on 
the internal energy of the vapor cloud, &, referenced to 
the impact kinetic energy KE at a given impact velocity 
(about 5 kmls). 

Figure 1. Effect of impact velocity on the energy fraction 
coupled to the atmosphere at a given impact angle (15') 
for dry-ice and dolomite targets. Open circles for dolomite 
correspond to semi-infinite targets. Open triangles 
correspond to a dolomite layer over solid aluminum with a 
thickness of 25% the projectile diameter. Open square 
indicates results for dolomite suspended in a mylar tray 
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